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Preface to ”HVDC/FACTS for Grid Services in Electric

Power Systems”

Electric power systems are headed for a true changing of the guard, due to the urgent need

for sustainable energy delivery. Fortunately, the development of new technologies is driving the

transition of power systems toward a carbon-free paradigm while maintaining the current standards

of quality, efficiency, and resilience. The introduction of HVDC and FACTS in the 20th century, taking

advantage of dramatic improvements in power electronics and control, gave rise to unprecedented

levels of flexibility and speed of response in comparison with traditional electromechanical devices.

This flexibility is nowadays required more than ever in order to solve a puzzle with pieces that do not

always fit perfectly. This Special Issue aims to address the role that FACTS and HVDC systems can

play in helping electric power systems face the challenges of the near future.

The Special Issue is composed of 13 papers submitted from Asia and Europe that cover three

major areas:

Review papers;

Transmission system applications;

Distribution system applications.

The first review paper by Dr. Kaushal et al. from KU Leuven gives an overview of the role

that HVDC lines are playing on the provision of ancillary services in the current European Network

of Transmission System Operators for Electricity (ENTSO-E). Transmission system interconnections

play a significant role in decarbonized power systems to reduce the energy from fossil-based sources.

From this point of view, controllable DC interconnections are key to foster this energy transition. In

addition, the use of DC assets is also of interest on the distribution side. In this regard, the second

review paper by Dr. Maza-Ortega et al. from the University of Sevilla analyzes the new possibilities

that hybrid AC/DC networks may have in future last-mile distribution systems. The proliferation of

DC devices (loads, renewable energy sources, and storage systems) in low voltage networks allows

the envisioning of the coexistence of AC and DC networks, which may considerably reduce the use

of auxiliary AC/DC power interfaces and open new possibilities from the ancillary service provision

point of view. The last paper in the review section of this Special Issue highlights the importance of

the controller and power hardware in the loop (CHIL and PHIL, respectively) testing practices. Dr.

Kotsampopoulos et al. from the National Technical University of Athens underline the benefits and

limitations of using these cutting-edge industry practices.

The second block of papers in this Special Issue is devoted to transmission system applications.

The flexibility provided by voltage source converter (VSC) HVDC (VSC-HVDC) systems by means of

the simultaneous controllability of active and reactive power flows is unquestionable. The provision

of high-quality ancillary services, however, requires precise and advanced control algorithms that are

capable of satisfying the most stringent requirements even with adverse network conditions, such as

voltage unbalance. In this regard, the paper by Dr. Miao et al. proposes a novel control technique

intended to reduce the active and reactive double frequency ripple caused by voltage unbalance. In

addition, VSC-HVDC may increase the stability of the system in case of contingencies in complex

power systems composed of AC parts as well as conventional line-commutated converter (LCC)

HVDC (LCC-HVDC). This topic is explored in the paper by Dr. Yoon et al. which exemplifies the

proposed control algorithm in a modified version of the IEEE 39 bus test system. The paper by

Dr. Xiao et al., also related with LCC-HVDC, proposes a novel technique to improve the endurance
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capability of an AC system facing continuous commutation failures and to reduce the blocking risk of

HVDC converters. Dr. Kim et al. also explore new controller applications for FACTS by presenting a

neural network controller for reducing the oscillations between interconnected power systems using

a unified power flow controller (UPFC). The provision of ancillary services by FACTS and/or HVDC

devices may require the intervention of advanced communication infrastructures to provide remote

measurements required by the control algorithms. The paper by Dr. Renedo et al. analyzes the

impact that the communication delay may have on the transient stability of the system and how the

critical clearing time is affected. All of these academic contributions focus on the application of new

controllers to FACTS or HVDC devices in order to enhance the operation of the system by means

of advanced ancillary services. However, it is also important to highlight that new contributions on

alternative power electronics-based devices or components continuously emerge. This is the case

of the DC circuit breaker with fault current limiting capability presented by Dr. Wang. Finally,

this section closes with a detailed analysis of the installation of the first thyristor-controlled series

capacitor (TCSC) installed in Korea for the mitigation of subsynchronous resonance. Dr. Park et al.

compare in their paper the performance of a conventional fixed series capacitor compensation with

the TCSC, which reveals the TCSC’s superior performance.

The third block of papers of this Special Issue refers to distribution system applications where the

focus is probably to enhance, as much as possible, the power quality perceived by the final user. In this

regard, the paper by Dr. Dai proposes a three-phase, star-connected, Buck-type dynamic capacitor

(D-CAP) for reactive power compensation and unbalance reduction. This Special Issue also includes

the paper by Dr. Rodrı́guez et al. that proposes advanced synchronous power controllers (SPC)

capable of controlling unbalance currents during faults with the aim of balancing the voltages as

much as possible and attenuating the harmonic distortion in steady-state conditions. Finally, this

section closes with a paper devoted to the increasingly important electrified railway sector where

the application of FACTS and DC technology may bring several benefits. The paper by Mr. Chen

et al. proposes a novel hybrid power quality compensator to compensate the voltage unbalance and

harmonic distortion.

In closing, we would like to thank the authors for their work and contributions to the

development of new technologies in this area and the reviewers for their valuable comments, which

have helped to finalize the papers. We also appreciate the continuous support of the Energies Editorial

Office and especially Dr. Billy Bay, MDPI Managing Editor, who greatly facilitated our work in

inviting the editors of this Special Issue.

José M. Maza-Ortega, Antonio Gómez-Expósito
Special Issue Editors
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Abstract: Liberalization of electricity markets has brought focus on the optimal use of generation
and transmission infrastructure. In such a scenario, where the power transmission systems are being
operated closer to their critical limits, Ancillary Services (AS) play an important role in ensuring secure
and cost-effective operation of power systems. Emerging converter-based HVDC technologies and
integration of renewable energy sources (RES) have changed the power system dynamics which are
based on classical power plant operation and synchronous generator dynamics. Transmission system
interconnections between different countries and integrated energy markets in Europe have led to a
reduction in the use of energy from non-renewable fossil-based sources. This review paper gives an
insight into ancillary services definitions and market practices for procurement and activation of these
ancillary services in different control areas within the European Network of Transmission System
Operators for Electricity (ENTSO-E). The focus lies particularly on ancillary services from HVDC
systems. It is foreseen that DC elements will play an important role in the control and management
of the future power system and in particular through ancillary services provision. Keeping this in
view, the capability of HVDC systems to provide ancillary services is presented.

Keywords: ancillary services; HVDC systems; loss management; frequency control; voltage and
reactive power control; black start; congestion management

1. Introduction

In a vertically integrated power system, the main task of the system operator is to operate
the power system in a reliable and secure manner. With unbundling, the vertically integrated
power systems have been unbundled into generating units, transmission system operators (TSO),
and distribution system operators (DSO). Electricity markets have been established for a transparent
and cost-effective trade of energy. However, with energy trade, other so-called ancillary services
are also exchanged between different market players. Ancillary services are the resources required
by TSO for reliable and secure power system operation [1]. Important power system characteristics
such as frequency, voltage, load and system restart process are maintained by these services [2].
The nomenclature for ancillary services varies in different parts of the world. For example in the USA,
for PJM operator area ancillary services for frequency control are known as regulations and reserves [3]
(operating, primary, synchronized and quick start reserves [4]), for CAISO (The California Independent
System Operator) area the services are termed as regulation up, regulation down, spinning reserve and
non-spinning reserve [5]. The ancillary services for frequency control has been categorized as regulation
and contingency by Australian Energy Market operator [6] whereas in Europe as per guidelines on
electricity balancing the frequency control services are known as frequency containment reserves,
frequency restoration reserves and replacement reserves [7]. These all services enable respective
system operator with same functionality i.e., frequency control in this example however the names

Energies 2019, 12, 3481; doi:10.3390/en12183481 www.mdpi.com/journal/energies1
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are different in different energy markets. As in this review paper the emphasis has been placed on
ancillary services in European context so the terminology as used in Europe is considered.

Real-time power system operation involves several uncertainties and these uncertainties have
been further increasing as a consequence of augmented integration of distributed power generation
from RES. For secure power system operation in such a scenario, ancillary services market has gained
critical importance. Ancillary services can be market-based or non-market-based [8]. Market-based
ancillary services are procured by the TSOs from different stakeholders from electricity market [9].
In some control areas it is mandatory for power system entities to provide ancillary services with or
without payment, these ancillary services are termed as non-market-based ancillary services. While the
ancillary services have been defined by ENTSO-E for the interconnected European power system,
their implementation, the method of procurement, and activation for these services varies in different
member states [10,11].

In this paper, a review of ancillary services definitions, procurement, and implementation methods
in different ENTSO-E areas is presented. Various methods through which the HVDC system elements
can participate in providing ancillary services are also reviewed. The paper is organized in 6 sections.
Section 2, provides insight into definitions and technical aspects of ancillary services for ENTSO-E
control areas. The overview of activation and market practices for procurement of ancillary services
followed in different ENTSO-E member states has been addressed in Section 3. Section 4, is dedicated
to an overview of HVDC system types, connection topologies, control structures, and time constants
associated with HVDC systems. A review of various literature work about use of HVDC systems for
participation in ancillary services has been undertaken and a comprehensive summary is shown in
Section 5. Finally, the conclusion of this survey paper is presented in Section 6.

2. Ancillary Services Overview

The functions or services needed by a TSO to guarantee power system security (reliable and
secure power system operation) are termed as “Ancillary Services” [10]. These services are either
provided by TSO itself or procured from other stakeholders, for carrying out the power transmission
from generating units to the load centers while meeting power quality standards [12,13]. The authors
in [14] have mentioned that as per the definition, the number and types of the services is very broad.
The ancillary services are used to provide the stakeholders with the following capabilities:

1. Loss compensation
2. Frequency Control
3. Black start capability
4. Voltage or reactive power Control
5. Oscillation damping
6. Congestion management

The details of the ancillary services shown in Figure 1 are presented in the following subsections.

2.1. Loss Compensation

The TSO must compensate for all the losses incurred in the process of power transmission from
generation units to load centers. These losses correspond to transmission line losses and losses in
various other equipments. The TSO must procure energy to make up for these losses. If the generation
plant for this energy is not located in the TSO control area, the TSO must take into account the losses
for the power transmission in other zones also [14].

2
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Ancilllary 
Services

Frequency 
control

Voltage/
Reactive power 

control 

Black start 
capability

Oscillation 
damping

Loss 
compensation

Inertia support

Frequency containment 
reserves/ Primary control

Frequency restoration 
reserves/  Secondary control

Replacement reserves/  
Tertiary control

Local control

Centralized control

Congestion 
Management

Figure 1. Ancillary services classification.

2.2. Frequency Control

In conventional AC power system, the system frequency is a universal characteristic for the
synchronous system i.e., it remains same at every measurement point in the system. For reliable
and secure power system operation, it is desired that the frequency of the system shall remain
constant at nominal system frequency value (50 Hz for ENTSO-E area). Any deviation in frequency
can be attributed to a mismatch in power generation and power consumption (load). A set of
parameters have been defined for the assessment of reliability and quality of frequency for ENSTO-E
area by European Union commission regulations vide guideline on electricity transmission system
operation [15]. These parameters are defined as follows:

a Time to recover frequency: The maximum expected time (for the synchronous area of
Continental Europe (CE), Great Britain (GB) and Ireland & Northern Ireland (IE/NI)) after
the occurrence of an imbalance (smaller than or equal to the reference incident) in which the
system frequency returns to the maximum steady-state frequency deviation [15]. This time
varies depending upon the time constants of equipments participating in the frequency control.
The different time constants associated with AC and DC systems are presented in more detail in
Section 4.

b Frequency recovery range: The range for the system frequency within which the system
frequency is expected to be restored within the time of recover frequency in event of an imbalance
(equal to or smaller than the reference incident) in the synchronous area of CE, GB and IE/NI [15].

c Frequency restoration range: The system frequency range (for GB, IE/NI and Nordic
synchronous areas) to which the system frequency is expected to return within the time to
restore frequency, after the occurrence of an imbalance (equal to or smaller than the reference
incident) [15].

d Standard frequency range: Defined symmetrical interval around the nominal frequency within
which the system frequency of a synchronous area is supposed to be operated [15].

e Standard frequency deviation: Absolute value of the frequency deviation limiting the standard
frequency range [15].

f Steady-state frequency deviation: Absolute value of frequency deviation once the system
frequency has stabilized after occurrence of an imbalance [15].

The frequency ranges (recovery, standard, steady state, and frequency deviation) vary from
system to system depending upon the size of the system, typical generation mix, and the time required

3
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for activation of reserves. For a smaller islandic system such as GB or IE/NI, these frequency ranges
are larger as compared to the larger CE power system. This is due to the fact that deviation in
frequency has direct relation with deviation in active power and same power imbalance will result in
large frequency deviation for the smaller systems as compared to the same for larger CE system [16]
i.e., (ΔP/ ∑ Plarge) < (ΔP/ ∑ Psmall). The range for these parameters as defined in the grid code for
CE, GB, IE/NI and Nordic power system [15] is shown in Table 1.

Table 1. Frequency quality parameters [15].

Parameter CE GB IE/NI Nordic System

Standard frequency range (mHz) ±50 ±200 ±200 ±100

Maximum instantaneous deviation (mHz) 800 800 1000 1000

Maximum steady-state deviation (mHz) 200 500 500 500

Frequency control is a set of control actions aimed at maintaining the system frequency at its
nominal value. Frequency control is implemented in different stages, the commonly defined services
for frequency control in ENTSO-E area are categorized as follows:

i Inertia Support
ii Frequency Containment Reserve or Primary Control

iii Frequency Restoration Reserve or Secondary Control
iv Replacement Reserve or Tertiary Control

i Inertia Support: Inertia support is the autonomous response of power system components to
frequency deviations. When provided by synchronous machines, it represents the kinetic energy in
rotating parts of the synchronous generators which is released on occurrence of system imbalance
events [17]. Whenever there is any deviation in the frequency (from predefined nominal frequency
value), the generators vary the power generation accordingly and makeup for the small deviations
in frequency. For frequency decrease below the nominal frequency value, the power generation is
increased by the synchronous generators which in turn brings the frequency back to its nominal
value and the reverse happens in case of an increase in frequency [18]. The inertial response is the
fastest response for any deviation in frequency (it starts as soon as any deviation in the system
frequency is observed) [19]. Inertia of power system is an important parameter for frequency
stability, and it influences the initial rate of change of frequency after a system imbalance. If a
system has higher inertia the frequency deviation will be slower and hence TSO will have margin
for activation of reserves [20].

ii Frequency Containment Reserve or Primary Control: Active power reserves available to contain
the deviation in the frequency whenever there is mismatch between load and generation (system
imbalance) are termed as ‘frequency containment reserves’ or ‘FCR’ [15]. The FCR are activated
within a few seconds of imbalance and remains active for a limited period of time. The active
power injection set points of the generators remains unchanged during this time [21].

iii Frequency Restoration Reserve or Secondary Control: ‘Frequency restoration reserves’ or ‘FRR’
are active power reserves which are available to recover the frequency back to nominal frequency
value after any disturbance. FRR are also used for fine regulation of frequency. FRR reestablish the
power balance to scheduled value for a control area with more than one Load frequency control
(LFC) areas [15]. FRR brings the area control error (ACR) to zero by restoring the power exchanges
between different zones to original values. The active power set points of various generators in
the control area with imbalance are changed so that the committed FCR are again available [21].
FRR can be activated automatically and manually [10].

iv Replacement Reserve or Tertiary Control: ‘Replacement reserves’ or ‘RR’ are the active power
reserves available to restore and support the required level of FRR and to be prepared for further

4
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system imbalances, including generation reserves [15]. RR are activated manually as a result of
system optimization by the system operator [21].

The sequence of activation of above-mentioned frequency control services followed by Belgian
TSO (Elia) after an imbalance is shown in Figure 2 [22]. Inertia support acts immediately and FCR
reacts within a few seconds (full activation within 30 s to any discrepancy between power generation
and load with the objective of restricting the frequency deviation. FRR are activated starting from 30 s
to bring the system frequency back to its nominal value after the imbalance. RR are activated within
15 min to make FRR available for any other system imbalance. New re-dispatch set points are updated
by Elia for economical system operation within 1 h. The sequence of activation for reserves is same
for other ENTSO-E control areas also; however, the implementation varies (activation time, threshold
value, participating entities etc.).

Time

A
ct

iv
e 

Po
w

er

~2s
30s

Inertia FCR FRR RR

15  min
1 hour

Fr
eq

ue
nc

y
1 

pu

Market 
Balancing

Figure 2. Frequency control ancillary services activation time [23,24].

2.3. Black Start Capability

The ability of a power system to perform black start operation is known as ‘Black Start
Capability’ [25]. Black start operation is the process of reviving a power system or a part of power system
back to the operational mode from a partial or full shutdown (independent of another power system).
Blackouts (situation of total or partial power loss in power system due to unexpected transmission
system or generation failure) are the least desired scenarios for power systems and result in social
and economic loss [26]. Restoration of power system after a blackout comprises a set of coordinated
actions of many power system components and is very complex given the numerous generators,
loads and transmission system constraints [27]. In present power systems, it is necessary to recognize
the generating units capable of starting without external support and provide power locally. As a
consequence of electricity market de-regularization, black start service is treated as a separate ancillary
service and is procured by the TSOs from the energy market [28]. As per the regulations, a TSO must
identify the generators with black start capabilities in its control area and use these capabilities in a
manner to minimize the system restoration time.

5
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2.4. Voltage or Reactive Power Control

‘Voltage or reactive power control’ is a set of measures or control actions intended to maintain a
constant voltage level or reactive power value at each node of the system [15]. These control actions
are carried out at different nodes (generation nodes or transformers or AC transmission line ends
or HVDC systems or other means) of the power systems. Contrary to frequency, which is a system
wide variable, voltage is a local quantity varying for every node of the system. The voltage varies
depending upon the system topology, generator, or load location and type of loads. Frequency in the
power system is affected by active power balance, voltage is affected in the similar manner by the
reactive power balance. Voltage control is implemented by controlling the injection of reactive power
in the power system and for this purpose automatic voltage regulators, static VAR compensators,
capacitor banks, and reactors are deployed. As it is difficult to transmit reactive power, it is important
to control the voltage locally [29]. In view of this limitation, it is very crucial that voltage control
equipment is located at critical locations.

Depending on the connection point voltage, the operational voltage limits for steady-state power
system operation have been defined for ENTSO-E control area by the European Union commission
regulation on electricity transmission system operation [15]. These limits are given in Table 2.

Table 2. Steady-state operational voltage range [15].

CE Nordic GB IE & NI Baltic

Connection point voltage 110 kV–300 kV

Voltage range (pu) 0.9–1.118 0.9–1.05 0.9–1.10 0.9–1.118 0.9–1.118

Connection point voltage 300 kV–400 kV

Voltage range (pu) 0.9–1.05 0.9–1.05 0.9–1.05 0.9–1.05 0.9–1.097

Ensuring adequate volume and time response of remedial actions to keep voltage within the limits
in its control area is one of the tasks of TSO [15]. Thus, a TSO must ensure that sufficient reactive power
regulating capacity is available, and this capacity can be activated when needed. The regulating actions
to control voltage level can be tap change of power transformer or switching of capacitors/reactors or
control of HVDC systems or change in reactive power output of generators etc. The voltage or reactive
control service can be split into two hierarchical levels i.e., local and centralized control [29].

i Local Control: An automatic control in which the participating devices adjust their reactive power
to maintain a constant voltage value at a local measurement point [29]. The local voltage control
service is activated within a few seconds to voltage profile [30].

ii Centralized control: ‘Centralized voltage control’ is a national/utility level manual voltage control
that is activated on the request of the TSO by the control service provider. This control is aimed at
optimizing the set points of pilot nodes based on centralized power flow studies. Centralized control
manages the reactive power in the system so as to minimize system losses, increase dispatch control
efficiency, reactive power resources co-ordination in real time in normal grid operation and recover
the voltage level deviation [31].

In some countries for example France, voltage control is implemented in three hierarchical levels
i.e., primary, secondary, and tertiary control. Primary control is activated locally and is activated
automatically. Secondary control is an automatic control and controls the voltage at main transmission
buses. Tertiary control is activated manually at utility level after power flow analysis to free reactive
power reserves.

2.5. Oscillation Damping

In power system operation, it is desired that the frequency and voltage values shall remain within
the stable operation range during or after internal (excitation loss, generator instability etc.) or external
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disturbances (transmission line fault, loss of generation or load etc.) [32]. As a consequence of these
disturbances, low frequency oscillations occur in the power system. These oscillations can be local
(to a single plant or generator or a region) or inter-area (geographically spread and involving several
remote generators) [33]. Local oscillations (0.7–2 Hz [34]) occur due to presence of fast exciters in the
power system whereas inter-area oscillations (0.1–0.7 Hz [34]) are a result of over loading of weak
transmission links [35]. If not damped properly, these oscillations may cause partial or total power
system blackouts. Automatic voltage regulators equipped with a power system stabilizer (PSS) [36]
and flexible AC transmission system (FACTS) devices [33] such as static VAR compensator (SVC)
and static synchronous compensator (STATCOM) are employed in the power system for damping
these oscillations.

2.6. Congestion Management

Congestion in power system is a situation in which the transmission system is not able to
fulfill all the desired transactions due to power system’s physical and operational limitations [37].
These physical and operational limitations can be thermal limits of transmission lines and transformer,
voltage limitations, and transient or other stability limits [38].

In grid codes for capacity allocation and congestion management (CACM) [39], 3-types of
congestion i.e., market, physical, and structural congestion has been defined. A situation when
cross-zonal capacity or allocation constraints limits the economic surplus for single day-ahead or
intraday coupling is termed as ‘Market congestion’. When the thermal limits of grid elements and
voltage or angle stability limits of power system are breached during forecasted or realized power
flows, it is defined as ‘Physical congestion’. ‘Structural congestion’ has been defined as transmission
system congestion that is predictable, geographically stable over time, and occurs frequently under
normal power system conditions. In electricity markets power system congestion leads to price split
between various regions. One such case was observed on 3rd October 2018 when the price difference
for day-ahead wholesale price between Germany and Belgium was e 105–152 per MWh. This price
difference was due to physical congestion between Belgium and Germany [40].

Congestion management is the process of making use of available power system infrastructure
(economical and operational) while operating within system constraints [41]. Congestion management
gives long-term investment signals to the TSO for strengthening local (to a single TSO) or cross-zonal
(shared with other TSOs) transmission system infrastructure. A TSO responsible for a given control
area or multiple TSOs responsible for the concerned control area must compensate the cost for remedial
actions for congestion management [15]. A number of methods have been proposed for congestion
management in [38–43], these can be broadly categorized into two methods i.e., technical and
non-technical methods. Technical methods of congestion management can be cost free and not
cost free [44]. Use of FACTS devices, phase-shifters, and transformer tap change for congestion
management comes under cost free congestion management methods. These methods are readily
available with the TSO, have limited economic impact and do not involve other stakeholders such
as generation or distribution companies. Load shedding and rescheduling of generating units for
the purpose of congestion management comes under not cost-free methods. Technical methods are
ordered by the TSO. Non-technical congestion management methods can be market-based (auctioning,
counter trading, nodal, or zonal pricing etc.) and non-market-based (pro rata or first come first serve).
There is no involvement of TSO in non-technical congestion management methods and these are just
observed by the TSO. Classification of various congestion management methods has been illustrated
in Figure 3.
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Figure 3. Congestion management classification [45].

3. Ancillary Services in De-Regularized Electricity Market Context

Although ancillary services have been defined by ENTSO-E, the methods for procurement and
implementation of these ancillary services vary across different control areas of ENTSO-E. A survey
carried out by ENTSO-E on ‘ancillary services procurement, balancing market design 2018’ [11] shows
that different EU member states have implemented the centrally defined ancillary services in very
different manners. For instance, different balancing and ancillary services markets in EU member
states have different market closing time for procurement of the ancillary services, different set of
participants, different activation time (deadband before activation or instantaneous activation) and
different procedure for recovering the cost of ancillary services. As an illustrative example, few features
related to FRR (energy) ancillary services for balancing and ancillary services markets in Germany,
Belgium, France and Norway are tabulated in Table 3. From this table it is clear that the ancillary
services are different products in each of these countries, even when defined in a single grid code.

It has been set in [15] that each TSO must procure 30% FCR from within its load flow block.
The volume for FRR and RR to be procured from within load flow block is 50%. A platform for
primary and secondary control reserves has been established in Germany for sharing the reserves
among the TSOs from Germany, France, Belgium, the Netherlands, Austria and Switzerland [46].
Such flexibility in procurement of services from other control areas gives the TSOs an economical
opportunity and encourages the optimal use of inter-zonal transmission capacity. This flexibility
of balancing and ancillary services markets has motivated the TSOs to enhance the cross-zonal or
inter-country transmission capacities. While procuring the services from different control areas,
care needs to be taken about various features of the offered service. From Table 3, it can be observed
that the product resolution in time is 1 h for the FRR in balancing and ancillary services market
in Germany whereas the same is 30 and 15 min for markets in France and Belgium, respectively.
Therefore, to buy the same FRR from Belgian and French markets, a TSO must procure 4 and 2
products respectively as compared to 1 in balancing and ancillary services market in Germany.

Table 3. Frequency restoration reserve—balancing and ancillary services market implementation in
4 countries [11].

Frequency Restoration Reserve—Energy

Germany Belgium France Norway

Activation rule Merit order Pro rata

Procurement Scheme Market only Mandatory only -

Product Resolution (MW) 1 < x ≤ 5 x ≤ 1 no minimum bid size -

Product Resolution (in time) 1 h 15 min 30 min -

Distance to real time for auction x ≤ 1 min 5 < x ≤ 15 min -

Provider Generators + load + pump storage Generators+ pump storage Generators

Activation time (0 to max) 90 s < x ≤ 5 min 5 min < x ≤ 15 min 90 s < x ≤ 5 min

Settlement rule Bid price - Marginal price

Cost Recovery Scheme Balance responsible party Grid users Balance responsible party Grid users

8
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4. HVDC Transmission Systems, Control and Dynamics

HVDC transmission systems are seen as a key enabler for bulk power transmission over long
distances with better controllablity as compared to conventional AC systems. HVDC transmission
systems can be asynchronous interconnection, embedded transmission line in synchronous system
and offshore to onshore grid interconnections. Asynchronous HVDC interconnection is the connection
between AC systems operating at different frequencies or systems operating at same frequency but
different phase angles [47]. An example of such interconnection is NORNED HVDC link between
Norway and the Netherlands. HVDC synchronous interconnection or embedded HVDC is the connection
between two nodes in a synchronous area such as ALEGrO link between Belgium and Germany.
For evacuation of bulk power from remotely located offshore windfarms, HVDC interconnections are
becoming a preferred option. HVDC transmission link BorWin1 in Germany is an example of such
system. The representative line diagrams of HVDC transmission systems for asynchronous, synchronous
and offshore HVDC connection are shown in Figure 4a–c, respectively.

AC System 
Frequency -f1

AC System 
Frequency -f2 HVDC link

(a)

AC System 
Frequency -f1

AC System 
Frequency -f1

HVDC link

(b)

AC System 
Frequency -f1HVDC link

Collecting 
Point

Wind Farm

(c)
Figure 4. Line diagram for (a) asynchronous HVDC transmission system interconnection (b) synchronous
HVDC transmission system (embedded line) and (c) offshore HVDC transmission system.

For HVDC converter stations two types of HVDC technologies are used namely Line commutated
converter (LCC) which uses thyristors in current source converters(CSC) topology and voltage source
converters (VSC) that uses gate turn-off thyristors (GTOs) or insulated gate bipolar transistors
(IGBTs) [48] as shown in Figure 5a,b respectively. Both technologies have some advantages and
disadvantages. LCC technology is a very mature technology, cheaper, has less converter station losses,
more short-term overload capability and has higher converter ratings in comparison to VSC-based
HVDC systems [12]. However, this technology requires large AC and DC harmonic filters, significant
dependency of active and reactive power, no blackstart capability and requirement of strong connecting
AC systems. It is complicated to use LCC-based technology when power reversal is frequently required
because the voltage polarity needs to be changed to change direction of power flow [14]. LCC-based
HVDC systems are normally used for back-to-back or point-to-point interconnection of asynchronous
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systems [49]. VSC-based HVDC technology is relatively new and can be used to control both active
and reactive power separately. This technology can provide AC voltage to blacked-out grids and
provide reactive power support similar to statcom [14]. VSC converters are smaller due to requirement
of smaller filters [12] and more dynamic in particular with respect to power reversal. VSC-based
technology is considered to be a better choice for multi-terminal HVDC grids.

Sending End

Real  
Power

AC 
system-1

Receiving End

Real
PowerActive 

Power

AC 
system-2

(a)

Active
Power

AC 
system-2

AC 
system-1 Real

Power
Real

Power

(b)
Figure 5. (a) CSC and (b) VSC-based HVDC systems [48].

Interactions between HVDC systems and AC systems have increased due to the increasing
number of HVDC systems. A control structure as per Figure 6 has been proposed in [50] to highlight
the similarities for primary, secondary, and tertiary control for HVDC and AC system using well
known power system interaction between lower controllers and power dispatch.

Multi-area system controls

Tertiary control: 
market, OPF...

Secondary control Primary control Inner control
Frequency droop

Power loop

Governor, excitation

Secondary control 
+ DC redisptach Primary control Inner control

DC Voltage droop

Power loop

Current control

Power Exchanges

AC

HVDC

Figure 6. Combined AC and DC control scheme [50].

It is expected that HVDC systems shall also participate in ensuring secure power system control
and operation. A converter control for VSC-based HVDC systems as illustrated in Figure 7 [51,52] is
generally used for controlling the firing of the IGBTs to control the HVDC grid and AC system voltage.
The active power balance in the HVDC system is reflected by the DC voltage in a manner similar
to frequency in the AC system [12]. Active power-DC voltage control in the DC system is therefore
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similar to active power-frequency control in AC systems. Furthermore, it is possible to implement
active power and reactive power droop control from the converter stations by controlling the values kp

and ka as shown in Figure 8a,b, respectively. However, as mentioned earlier for LCC-based HVDC
systems it is not possible to control reactive power independent of active power and extra reactive
power compensation is required to change reactive power independently [14]. kp and ka in Figure 8a,b
are the active power-dc voltage and reactive power-ac voltage droop coefficients respectively.
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Control

Reference 
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Udc ref
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g

Udc

Zf
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dq

θPLL
PWMabc
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Iabc
Vgabc

Vo,d Vo,q
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Figure 7. Control scheme for VSC converter station.
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Figure 8. Reference (a) DC voltage based on active power-DC voltage droop and (b) AC voltage based
on reactive power-AC voltage droop.

It is also possible to incorporate AC system frequency-active power droop to make the converter
react to the frequency deviations in the AC system. The control diagram is presented in Figure 9. k1 in
Figure 9 is the frequency-active power droop coefficients.
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Figure 9. AC system frequency-based active power-DC voltage droop control [53].

In contrast to AC systems which have large inertia, the DC systems have negligible inertia
(only small amount of energy is stored in cables and capacitors). A consequence of this small inertia is
that the DC systems respond faster to system imbalances than AC systems [54]. An overview of time
constants associated with various services for AC and DC systems is presented in Figure 10.
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Figure 10. Time constants for activation of services for AC & DC system elements [54].

As stated earlier, DC voltage in HVDC systems plays the same role as frequency in the AC systems
and can be considered to be an indicator of stable grid operation. Hence, active power imbalances
can be controlled by controlling the DC voltage. It can be observed from Figure 10 that the activation
time of DC equipments is two orders of magnitude lower than AC system equipments. Primary DC
voltage control is activated much faster than FCR and it can play a similar role of inertia support
(if frequency-based active power droop is implemented). Using HVDC for frequency control also
results in improvement of frequency nadir [55]. It has been concluded in [56] that combining the
frequency control reserves (among CE, Nordic and GB systems) using HVDC systems improves
ROCOF, frequency nadir, and frequency quality. It can be deduced from these studies that HVDC
systems can be an alternative to provide frequency support in the manner which is equivalent to inertia
support. Various scenarios for providing frequency support (inertia, FCR, FRR and RR) by providing
required active power from HVDC interconnections are shown in Figure 11. It is pertinent to mention
here that inertia support and FCR can only be provided by asynchronous or offshore windfarm HVDC
interconnections and cannot be provided by the HVDC connections embedded in synchronous zone
(as HVDC systems do not store/generate power themselves and the additional power comes from
other generation sources). It is possible to provide FRR and RR using synchronous HVDC systems by
making remote generation units contribute by changing their set points. It is not possible to provide
blackstart using HVDC systems independent of other AC system as some power source is required.
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Figure 11. Change in active power flow through HVDC transmission line for providing
(a) inertia support, (b) frequency containment reserves, (c) frequency restoration reserves and
(d) replacement reserves.

5. Ancillary Services and HVDC Systems

As mentioned in Section 3, liberalized electricity markets and integration of remote renewable
energy sources have highlighted the need for enhanced cross-zonal transmission capacity among
various European countries. HVDC transmission systems seems to be the most viable solution for
cross-zonal interconnection as these can carry more power and have better controllability. Also,
for integrating offshore renewables generation HVDC systems are being preferred. It will not be
an over statement that in near future the DC elements will play an important role in power system
management. Guidelines have also been published for participation of HVDC systems in power
system operation support in ENTSO-E area [57]. For instance, the guidelines allows the TSO to require
the HVDC system to control the active (and reactive) power output to maintain stable AC system
frequency, provide synthetic inertia in event of frequency deviation in the connected AC system and
remain connected and in operation if the network frequency changes at a rate from −2.5 to +2.5 Hz/s .

HVDC systems can actively participate in providing ancillary services to AC systems [14] as
detailed in Section 4 also. At the same time HVDC systems will also need ancillary services such
as energy balance, loss compensation, black start and restoration for smooth operation [12]. In [58],
the capability of windfarms connected through HVDC to provide ancillary services to DC systems has
been presented. The aspects of ancillary services required by HVDC systems are not further covered in
this paper.

Based on the requirements of ancillary services for AC system, research has been going on
to develop the possible solution for providing the ancillary services from HVDC systems to AC
systems and in the literature several possible solutions have been proposed. The literature review of
possible methods for ancillary services provisions from LCC-based and VSC-based HVDC systems is
presented below:

i LCC-based HVDC system: The authors in [59–62] have proposed some approaches to control the
system voltage from LCC-based HVDC systems. Voltage stability analysis for multi-feed HVDC
system using STATCOM has been presented by authors in [63]. Various methods for providing
frequency control service from such HVDC systems are presented in [64,65]. In [66], the authors
have proposed virtual synchronous generators (VSG) approach for providing frequency control
from islanded windfarms. Methods for providing blackstart service with LCC-based HVDC
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systems has been detailed in [67,68]. Methods for power oscillation damping using LCC-based
HVDC systems for connected AC systems are detailed in [62,69,70].

ii VSC-based HVDC system: In [71,72], the authors have proposed VSG approach for providing fast
frequency control and virtual inertia from the VSC-based HVDC converter stations. Fast frequency
and AC system voltage control has been proposed by the authors in [73]. For providing primary
frequency support (FCR) from offshore windfarms, HVDC converter control techniques have been
proposed in [74–78]. In [59,79–81], the authors have discussed the provisions for AC system voltage
control service from HVDC systems. The method for providing frequency from the energy stored
in HVDC link is highlighted in [82]. The authors in [83–85] have presented the various studies on
blackstart capabilities of VSC-based HVDC systems. In [86–90], the authors have highlighted the
control aspects for oscillation damping for VSC-based HVDC systems.

Based on the literature review, some of distinctive features of HVDC systems and their possible
use for providing ancillary services have been summarized in Table 4. It is assumed that sufficient
reserves are available in the systems to provide the considered ancillary services.

Table 4. Ancillary Services from HVDC Transmission systems.

Services

System Asynchronous Synchronous Offshore
Remarks

LCC Based VSC Based LCC Based VSC Based LCC Based VSC Based

Inertia ++ ++ NA NA ++∗ +++∗ VSC-based HVDC systems offer better
controllability for offshore connections

FCR ++ ++ NA NA ++∗ ++∗ Synchronous zone embedded HVDC systems
cannot provide Inertia and FCR

FRR +++ +++ NA NA ++∗ ++∗ HVDC systems provide better controllability as
compared to AC systems

RR +++ +++ NA NA ++∗ ++∗

Voltage
control

− +++ − +++ − +++ LCC-based HVDC systems cannot provide voltage
control and Black start capability

Black start − ++ − ++ − ++

Congestion
Management

+++ +++ +++ +++ − − HVDC systems have better power carrying
capability than AC systems

Oscillation
damping

++ +++ ++ +++ + + VSC-based HVDC systems have better oscillation
damping capabilities

Note. The symbol -, +, ++ and +++ means that the HVDC systems cannot provide the service, are able to provide
the service, are able to provide the service similar to conventional AC systems and can provide the service better than
AC systems respectively. * implies that the HVDC system requires appropriate controls at the offshore side to
provide this service. NA implies that it is not possible to provide this service from respective HVDC system.

6. Conclusions

Ancillary services play a pivotal role in ensuring reliable power system operation. It is critical that
various power system equipments which can provide these services could be used in an economical
way while enabling smooth power system operation. This review paper details the definitions of
ancillary services, procurement, and activation practices for these services as followed in different
control areas of ENTSO-E. It can be concluded from this study that every control area in ENTSO-E
follows its own practice for procurement and activation of ancillary services, despite these services
being defined by one grid code.

A major outcome of this review paper is the significant potential of HVDC systems (specially
VSC-based) in providing ancillary services. A comprehensive analysis of possible control methods and
time frame of activation of HVDC equipments highlights the robustness and fast control aspects of
HVDC systems. These characteristics are the major drivers for considering ancillary service support
from HVDC systems especially within the context of an interconnected grid and offshore grids.
From the comparative analysis for different HVDC systems it can be inferred that VSC-based HVDC
systems can provide ancillary services in a manner better than or similar to that of the conventional
AC systems. This analysis expands on the features of HVDC connections types in providing different
ancillary services based on a literature review.
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To facilitate the sharing of ancillary services from HVDC among different operators of an
interconnected system, a coordinated evaluation of the most optimal use of ancillary services on
pan-European level would be necessary. The categorization of different ancillary services from HVDC
systems and their characteristics as presented in this paper, could be a starting point for such analysis.
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Abstract: In the last decade, distribution systems are experiencing a drastic transformation
with the advent of new technologies. In fact, distribution networks are no longer passive
systems, considering the current integration rates of new agents such as distributed generation,
electrical vehicles and energy storage, which are greatly influencing the way these systems are
operated. In addition, the intrinsic DC nature of these components, interfaced to the AC system
through power electronics converters, is unlocking the possibility for new distribution topologies
based on AC/DC networks. This paper analyzes the evolution of AC distribution systems,
the advantages of AC/DC hybrid arrangements and the active role that the new distributed agents
may play in the upcoming decarbonized paradigm by providing different ancillary services.

Keywords: distribution networks; hybrid AC/DC networks; ancillary services

1. Introduction

Distribution systems have been traditionally designed, built and operated to fulfill the
requirements of the large number of customers who are connected to them. Most of these traditional
final users are characterized by absorbing power in an almost inelastic manner from the grid, i.e.,
irrespective of the energy price, to supply mainly electromechanical loads. The usual network design
approach has considered these inherent characteristics of customers to achieve a reasonable quality
of supply with the minimal investment cost and always considering the network expansion to
face the gradual demand increase [1]. Nowadays, however, this traditional customer is steadily
evolving to take advantage of the technological evolution which is paving the way to the smart grid
paradigm. On the one hand, customers now may play an active role with the advent of the information
and communication technologies (ICT), which offer the possibility of changing their consumption
according to economic signals. On the other hand, the electronic-based loads are shifting the traditional
electromechanical ones. This trend is unstoppable considering the expected massive deployment of
electromobility [2–4] and distributed generation [5–7]. Without any doubt, this is a priority of our
society which is focused on decarbonizing the transportation sector and increasing the participation
of renewable energies in pursuit of the energy self-sufficiency. The most conservative forecast of the
International Energy Agency (IEA) envisions an increase of the worldwide electric vehicle (EV) fleet
from the current 2 millions up to 56 millions in 2030 [8]. Similarly, the International Renewable Energy
Agency (IRENA) predicts a worldwide increase of the photovoltaic (PV) technology in the generation
mix used to cover the demand from the current 233 TWh up to 1.104 TWh in 2030 [9]. In this new
context, it will be of utmost importance to incorporate into the system new devices and procedures to
provide the required flexibility for a safe and secure network operation. Finally, a huge increase of
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battery energy storage systems [10–12] (BESSs) is expected at the distribution level from three major
drivers: EV deployment, utility-scale applications to tackle the network congestions, and domestic
storage units used to modulate the final user demand. It is important to note that IRENA predicts an
increase of BESS installed power from the current 1 GW to 250 GW in 2030 [13].

As a result, the distribution business has to evolve to cope with the new constraints
imposed by these new agents distributed throughout the network, with stringent regulatory issues,
scarce investment capability and final users more and more concerned with the power quality of
supply. However, it is possible to take advantage of the flexibility that these new agents may provide
to the distribution system, turning the problem into a solution. In fact, PVs, EVs, BESSs (collectively
referred to as “PEB” in the sequel) and other power electronic based devices may bring several benefits
to the distribution system operation, if properly managed so that they provide a number of ancillary
services to the distribution system in addition to their corresponding primary functionality.

Moreover, note that in this new context a huge number of electrical devices connected to the low
voltage (LV) distribution networks (PEBs, variable-speed drives associated to different appliances such
as air conditioning systems, etc.) could be connected to a DC supply. Therefore, it is arguable whether
the current AC networks are still the most efficient way of distributing electricity, owing to the need to
include AC/DC converters for these loads. These front-end components, based on power electronic
elements, increase the cost of these loads, reduce their efficiency and pollute the distribution system
with harmonic currents affecting the system power quality. The use of hybrid AC/DC networks can
be considered a logical step forward from the current AC distribution system, allowing loads of DC
nature to be directly connected to the DC side of the network.

This paper elaborates on the role that the new agents (PEBs) and other power-electronic devices
(DFACTS) may play in the current AC and future hybrid AC/DC LV distribution systems to provide
flexibility by means of ancillary services. The paper is organized as follows: First, the main
characteristics of traditional AC LV distribution systems are analyzed, followed by an update of
the challenges that they are facing with the incorporation of the new distributed devices. Second,
a comprehensive review of the most promising hybrid AC/DC LV network topologies is included.
Third, different ancillary services for both conventional AC and future hybrid AC/DC networks are
detailed. Finally, the paper closes with the main conclusions and future research work on this topic.

2. AC LV Distribution Networks

The aim of the distribution system is to supply the loads of a large number of customers
considering safety, service continuity, power quality, flexibility and expandability issues at the
minimum cost [14]. The design of traditional distribution systems comprising MV and LV networks
can be broadly grouped into the so-called American or European layouts. The American distribution
scheme is characterized by an unbalanced MV network comprising three-phase main feeders with
several single-phase or two-phase laterals which directly supply a group of LV loads through
pole-mounted MV/LV transformers of reduced rated power. Therefore, the LV network of the
American layout is not large, as the main network extension is done in MV in order to reduce
the system power losses as much as possible. On the contrary, the European layout is based on
a balanced three-phase distribution using three-wire and four-wire configurations for MV and LV
networks, respectively. In this case, the MV/LV transformers are always three-phase units and the
phase-to-neutral connection of single-phase LV customers is balanced as much as possible among the
three phases. Therefore, the LV network extension for the European layout is typically much larger
than in the American case. For this reason, the following subsections focus only on the European LV
distribution systems.

2.1. One-Way LV Distribution Feeders

Figure 1a shows the one-line diagram of a typical European LV distribution system, which is
fed from a secondary substation equipped with a MV/LV three-phase power transformer. Usually,
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the connection group of the transformer is Dyn or Yzn to distribute the neutral wire for connecting
the single-phase LV customers. The transformer secondary winding is connected to a LV switchboard
where the protection of the different radial feeders is embedded. This protection customarily consists
of simple fuses, the most cost-effective solution considering the short-circuit power levels of LV
distribution systems, the large number of existing LV feeders and their radial nature. The number
of LV radial feeders mainly depends on the rated power of the MV/LV transformer, but it typically
ranges 4–10. Unlike in the MV case, the LV feeders are structurally radial in most cases, i.e., there is no
way to modify the normal topology by acting on normally open switches, which would be helpful for
instance to reduce the restoration time after a fault [1]. It is common, however, to find specific locations
where the end nodes of those radial feeders are really close to each other, especially in urban areas.

MV LV

Domestic load

Commercial load

Industrial load

(a)

(b)
Figure 1. One-way LV distribution feeders: (a) one-line diagram; and (b) voltage profile along
the feeder.

As a consequence of the radial design and the passive character of the final users, the power
always flows in the same direction, from the secondary substation to the customers, and the voltage
magnitude decreases monotonically, as shown in Figure 1b. In any case, the receiving voltage must
be within the limits imposed by the standards [15]. For this purpose, the MV/LV transformers are
equipped with off-load tap changers, allowing the utility to adjust the LV voltage at the head of
the feeder to fulfill the voltage requirements. However, this device can be exclusively operated by
disconnecting the transformer and interrupting the service to the final user. For this reason, the tap
position is seldom readjusted once the transformer is commissioned. Those secondary substations
close to the primary one feature higher MV voltages and, therefore, upper tap positions are usually
selected to reduce the LV voltage. On the contrary, lower tap positions are used in those secondary
substations far from the primary ones.

2.2. Two-Way Distribution Feeders

Figure 2 is the counterpart of Figure 1, updated in accordance with the smart grid paradigm arising
by the incorporation of PEBs, which are transforming consumers into prosumers. These can play now
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a more active role by controlling their consumption/production profiles, considerably complicating
the operation of the LV radial distribution system. First, the simultaneity coefficients of rooftop PV
production and EV charging can be much higher than those of traditional commercial, residential or
industrial loads. Second, the deployment of these new technologies within the distribution network
is not homogeneous, being it possible to find different traditional customer versus prosumer ratios
depending on several external factors. Third, the power flows are no longer one way, from the
secondary substations to the final users. This completely modifies the voltage profiles along the
feeders, as shown in Figure 2b, being it more difficult to guarantee that the final user voltage lies within
the regulatory limits. Moreover, it is worth noting that this load/generation scenario is dramatically
changing throughout the day, as the PV generation and the EV demand should be peaking during noon
and midnight hours, respectively. Therefore, a massive penetration of PEBs may create distribution
network congestions, i.e., currents above the ampacity ratings or voltages beyond regulatory limits,
which cannot be alleviated by merely acting on the off-load tap changer of the MV/LV transformer.

MV LV

Domestic load

Commercial load

Industrial load

(a)

(b)

Renewable generation

Electric Vehicle

Day voltage profile

Night voltage profile

Figure 2. Two-way LV distribution feeders: (a) one-line diagram; and (b) voltage profile along
the feeder.

Classical network reinforcement, i.e., increasing the cross-section area of cables or installing new
LV feeders, may solve the voltage regulation problem. However, in cases where the feeder congestions
arise a few days a year, it is questionable whether the investments in new assets are really justified.
Moreover, those network reinforcements are not always straightforward from a practical point of view
in densely populated urban areas where underground installations are used. The main issue, however,
is that network reinforcement does not tackle the root of the problem, namely the radial topology of
the LV distribution network, which constitutes the main technical barrier to the deployment of the
new decarbonizing technologies.

A promising alternative solution to this problem comes from the application of new smart-grid
technologies, particularly new power electronics-based devices and new control systems, as proposed
in Figure 3 and discussed in the following subsections.
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Figure 3. Advanced two-way LV distribution feeders: (a) one-line diagram; and (b) voltage profile
along the feeder.

2.2.1. Utility-Scale Power Electronic Devices

Four different utility-scale devices are incorporated in Figure 3 to host as much PEBs as possible
by providing additional flexibility:

• Solid-State Tap Changer (SSTC). The objective of this device is to regulate the voltage on the LV
side by changing the turns ratio of the MV/LV transformer. This device uses a set of static switches,
usually made up of two antiparallel thyristors instead of the traditional mechanical switches.
These switches, installed in the MV transformer regulation winding, are always operated in
on/off mode, therefore preventing the risk of introducing harmonic distortion in the system,
at the cost of regulating the voltage in a stepwise manner, as shown in Figure 4a [16]. Other SSTC
topologies based on IGBT technology have been proposed in the specialized literature, which are
able to regulate the LV voltage in a continuous manner, at the cost of higher power losses and
harmonic distortion [17]. In any case, these devices are serious competitors of the traditional
on-load tap changer (OLTC) based on mechanical switches, owing to the absence of movable
parts, unlimited number of maneuvers, fast voltage regulation and almost null maintenance cost.

• STATCOM. This device is based on a Voltage Source Converter (VSC) equipped with IGBTs and
an isolated DC bus, as shown in Figure 4b. The aim of this device is to inject reactive power to
the system to control the voltage of its point of connection [16,18,19]. In addition, it is possible to
operate this device to mitigate the inherent imbalance of the LV system [20]. For this purpose,
four-wire topologies are preferred so that zero-sequence components can be compensated [21–24].

• BESS. This asset is composed of a VSC with a battery for energy storage connected to the DC
bus, as shown in Figure 4c [25]. The main goal of this device is to inject or absorb active power
to the system to provide different ancillary services, ranging from frequency regulation [26],
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peak shaving [27] and energy shifting [28]. In addition, it is possible to contribute to the voltage
regulation by means of active and/or reactive power injections.

• DC link. The aim of this device, also known as flexible link, is to create a controllable loop
between the radial feeders to which it is connected. It is composed of two VSCs connected in
back-to-back configuration sharing a common DC bus, as shown in Figure 4d [29]. This device
may control the active power flow between the interconnected feeders and two independent
reactive power injections. This provides an extraordinary flexibility to the distribution system
operation [30,31]. In fact, this device can fully overcome the barrier related to the radial nature of
the LV distribution system, because network congestions in one feeder can be alleviated using
the neighbor feeder as a back-up supply point. The use of this DC link is advantageous when
compared to a conventional meshed operation, where the active and reactive loop flows cannot
be controlled. In addition, the meshed operation requires an expensive protection system to
cope with short-circuit faults [32]. On the one hand, the short-circuit current increases as both
interconnected feeders contribute to the fault current. On the other hand, note that the protections
of both interconnected feeders should trip in the case of a short-circuit fault and, therefore,
disconnecting a larger number of customers in comparison to the radial operation case. The use
of DC links, based on back-to-back VSCSs, prevents this undesired effect, as the healthy feeder
can be quickly isolated from the faulted one by just inhibiting the gating signals to the IGBTs.
This way, it is possible to maintain the conventional, simple and reliable protection system used
in LV radial distribution networks. It is worth noting that it is possible to interconnect N feeders
by means of multi-terminal arrangements. This multi-terminal device, composed of N converters,
has 2N − 1 degrees of freedom, N − 1 of them corresponding to active power flows (as one of the
VSCs must control the DC bus voltage) and N to reactive power flows [33]. Finally, it is interesting
to highlight that the DC bus of this device may incorporate a PV generator, a battery or even an EV
fast charger station, providing even more flexibility of operation [31]. Alternative topologies have
also been proposed to reduce as much as possible the rating of the power electronic components,
aimed at reducing its cost [34].
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Figure 4. Power electronic devices incorporated in the smart grid distribution system: (a) solid state
tap changer (SSTC); (b) three-phase, three-wire STATCOM; (c) three-phase, three-wire BESS; and (d)
DC link composed of two back-to-back VSCs.

2.2.2. Control Systems

The new paradigm arising around the active distribution systems discussed above and depicted
in Figure 3, involves the development of a Secondary Substation Control System (SSCS) [35].
After decades of incremental technological advances, this constitutes a leapfrog with respect to
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the current status of LV AC distribution networks. Nowadays, those networks are unobservable in
real-time, being equipped in the best cases with just a data concentrator to gather the data from the
smart meters downstream [36]. This Advanced Metering Infrastructure (AMI), however, is thus far
exclusively used for billing purposes, its extension for improving the network operation still being on
the blackboard. The aim of the control system included in Figure 3 is twofold:

• Determine, in a coordinated fashion, the control actions of the different assets spread along the
distribution system to improve its operation. In this sense, the control assets may belong either
to the utility or third-parties, such as PV generator or EV charger, which may provide different
ancillary services. These control actions can be obtained by means of algorithms specially tailored
to each specific application. Mimicking the customary structure of AC transmission control
systems, those algorithms can be hierarchically organized in three control layers with different
time scales. The primary control level provides fast reactions aimed at rejecting any system
perturbation and maintaining the controlled variables close to their reference values. This is
usually implemented locally, following a linear droop, which calls for a slower secondary control
intended to eliminate the steady-state error associated to the primary control. Finally, the third
and slower control layer is devoted to computing the optimal reference values for the controlled
variables by introducing some optimization criteria [37].

• Interact with the Distribution Management System (DMS) of the utility: (i) to provide aggregated
data of the downstream system state; and (ii) to receive control requirements to provide ancillary
services to the MV network.

The adoption of this hierarchical control scheme, as shown in Figure 5, is advisable in case of
distribution systems where the number of power assets and prosumers is huge [38,39]. The traditional
centralized approach, where a unique control center is in charge of receiving and processing all the raw
field measurements, as well as computing the required control actions for the set of control assets [40],
is not scalable if the whole LV network is incorporated, as this may entail thousands of components for
a single primary substation. Undoubtedly, ICTs will play a crucial role in this new context, as they are
required for exchanging the information between the different agents [14]. The ICT requirements are
quite demanding if real-time network operation is envisaged, in addition to back-office functionalities
such as billing of customers. Therefore, special attention must be paid to ICT resiliency, time latencies
and cybersecurity issues.

SSCSi

DMS

SSCSj SSCSk

Figure 5. Hierarchical control of active distribution systems.

3. Hybrid AC/DC Networks

Hybrid networks, composed of AC and DC parts, are not new in power systems. Their existence
dates back to the fifties of the last century in transmission applications when the first HVDC was
built to supply the Götland Island [41]. The use of HVDC has been mostly restricted to applications
characterized by the need of transmitting large power through large distances, where AC lines are
constrained by stability issues [42]. The technological evolution in terms of rated power and DC
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voltage has since been impressive. Some installations of modern HVDC based on VSC technology
reach 1.8 GW with a rated voltage of ±500 kV [43,44] while some traditional HVDC units based on
thyristors go up to 8 GW and ±800 kV [45,46]. HVDC has also been used to evacuate the active power
of large off-shore wind power plants to the transmission system due to the reduced capability of long
AC submarine cables [47,48].

In the opposite extreme of the grid spectrum, hybrid AC/DC networks have also been explored
in microgrids. The microgrid concept [49], originally proposed in 2002 as a building block of the future
distribution system, has been of interest for the scientific community due to the new advances in power
electronics and digital processors with extended computation capability [50,51]. During the last years,
different microgrid proposals based on either DC or AC technologies have emerged without a clear
consensus on the best topology aiming at optimizing DC [52] and AC [53] resources simultaneously.
Hybrid AC/DC networks represent a natural evolution of microgrids, merging their advantages.
Wang et al. [54] proposed these hybrid networks as an efficient solution for supplying DC loads.
This achieves a reduction of intermediate conversion stages with the subsequent cost reduction of
electronic devices. In addition, the power quality of the AC network, mainly imbalances and harmonic
distortion, can improve, because of the use of advance control algorithms in the centralized power
converters used for connecting both networks. Multiple configurations of hybrid AC/DC networks can
be found in the specialized literature, which can be classified according to different criteria: network
topologies, involved power electronics converters and applied control algorithms. The following
subsections are devoted to analyzing each of these topics.

3.1. Network Topologies

The simplest hybrid AC/DC network is based on the use of the back-to-back VSCs for supplying
the DC loads from the DC bus [55,56]. However, it is also possible to find more futuristic approaches
where a hierarchically organized power system composed of several hybrid AC/DC subnetworks
connect each other by a number of power electronic converters, somehow mimicking the architecture
and behavior of the Internet [57,58]. Due to this diversity of solutions, [59] raised an interesting
taxonomy of the different existing topologies including a comparison with regard to different
technical criteria.

In any case, to assure an adequate deployment of hybrid AC/DC networks, it is required to rely
on two basic design principles: (1) to leverage as much as possible the already existing infrastructure
of the existing AC network in line with [60]; and (2) to minimize the number and complexity of power
devices used for the active management of the network. Considering these underlying ideas, Figure 6
shows a straightforward derivation of a LV hybrid AC/DC distribution network by adding just
the DC conductors to the already existing four-wire AC branches. The existing reserve conduits of
underground installations can be sometimes used for placing the new conductors. In this topology,
the DC network is supplied from a central VSC within the secondary substation but also from other
AC/DC links which can be distributed along the network. AC loads are supplied as usual while DC
ones are directly plugged into the DC network, eventually using DC/DC converters. It is important to
point out that the bridges between the AC and DC networks allow a bidirectional flow of active power.
This opens the possibility of optimizing the power flows between the AC and DC sides to obtain the
best operation in terms of power losses while maintaining the power quality to the final user.
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Figure 6. Hybrid AC/DC LV distribution network by adding new DC conductors.

It is worth noting that the hybrid AC/DC grid proposed in Figure 6, which is derived from
an original AC grid, increases the network loadability because of the new DC lines. However,
this loadability increase is limited by the rated power of the MV/LV transformer within the secondary
substation. A possible alternative, which maintains the existing LV line infrastructure, is shown
in Figure 7. In this case, two AC phases are transformed into DC lines. The single-phase AC and
DC loads are directly fed from the AC and DC networks, respectively, while the three-phase ones
require the use of three-phase VSCs supplied from the DC bus (in general, however, three-phase loads
are a minority in LV systems). The DC network is supplied from the secondary substation with a
three-phase and four-wire central VSC but additional single-phase VSCs can be connected to create
bridges between the AC and DC sides.
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Figure 7. Hybrid AC/DC LV distribution network by replacing two AC conductors by DC ones.

Finally, it is worth noting that those two network topologies are not mutually exclusive,
depending on the characteristics of the customers. This way, LV networks with a predominant
presence of domestic users, which are characterized by DC and single-phase AC loads, should be
adapted to the topology proposed in Figure 7. On the contrary, Figure 6 is preferred for those networks
with commercial and industrial users with DC and three-phase AC loads.

3.2. Power Electronic Converters

Undoubtedly, AC/DC and DC/DC power electronic converters are the cornerstone of the AC/DC
hybrid networks. In the case of three-phase AC systems, traditional three-phase converters are usually
applied [54,55]. However, for single-phase AC systems, it is possible to find different alternative
solutions to the conventional single-phase VSC [61]. For example, the authors of [62,63] presented a
single-phase high-power density converter with two stages composed of a DC/DC regulator and a
classical AC/DC bridge.
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On the other hand, DC/DC converters have been widely used for adapting the voltage levels
of renewable power sources and energy storage systems, both in isolated [64,65] and non-isolated
arrangements [66].

3.3. Control Algorithms

Hybrid AC/DC networks are inherently flexible distribution systems, as they are composed
of several AC/DC converters bridging AC and DC sides at different nodes. As a result, it is
possible to apply different real-time control strategies aimed at maximizing the network performance.
For instance, [67] controlled the EV charges in an effective way so that technical constraints violations
are eliminated. In [68], the distributed generation is scheduled to satisfy the demand at minimum
supply cost. [69] solved a centralized dispatch of generation and storage units in a hybrid AC/DC
network considering the variability of the renewable energy sources. [70] analyzed the application of
hybrid AC/DC networks within buildings equipped with renewable energy sources, energy storage
and controllable loads. As can be noticed, a wide range of control algorithms can be found in the
specialized literature. The interested reader is referred to the hierarchical classification and technical
characterization proposed in [71].

It is important to highlight that the control architecture usually poses a hierarchical layout,
similar to the one shown in Figure 3 and discussed in Section 2.2.2, where the centralized controller
acts as a tertiary control level in charge of computing the optimal set-points for the AC/DC and
DC/DC converters. In turn, those devices are equipped with primary controllers which are in charge
of tracking the references sent by the central secondary controller [72]. In this sense, it is worth stressing
that the centralized controller solves an optimization problem to minimize a given objective function,
including a set of inequality an equality constraints, of the form:

min f (x, u)

s.t. g(x, u) = 0 (1)

h(x, u) ≤ 0

where vector x comprises the dependent or state variables and vector u the control variables.
The inequality constraints take into account the technical limits of the network (ampacity limits
of lines and maximum nodal voltage variations) and the AC/DC and DC/DC converters (maximum
converter current and DC voltage range). The equality constraints stand for the network equations
comprising both AC and DC parts. This requires specific formulations, such as the one proposed
in [73–75] for solving the load flow problem in the presence of VSC-based HVDC networks and/or
microgrid systems. Finally, note that these optimization problems should be fed with real-time
measurements from the field, if they are to be used for control purposes. For this reason, it is essential
to rely on state estimators for computing the maximum likelihood state of the network from the
raw field measurements [76]. However, suitable models for the specific case of HVDC systems have
recently been developed [77–79].

4. Ancillary Services in AC and Hybrid AC/DC LV Distribution Systems

The advanced AC and hybrid AC/DC LV distribution grids presented in the previous sections,
comprising several power electronics based components with accurate and fast control capabilities,
allow an unprecedented and sophisticated active network management. In this upcoming paradigm,
the new controllable assets may improve the distribution grid operation by providing different ancillary
services, mimicking to a large extent the well-known operation of transmission systems.

The definition of ancillary service is somewhat fuzzy, as it encompasses any service required
by the transmission or distribution system operator to maintain the integrity, stability and power
quality of the system [80]. In fact, there is no unique or harmonized definition even for countries
within the European Union, where different provision schemes are articulated [81]. In this work,
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the following ancillary services for AC and hybrid AC/DC LV distribution grids can be defined: voltage
control, congestion release, imbalance reduction, harmonic distortion mitigation, power smoothing,
inertial response and power frequency response. A classification of these ancillary services and the side
of the network where they can be applied is detailed in Table 1. The following subsections outline each
of these ancillary services, some of them related to the frequency and voltage control, others dealing
with power quality issues.

Table 1. Classification of ancillary services for AC and hybrid AC/DC distribution networks.

Ancillary Service Nature Dynamic Charac. AC Side DC Side

Voltage control Voltage control Dynamic � �
Congestion release Congestion release Quasi steady-state � �
Unbalance reduction Power quality issue Quasi steady-state �
Harmonic distortion mitigation Power quality issue Quasi steady-state � �
Power smoothing Power quality issue Dynamic � �
Inertial response Frequency control Dynamic �
Power frequency response Frequency control Dynamic �

4.1. Voltage Control

The objective of this ancillary service is to maintain the voltage levels at the different nodes
of the distribution system within the technical limits [15]. The presence of distributed generation
within the AC distribution system may create voltage rises due to inverse power flows that were
not common in distribution systems [82]. On the contrary, the massive EV integration may create
deep undervoltages. Active power curtailment has been proposed to mitigate this problem [83,84].
However, the practical difficulties of its implementation, related to a fair curtailed power allocation
between the involved generators, and the high cost of the curtailed power, prevent its use. As an
alternative, reactive power injections by distributed generators [85–87] or EV charging stations [88]
can be used for controlling the voltage. The reactive power injections can be done depending on local
voltage measurements [89] or according to control signals computed by a centralized algorithm [90].
The utility-scale power electronic devices previously outlined (BESSs, STATCOMs and DC links) can
also be used for providing this ancillary service. Note that BESSs [91] and DC links [30] may also
contribute with adequate active power management. In addition, SSTCs play an important role in the
voltage control of LV distribution systems [92]. This is even more relevant in those cases where the
high R/X ratio leads to a low sensitivity of voltage with respect to the reactive power injections [93].
In those situations, controlling the voltage by means of reactive power injection is not a cost-effective
solution, which prevents the use of large utility-scale devices or oversized distributed generators.
Undoubtedly, a coordinated control of all these resources is the best option to provide the voltage
regulation within the AC distribution system [94].

Regarding the voltage control on the DC side of the hybrid AC/DC distribution systems, it is
important to highlight the lack of standards on DC networks, beyond those related to data centers and
ICT infrastructures [95,96]. In any case, this ancillary service has to be done by adequate active power
management of the DC generators, BESSs and AC/DC converters supplying the DC network from the
AC side [97–99]. In this sense, the use of AC/DC bidirectional converters spread along the network is
of special interest to regulate the active power flow on the DC and/or AC sides, depending on the
network loading.

4.2. Congestion Release

This ancillary service aims to maintain the power flows through the different branches of the
distribution system below the ampacity limits. In traditional passive systems, this problem can
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only be solved by network reinforcement. However, this is not the best solution considering the
cost, connection time and the spare capacity of the new assets over a large number of hours per
year [100,101]. The active management of the future LV distribution systems offers multiple solutions
for maximizing the loadability of the existing assets below their ratings. Considering the utility-scale
devices, in addition to BESS [102], the DC link is probably the most promising solution for congestions
release in radial distribution systems [30,31,34]. Moreover, PV generation or EV charging can be
connected to its DC bus, facilitating the integration of these new components [33]. As far as distributed
generation is concerned, it is possible to resort to generation curtailment [103], but also to the exchange
of reactive power aimed at maintaining the voltages within acceptable bounds [104,105]. Similarly,
the EV charging can be done in a controlled fashion to minimize its impact on the distribution
system [106,107]. However, the most interesting results are obtained by exploiting the synergies
between the distributed generation and EV charging [108,109]. In fact, the use of hybrid AC/DC
networks maximizes this synergy, as the active power flow through the AC/DC bridges corresponds
to the net active power of EV and distributed generation, minimizing their impact on the AC side.

4.3. Unbalance Reduction

Load unbalance, mainly due to the presence of unevenly distributed single-phase customers
but also to domestic single-phase PV installations, is one of the main power quality problems of LV
distribution networks [20,110]. The phase unbalances lead to several problems such as neutral and
ground currents, neutral point-shifting and higher losses than in balanced operation [111]. For this
reason, the voltage unbalance is usually limited in the current standards [15,112]. In this situation,
those technologies based on VSCs (STATCOMs, BESSs, PV generation and DC links) may provide the
unbalance reduction as ancillary service to the distribution grid. Some of these devices may have the
unbalance reduction as their main target (e.g., STATCOM) but it is also possible to rely on alternative
devices equipped with advanced control algorithms with other primary functionalities (e.g., BESSs,
PV generation or DC links). For this purpose, those devices have to inject different current in each phase
trying to balance the current upstream of their point of connection [113–115]. This implies injecting
not only positive sequence current but also negative and zero sequence components. Particularly,
the VSC plays an import role in this regard [21]. As three-phase, three-wire VSCs may only inject
positive and negative sequence components, four-wire topologies are needed capable of injecting zero
sequence currents. Different topologies have been proposed for the three-phase, four-wire VSC [22,23],
which can be also composed of a set of three single-phase units [24]. Finally, it is also worth noting
that the use of SSTCs with individual phase operation capability may also contribute to reduce the
system voltage unbalance [116,117].

4.4. Harmonic Mitigation

Harmonic distortion is a relevant power quality issue in AC distribution systems because
of the proliferation of non-linear loads. The use of power electronic devices, thyristors and/or
diodes, for rectification purposes creates m · k ± 1 low order harmonics where m represents the
number of pulses of the device. The problems created by these harmonics are well documented,
including increase of power losses, overload of capacitor banks, electromagnetic interferences,
overvoltages, malfunction of protection devices, and overload of neutral conduct and resonances
among others [118]. Harmonic distortion is limited by several standards [15,112,119] and traditionally
have been reduced by applying passive filtering techniques [120]. However, the development of power
electronics, particularly the self-commutated technology [121], has enabled the application of active
filtering [122]. Despite the shunt active filter being probably the most common topology, series and
shunt-series active filters have also been proposed for reducing the rating of the power electronic
components and increasing the filtering performance [123]. However, any device based on VSCs
(STATCOMs, BESSs, PV generation and DC links) may incorporate this advanced functionality and
provide this ancillary service to the distribution system [124]. Basically, the operation principle is
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similar to the one used for the unbalance mitigation: injection of harmonic currents to achieve an almost
sinusoidal current upstream of the point of connection. However, note that the local compensation of
harmonic currents usually does not lead to a global reduction of the harmonic distortion [125]. For this
reason, coordinated control strategies have to be applied for achieving this global goal [126–128].
Regarding the harmonic reduction on the DC side of hybrid AC/DC networks, the harmonics caused
by the previously mentioned line commutated converters are of orders m · k. Despite methods for
computing the harmonics of DC networks being available for special applications, such as HVDC
installations [129], there is not a clear standard limiting them. However, the harmonic reduction on the
DC side of the hybrid AC/DC systems can be provided either by the DC/DC or AC/DC converters
connected to them.

4.5. Power Smoothing

The introduction of renewable generation relying on uncontrollable primary energy sources may
produce large variations of the active power injections, which may lead to several problems in the
power system. These variations are perceived by the conventional power plants based on synchronous
generators as power ramps, which have to be compensated to maintain the power balance in the
system [130]. These power ramps are especially problematic in weak AC networks where system
operators try to limit their magnitude to assure the system stability [131–133]. Conversely, the power
variations also have to be limited on the DC side of hybrid AC/DC networks to control as much
as possible the DC voltage fluctuations [99]. This ancillary service can be provided by distributed
generators, BESSs and other energy storage systems [134] depending on the rate of power change.
Fast power variations, with time scales lower than 60 s, can be compensated by distributed generation
equipped with advanced controllers, such as the rotor inertia control [135] and pitch angle control [136]
in wind energy systems, without even involving complementary energy storage device. In addition,
it is possible to use fast energy storage systems, such as supercapacitors [137], which are able to manage
large amounts of active power in short-time periods without any risk of accelerated aging. Conversely,
BESSs are most suitable for slow power variations [138] with different control strategies based on
moving average [139] or ramp-rate control [140] algorithms.

4.6. Inertial Response

The introduction of renewable generation is displacing the conventional units based on
synchronous machines, which are the main source of inertia of the power system. The inertia of
a synchronous generator counteracts the frequency changes by injecting or absorbing an additional
active power, instantly taken from the kinetic energy of the rotor [37]. Thus, as the penetration level
of renewable generation increases, the system inertia decreases and its dynamic control becomes
challenging [141]. A possible solution to overcome this shortcoming is to incorporate BESSs,
either in standalone installations or combined with generation assets, to emulate the behavior of the
synchronous generators, namely to provide virtual inertia. This ancillary service can be provided
following different strategies [142]:

• Exact synchronous generators model-based methods, where the objective is to mimic the exact
dynamic behavior of the electrical machine by means of a detailed mathematical model in the
control algorithm of the converter interfacing the storage system. The following methods can be
framed within this category: synchronverters [143,144], virtual synchronous machine [145] and
KHI topology [146].

• Swing equation-based control schemes. These control schemes simplify the exact equations
of the synchronous generators, retaining only those terms related to the swing equation.
ISE topology [147] and Synchronous Power Controller [148] can be cited within this group.

• Frequency-based response techniques. In this case, the control algorithm reacts on any frequency
disturbance and, therefore, provides an inertial response on an indirect way. Virtual synchronous
generators [149] have been proposed within this category.
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4.7. Power Frequency Response

The objective of this ancillary service is to contribute to the frequency regulation of the power
system when a frequency disturbance, due to an imbalance between generation and load or any
frequency stability issue, appears in the power system. Primary frequency response is implemented
in the governor control of the synchronous generators by defining a given power versus frequency
droop curve. This local implementation allows an immediate reaction against frequency variations
without the intervention of any higher supervisory control [141]. This primary frequency response is
slower than the inertial one outlined in the previous subsection, with an actuation time scale from a
few milliseconds up to 30–40 s. The progressive integration of renewable energy sources replacing
traditional generation requires the provision of this ancillary services by BESSs. On the one hand, it has
to be considered that BESS, as a power electronics based device, has a faster response in comparison to
traditional synchronous generators. On the other hand, it has to be considered the limitations of this
technology. First, BESSs are constrained in energy which prevents its use as conventional generation
units. Second, BESSs are constrained in power with limited ramping rates. Third, the number of
frequency events and their duration are related to the number of cycles and the depth of discharge
of the battery which are strongly related to its aging [150,151]. A straightforward way of providing
this ancillary service is by implementing a power versus frequency droop curve in the BESS controller
in such a way that active power is injected or absorbed when the frequency decreases or decreases,
respectively [152,153]. To reduce the cycling of the battery, it is usual to incorporate a dead band around
the fundamental frequency [154]. In addition, this ancillary service can be at least partly provided by
renewable generation units, which usually operate maximizing the power conversion from the primary
energy source [155]. As an alternative, the plant can be operated below the maximum power point,
allowing reactions to frequency excursions of both signs [156,157]. Otherwise, the non-dispatchable
generation units may act exclusively on over frequency events.

5. Conclusions

This paper analyzes the evolution of LV distribution systems from the traditional AC passive
networks to future hybrid AC/DC systems, and the role that the new power electronics based
technologies may play in this new distribution paradigm by providing ancillary services. This change
is being driven by the technological substitution of the traditional electromechanical devices by
the new power electronics ones and the development of control systems based on advanced
communication infrastructure. The new distributed agents, including PV generation, EV chargers
and other utility-scaled devices such as SSTCs, STATCOMs, BESS and DC links, allow an active
management of the distribution system to be implemented. The paper outlines the basic operational
principles of each of those technologies and their use for an improved operation of the distribution
grid. Actively operating the LV distribution grid requires the intervention of a control system in
charge of supervising and determining the adequate set-points for each control asset. For this purpose,
a hierarchical scheme is described where each LV distribution network departing from a secondary
MV/LV substation is locally controlled. Once the LV AC distribution system has been transformed
from a passive to an active network, by incorporating the power and control elements previously
mentioned, it is questionable if the AC topology is the most adequate one, considering the DC nature of
many of those power devices. The authors’ opinion is that hybrid AC/DC LV networks constitute the
logical way of incorporating new DC components to the existing AC LV systems. This is envisioned as
a smooth transition, trading off the need to maximize the use of the AC legacy assets while allowing a
massive roll-out of the DC technology. In any case, irrespective of whether the LV network is purely AC
or hybrid AC/DC, it is of utmost importance to duly consider the contribution that the new controllable
assets may bring to the whole system, by the provision of ancillary service. The paper has ended
by outlining different ancillary services related to frequency regulation, voltage control and power
quality issues, which will be required in the near future at the distribution level. The evolution of the
power systems throughout the 20th century declared Tesla as the undisputed winner of the war of the

34



Energies 2019, 12, 3591

currents after Edison’s fleeting initial success. The expected evolution over the 21st century, however,
will very likely reveal that the last battle has not yet finished. The DC system revival for integrating
the new technologies described in this paper is technically and economically feasible nowadays for
the last mile distribution systems. In the authors’ opinion, however, the harmonized coexistence of
both systems through the deployment of hybrid AC/DC networks is the most cost-effective solution
for integrating the new technologies into the current AC networks. Undoubtedly, hybrid AC/DC
grids will provide extended flexibility allowing the new technologies to provide the required ancillary
services for an optimal, secure and sustainable network operation.
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Abstract: The role of flexible alternating current transmission systems (FACTSs) in the provision
of grid services is becoming increasingly important, due to the massive integration of intermittent
renewable energy sources, energy storage systems, and the decommissioning of thermal plants. A
comprehensive literature review of grid services offered by FACTS is performed, focusing on the
different grid services that they can provide, such as power flow control, reactive power control,
voltage control, power quality improvement, harmonic mitigation, improvement of transient stability,
and damping of inter-area and intra-area oscillations. These grid services need to be realistically and
economically validated in suitable testing environments. A review of relevant standards, guides, and
the literature is performed, which covers the entire range from functional specification and factory
testing up to the field testing of FACTS. Advanced industry practices, such as controller hardware
in the loop (CHIL) testing of FACTS controllers by the manufacturer, and recent trends, such as
CHIL testing of replica controllers by the owner, are underlined. Limitations of conventional testing
and CHIL testing are explained and the use of power hardware in the loop (PHIL) simulation for
FACTS testing is discussed. CHIL and scaled-down PHIL tests on a transmission static synchronous
compensator (STATCOM) are performed and a comparison of the results is presented.

Keywords: FACTS; grid services; CHIL; PHIL; lab testing; field testing; standards; STATCOM;
replica; review

1. Introduction

Power systems are subject to an unprecedented transformation, characterized by the wide
integration of intermittent distributed generation, energy storage, consumer engagement, and the
decommissioning of thermal plants, in order to meet environmental goals, while maintaining the
quality of supply [1–3]. In this transformation, flexible alternating current transmission systems
(FACTSs) can play an important role by facing several challenges of the transmission system [4]. They
can offer a variety of grid services, such as power flow control, reactive power control, voltage control,
power quality improvement, harmonic mitigation, improvement of transient stability, damping of
inter-area and intra-area oscillations, and black-start capability, among others.

Many researchers have investigated various models and methods for the analysis of FACTS
devices and their optimal operation and planning within power systems. In addition to research
articles, there are also important review papers that summarize the research findings on FACTS devices
and their grid services in a comprehensive manner. There are review articles devoted to the review of
one particular FACTS device [5–7], and articles that review more FACTS devices [8–10]. The study
of [5] reviews the models and methods of unified power flow controllers (UPFCs) in smart grids, sets
the future research goals, and provides future research directions in this field. Another [6] provides a
comprehensive review on static synchronous compensators (STATCOMs) and their future research
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potentials. Furthermore, [7] provides a systematic review of static phase sifters (SPSs), compares SPS
configurations, and highlights their advantages and limitations. The work of [8] presents a bibliography
review of FACTS applications for enhancing power quality and ensuring efficient utilization of energy
in power systems with increased penetration of renewable energy sources. The work of [9] presents a
review of methodologies for optimum allocation and coordination of FACTS devices and distributed
generation units. Finally, paper [10] reviews electromagnetic transient models of FACTS devices that
do not use voltage source converters and summarizes key characteristics of each model.

There is no review paper focused on the different grid services provided by various FACTS
devices. This paper aims to cover this gap by providing a comprehensive review of the grid services
offered by FACTS. These services include power flow control, reactive power control, voltage control,
power quality improvement, harmonic mitigation, improvement of transient stability, and the damping
of inter-area and intra-area oscillations. Due to space limitations, only a small set of representative
research works is reviewed in Section 2 for each one of the different grid services offered by FACTS.

Moreover, suitable testing procedures and setups for testing grid services by FACTS are necessary.
In the last decade, several standards and guides related to FACTS testing have been published. These
include factory testing and field testing for specific types of FACTS, such as static var compensator
(SVC) and STATCOM; however limited attention has been placed on grid services. A method for
efficiently testing the provision of grid services is hardware in the loop simulation [11], where a
hardware controller (controller hardware in the loop simulation, CHIL) or hardware power device
(power hardware in the loop simulation, PHIL) is connected to a real-time simulated power system.
Testing of the control systems of FACTS using CHIL simulation has been performed by manufacturers
for several years and more recently by transmission system operators (TSOs).

Although there is a plethora of papers that have performed simulation studies of FACTS, limited
experiences on hardware testing have been reported, concerning both laboratory testing and field
testing. Most of these papers describe specific test cases for a specific FACTS device at a specific location
(as described in Sections 3.1 and 3.2). A review on the testing of FACTS is still missing. This paper
addresses this gap by reviewing papers, standards, and guides on the testing of FACTS. It efficiently
presents all the different testing stages, including conventional testing, i.e., factory and field testing,
and emerging industry practices, such as the CHIL testing of FACTS controllers by manufacturers and
CHIL testing of replicas by utilities. Particular attention is placed on the testing of grid services.

The contributions of this review paper are manifold:

• It is the only review paper of the bibliography that is focused on the different grid services
provided by various FACTS devices.

• It is the first paper that reviews the different testing stages of FACTS. It addresses conventional
testing and advanced industry practices.

• It proposes the use of PHIL simulation for the testing of FACTS, as an additional stage before field
testing, and presents laboratory results.

The structure of the paper is as follows: Section 2 presents a literature review on the grid services
offered by FACTS. Section 3 reviews the conventional testing of FACTS, advanced industry practices,
and recent trends. The CHIL and PHIL results of a STATCOM performing voltage control are presented
and discussed. Section 4 concludes the paper and summarizes the main findings.

2. FACTS Providing Grid Services: A Review

FACTS devices are based on power electronics and are used in order to improve the control of
electric power transmission systems in both steady state and transient state conditions [12]. FACTS
devices also help increase transmission lines’ power transfer capacity [12]. The ability of an alternating
current (AC) transmission line to transfer AC electric power is constrained by various factors, including
the thermal limit, voltage limit, transient stability limit, and short circuit current limit. These limits
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define the maximum power, called the power transfer capability, which can be transferred through the
AC transmission line without causing damage to the transmission line and the electrical equipment.

A FACTS device provides control of one or more parameters of an AC transmission system. These
parameters include the voltage magnitude, voltage angle, and the impedance of the transmission line.
Through the control of these parameters, the FACTS device can control the real and reactive power
flow, the voltage magnitude, and the shunt reactive power compensation. There are four different
types of FACTS [12]:

1. Series devices. These are variable impedance devices that inject voltage in a series with the
transmission line. Depending on the phase angle between the injected voltage and the line
current, they can help control the real and reactive power. Examples of series devices include
thyristor controlled series capacitor (TCSC), thyristor switched series capacitor (TSSC), and static
synchronous series compensator (SSSC).

2. Shunt devices. These are variable impedance devices that inject current at the point of connection.
Depending on the phase angle between the injected current and the line voltage, these devices
can control the real and reactive power. Examples of shunt devices include SVC and STATCOM.

3. Series-series devices. These are a combination of series devices, where each series device provides
series compensation for each line and also transfers active power among the transmission lines.
An example of such a device is the interline power flow controller (IPFC).

4. Shunt-series devices. These are a combination of series and shunt devices, which are controlled in
a coordinated way. An example of such a device is the UPFC, which is the most versatile among
all FACTS devices, because it can control, selectively or concurrently, the real and reactive power
flow via the transmission line, the bus voltage magnitude, and the compensation of reactive
power [5].

In this section, representative research works are reviewed for each one of the different grid
services offered by FACTS.

2.1. Power Flow Control

The power flow control services include:

• Control of power flow [13–18]. The split TCSC provides better power flow control services than
the single TCSC [13]. An adaptive TSSC with discrete nonlinear control provides power flow
control and improves power system transient stability [14]. An SSSC with an oscillation damping
controller simultaneously achieves power flow control and low frequency oscillation damping
in a system with a wind farm [15]. The modular multilevel converter-based UPFC regulates the
power flow of the power system in both steady state and transient state conditions [16]. A hybrid
UPFC, composed of a smaller capacity UPFC and a larger capacity Sen transformer, provides
the same services of active and reactive power flow control, with the advantage of much lower
installation costs [17].

• Congestion management [19–22]. A method for the optimum location of TCSC relieves congestion
in both the normal state and contingency state with single line outage [19]. An analytical method
determines the optimum location of the TCSC and SSSC and relieves congestion in both the
normal state and contingency state with a single line fault [20]. A pricing-based method finds the
optimum location of the UPFC that mitigates line congestion and minimizes system operation
costs [21]. A sensitivity-based optimization method finds the optimum location and rated capacity
of the UPFC that minimizes congestion costs [22].

• Reactive power dispatch (RPD) [23–26]. RPD is a grid service that simultaneously minimizes
reactive power flow in lines, total active power loss in transmission lines, and voltage deviation in
buses. The optimal allocation of four TCSCs and three SVCs at the IEEE 30 bus system significantly
reduces the total reactive power flow in lines [23]. The optimal reactive power allocation of three
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different FACTS, namely TCSC, SVC, and thyristor controlled phase angle regulator (TCPAR),
shows that a SVC is slightly better in the improvement of the voltage profile, while a TCPAR
is better in reducing the total active power loss [24]. In comparison with the case without a
UPFC, the optimal allocation of one UPFC provides a greater reduction of transmission lines’ total
active power loss and buses’ voltage deviation for both the IEEE 57-bus and the IEEE 118-bus
test systems [25]. In an AC-DC power system with 96 AC buses and two DC terminals, the
optimal allocation of one UPFC, under contingency conditions, has a significant impact on the
minimization of power loss and voltage deviation [26].

• Available transfer capability enhancement [27–33]. The available transfer capability (ATC)
measures the capability of interconnected power systems to transfer electric power from one
power system to another through the transmission lines. The increase of ATC is important because
it helps transfer low cost energy to the loads. FACTS devices can increase the ATC by redistributing
power flows. The optimal allocation of one UPFC increases the ATC for the IEEE reliability test
system as well as for a 196-bus power system in North America [27]. Since series FACTSs help
increase the ATC, it is proposed that these devices should be simultaneously optimized with
power generation in a market environment [28]. The UPFC provides a higher increase of the ATC
in comparison to STATCOM and SSSC [29], and in comparison to a SVC and thyristor controlled
phase shifter (TCPS) [30]. The optimal allocation of multiple FACTS, namely TCSC, TCPS, SVC,
and UPFC, provides a significant increase of the ATC [31].

• Power loss reduction. Several research works have shown the use of FACTS devices for the
reduction of total active power loss [23–26,30,34].

• Load curtailment minimization. An optimally allocated UPFC is more effective than an optimally
allocated TCSC in the minimization of load curtailment on IEEE 14-bus and IEEE 30-bus test
systems [35].

• Minimization of wind power curtailment [36–39]. Wind power curtailment is minimized by an
optimally allocated TCSC [36] and an optimally allocated distributed power flow controller [37].
An optimally allocated SVC is more effective than an optimally allocated TCSC in the minimization
of wind power curtailment [38]. The combined optimal allocation of SVC and TCSC significantly
reduces wind power curtailment [39].

2.2. Voltage Control

The voltage control capability of the SVC was investigated and a reactive power dispatch model
was developed that restores the SVC operating point and regulates the bus voltage [40]. A photovoltaic
inverter is controlled as a STATCOM and provides voltage control in power distribution systems [41].
The limits of the UPFC were included into a steady state power flow model, which was validated
by simulations that highlight the capabilities of a UPFC for coordinated voltage control and power
flow control [42]. An optimization methodology was developed that identifies the optimal parameter
settings of one UPFC and manages to relieve voltage violations and overloads that are caused by line
outages [43]. A probabilistic methodology improved the steady state bus voltage profile by optimally
sizing the TCSC, STATCOM, and UPFC [44].

2.3. Improvement of Power Quality

FACTS devices, such as SVC, STATCOM, and UPFC, offer significant power quality services
to the grid, including enhancement of the power system reliability and mitigation of voltage sags,
harmonics, and unbalance [8,45–49]. The capability of the SVC, STATCOM, and dynamic voltage
restorer (DVR) to mitigate voltage sags, harmonics, and unbalance was shown in [45]. Distribution
STATCOM and SVC minimize voltage sags and the economic losses in power distribution systems [46].
SVC, STATCOM, and DVR minimize economic losses due to voltage sags [47]. An appropriate control
strategy allows the UPFC to provide harmonic isolation in case of nonlinear loads [48]. In order to
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improve the reliability problem that is due to the loading of a transmission line, a UPFC was installed
on that line and, as a result, power system reliability as improved [49].

2.4. Improvement of Power System Stability

FACTS devices offer significant stability services, including:

• Damping of inter-area and intra-area oscillations [50–52]. A nonlinear control method of UPFC
and STATCOM was developed for damping inter-area oscillations, which was validated on
a power system with 16 generators and 68 buses [50]. A single FACTS device (STATCOM,
UPFC, or multi-terminal UPFC) successfully damps inter-area oscillations and intra-area (local)
oscillations [51]. The UPFC provides robust damping of inter-area oscillations at different load
conditions [52].

• Transient stability improvement [53–58]. The coordinated control of STATCOM and generator
excitation achieves transient stability and voltage regulation [53]. A hardware in the loop
validation verified the transient stability enhancement obtained by a wide-area controlled
SVC [54]. STATCOM in combination with energy storage system enhances the transient stability
of power systems with induction generators and synchronous generators [55]. UPFC offers vast
improvement of first swing transient stability [56,57]. The coordinated use of SSSC, TCSC, and
STATCOM improved the transient stability of a power system with photovoltaics and wind
farms [58].

• Voltage stability improvement [59–64]. Eigen-value analysis or modal analysis can be applied
to identify buses (locations) sensitive to voltage collapse and buses where power injections
are the most beneficial. Modal analysis identifies the optimum location of SVC for voltage
support [59]. Optimally allocated UPFCs enhance power system voltage stability under single
outage contingency criterion [60]. The coordinated optimal allocation of SVCs and TCSCs
enhance security against voltage collapse by keeping bus voltages and ensuring voltage stability
margins [61]. In case of low loads or low voltages, regarding voltage stability, the SSSC is superior
to the controllable series compensator (CSC) [62]. An analytical method was used estimate the
efficiency of CSC, SSSC, SVC, and STATCOM for voltage stability enhancement [63].

2.5. Multiple Grid Services

The coordinated use of multi-type FACTS devices offers multiple grid services [65–69]. The
multiple grid services are mathematically formulated as multi-objective optimization problems. An
optimally allocated UPFC simultaneously minimizes total active power loss and maximizes power
system predictability in systems with a high penetration of wind power [65]. In these systems,
predicting the system state is very difficult due to the uncertainties in wind power generation.

An optimally allocated UPFC simultaneously minimizes transmission lines’ total active power
loss and maximizes the voltage stability limit [66]. The best results are obtained when the transformer
taps are optimized in combination with the optimization of the UPFC location and parameter settings.

Optimally allocated TCSCs and SVCs simultaneously minimize the total active power loss,
minimize load voltage deviation, and maximize static voltage stability margin, considering single
outage contingency criterion, line thermal limits, and bus voltage limits [67].

An optimally allocated hybrid flow controller (HFC), phase shifting transformer (PST), and UPFC
simultaneously minimize total active power loss, total fuel cost, and cost of FACTS installation, and
maximize power system loadability [68]. The HFC provides better results in comparison with PST
and UPFC.

Optimally allocated TCSC, SVC, and UPFC simultaneously minimize total active power loss,
and minimize system operation cost that includes the cost of FACTS, the energy loss cost, and the
congestion cost [69]. The FACTS’ location, size, and parameter settings are optimized in combination
with existing reactive power sources.
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3. Current Practices and Future Trends in the Testing of FACTS

3.1. Conventional Testing of FACTS

The testing of distributed energy resource inverters according to ancillary service requirements
has been well established recently. Several standards and guidelines are in place stating requirements
and respective testing procedures [70,71]. Factory testing takes place at manufacturer’s facilities,
compliance testing at independent accredited institutes, and, finally, commissioning testing occurs in
the field. On the other hand, the testing of FACTS is more challenging mainly due to their high rating
and large size. For example, the typical capacities of recent transmission STATCOMs applied in the
USA are +/−100 to +/−200 MVAr with some large units reaching +/−250 MVAr, while SVCs can have
capacities up to 500 to 600 MVAr [4]. For this reason, most of the studies on FACTS preform digital
simulations, while fewer involve laboratory or field tests.

In practice, digital simulations (e.g., transient stability, dynamic performance) are used for the
functional specification of a FACTS device, which refers to the definition of equipment requirements,
typically performed by the buyer (typically the TSO) or a consultant [72]. IEEE 1031: 2011 [73]
proposes an approach to prepare a specification for a transmission SVC using conventional thyristor
technology, which can be partly used for STATCOM and other devices. The guide describes newer
developments in SVC component equipment and, particularly, control systems and also the latest
practices for SVC applications among other topics. Similarly, IEEE P1052/08 [74] aims to assist users
in specifying the functional requirements for transmission STATCOMs, using forced commutated
technology based on voltage source converter topologies. The guide covers specifications, applications,
engineering studies, main component characteristics, system functions and features, factory testing,
commissioning, and operations of the STATCOM systems. It addresses the following functions:
Reactive power compensation, voltage regulation and control, transient and dynamic stability, and
control and protection.

The manufacturing of the device, based on the specification, is followed by factory testing
at the facilities of the manufacturer. This includes the testing of the valves as the most critical
component. Standards for the testing of valves are IEC 61954:2011 [75] for the thyrisors of SVCs and
IEC 62927:2017 [76] for voltage source converter valves of STATCOMs. More specifically, IEC 61954:2011
defines the type, production, and optional tests on thyristor valves used in thyristor controlled reactors,
thyristor switched reactors, and thyristor switched capacitors, forming part of SVCs. Type tests aim to
verify that the valve design meets the requirements specified (e.g., dielectric and operational tests),
production tests aim to verify proper manufacturing (e.g., voltage withstand check), and optional tests
are additional to the type and production tests (e.g., voltage transient test). IEC 62927:2017 applies to
self-commutated valves for use in voltage source converters for STATCOMs. It includes type tests
(e.g., dielectric, operational and electromagnetic interference tests) and production tests (e.g., voltage
withstand check) for air insulated valves. Moreover, the manufacturer also tests all other components
of the FACTS device (e.g., transformer, circuit breakers, etc.) according to their respective standards.
Particular attention needs to be paid to the testing of the control system, which includes dynamic
performance tests and protection system tests, among others. More information on the testing of the
control system is provided Section 3.2.

When factory testing by the manufacturer is completed, field testing follows in order to verify the
specified performance in real operating conditions. It should be noted that this is an important step as in
many cases, FACTS are built to satisfy the needs of specific projects. According to IEEE 1303:2011 [77],
a field testing program for SVCs should include the following: Equipment tests within the SVC
system, tests of the various subsystems that comprise the SVC system, commissioning tests for the
complete SVC system, and acceptance testing of the complete SVC system. Equipment, subsystem, and
commissioning tests are usually performed by the supplier, while the acceptance tests are performed
by the buyer or user. The standard provides general guidelines and criteria for the field testing of
SVCs, before they are placed in-service. It identifies the main elements of a field testing program
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so that the user can formulate a specific plan that is most suited for his/her own SVC. Parts of the
standard are useful for compensator systems using gate turn-off thyristor technology (STATCOM) or
other semiconductor devices, such as insulated gate commutated transistors.

Apart from the aforementioned standards and guides, which focus on SVC and STATCOM,
other relevant standards and guides have been published. IEEE 1676:2010 [78] defines control
architectures for high-power electronics. It covers FACTS, high voltage direct current (HVDC) systems,
distributed generation, and energy storage, among others, with a power range from hundreds of
kW to thousands of MW, but with emphasis on 1 MW to hundreds of MW. IEEE 1534:2009 [79]
provides recommended practices for specifying TCSC installations used in series with transmission
lines. Ratings for TCSC thyristor valve assemblies, capacitors, and reactors as well as TCSC control
characteristics, protective features, testing, commissioning, training, operation, etc. are addressed in
this standard. IEEE P2745.1 [80] provides functional requirements for UPFCs, using modular multilevel
converters (MMCs), including application conditions, system architecture, function requirements,
performance requirements, primary equipment requirements, control and protection requirements,
testing, etc. Concerning the testing of valves, IEEE 857:1996 [81] and IEC 60700-1:2015 [82] provide
recommendations for the type testing of thyristor valves for HVDC power transmission systems. IEC
62501:2009 [83] deals with the testing of self-commutated converter valves, for use in voltage source
converters for HVDC power transmission.

In the literature, a plethora of papers performing simulation studies of FACTS is available, as
shown in Section 2. On the other hand, limited experiences on hardware testing are reported. Indicative
papers are presented next. Concerning lab testing, [84] explains the difficulty of testing HV thyristor
valves, due to the increasing capacity of FACTS devices. A synthetic test setup was applied, where
the large current and the high voltage are generated by different power supplies. Moreover, test
facilities that can perform operational tests on thyristor valves are reported (e.g., [85]). In [86], real
scale validation tests in the laboratory of a large 40 MVAr voltage source converter for a SSSC were
carried out. The device is formed by four 3-level 10 MVA inverters, and a series of tests was carried
out, including dynamic performance and harmonics. In [87], the performance of prototype tests of a
26 MVA STATCOM and a 13 MVA back-to-back, comprising smaller units connected in parallel, is
described. A scaled-down setup for testing series connected FACTS (e.g., SSSC, UPFC, TCSC) was
proposed in [88].

Experiences of field testing of FACTS can be found in the literature, starting from more than
20 years ago [89]. Aspects of the planning and execution of the commissioning and testing of +300
MVAr (capacitive) to −100 MVAr (inductive) SVC are described in [90]. Challenges concerning
the commissioning and testing of the SVC connected to a relatively weak grid are reported, while
considerations on the impact of the tests on transmission and distribution system equipment, generating
facilities, and customers are provided. Dynamic performance tests were performed, by varying the
reference voltage of the SVC, due to the difficulty of controlling the grid voltage in the field. In [91], a
comparative analysis between field tests during commissioning of a −50/+70 MVAr SVC and computer
simulations was carried out. The tests included the application of steps in the reference voltage of the
SVC and the switching off a capacitor bank among others. In [92], a 1 MVA FACTS device, entitled
“power router”, designed for power flow control was tested in the field, including dynamic tests.
In [93], a large load disturbance test on an HV line with a TCSC was performed (by opening-reclosing
of a circuit breaker) combined with a wide area measurement system (WAMS). The field tests and
simulations showed that the current issue of a transmission bottleneck of hydroelectric power could be
resolved. Additional experiences on the field testing of FACTS have been reported e.g. [94–96].

From the above review, it is clear that important progress in the development of appropriate setups
and procedures for laboratory/factory and field testing of FACTS has been performed. However, the
standards and guides cover only some types of FACTS devices, while grid services are not thoroughly
addressed. Due to the large rating of FACTS devices, it remains a challenge to fully validate all
the device functionalities, and especially grid services provision, in the laboratory. For example,
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inverters that are interfacing distributed generation are typically tested in the lab by a grid simulator
that can simulate several network conditions (e.g., voltage dip, frequency rise, etc.). However, such
devices are hard and expensive to build for high ratings. Moreover, conventional lab testing treats the
FACTS device as an independent component, while neglecting interactions with other devices (e.g.,
distributed generation, other FACTS, etc.) and the overall power system. This is becoming increasingly
important due to the need of FACTS to provide advanced grid services in the complex contemporary
environment. On the other hand, field tests can validate the performance of FACTS in actual conditions;
however, limitations are present, such as limited flexibility and repeatability, as well as the possibility
of adversely influencing network equipment. Digital real-time simulation is a promising tool that can
tackle some of the aforementioned limitations. Its use for the lab testing of FACTS will be discussed in
the following section.

3.2. Hardware in the Loop Testing of FACTS

Real-time hardware in the loop (HIL) simulation is gaining significant attention as an advanced
power system testing method [11,97–100]. It allows the connection of a physical device to a power
system that is simulated in real-time in a digital real-time simulator (DRTS). Exhaustive testing can be
achieved in realistic, flexible, controllable, and repeatable conditions that allow de-risking equipment.
The two main categories of HIL simulation are shown in Figure 1. In CHIL simulation, a hardware
controller is connected to a simulated system executed in the DRTS. In PHIL simulation, a physical
power device (e.g., motor, inverter) is connected to a real-time simulated system. In PHIL simulation, a
power interface consisting of a power amplifier and sensor is required in order to connect the hardware
under test with the DRTS. The voltage of the common node between the simulation and hardware
is amplified and applied on the hardware under test. The measured current of the hardware under
test is fed back to the DRTS and is inserted in a controllable current source in the real-time simulation.
Stability and accuracy issues arise during PHIL simulation due to the non-ideal power interface, which
needs to be considered.

 
Figure 1. Basic topologies of controller hardware in the loop (CHIL) and power hardware in the loop
(PHIL) testing [101].

Decades ago, analogue simulators or transient network analyzers (TNAs), composed of
scaled-down physical models, were used for FACTS and HVDC controller testing, which were
simplified and presented limited flexibility [102,103]. The emergence of digital real-time simulation
allowed a realistic representation of the network and FACTS converter, allowing efficient testing of
FACTS controllers and thus leading to fewer problems at the commissioning phase and field operation.
This allowed the optimal tuning of the controller parameters, debugging, and repairing. Since then,
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several HVDC and FACTS manufacturers have been using digital-real-time simulation, and specifically
CHIL simulation, for dynamic performance and factory acceptance tests [102,103]. It should be noted
that the possibility of using digital real-time simulation for FACTS controllers testing is mentioned
in guides/standards [73]. The FACTS actual control system is connected to a DRTS that simulates
the power network and also the FACTS power circuit (valves, filters, circuit breakers, etc.) [104].
The actual control system receives measurements from the simulated VTs/CTs, sends firing pulses to
the simulated converter, and trip commands to simulated breakers. More recently, voltage source
converters, which are part of certain FACTS devices, have made use of MMCs, which can include
hundreds of sub-modules, therefore requiring hundreds of input/output channels and posing additional
challenges for testing and real-time simulation. Indicative examples of CHIL testing of FACTS are
briefly presented below. In [105], an SVC controller intended to damp sub-synchronous oscillation was
tested using CHIL simulation. In [106], comparisons between CHIL tests and field tests of an SVC
were performed. The CHIL tests allowed the efficient tuning of the SVC controller, as well as effective
fault tracing. A wide-area control of a STATCOM using a hybrid CHIL and software-in-the loop
configuration was validated in [107]. The transient stability enhancement using a wide-area controlled
SVC was investigated in a CHIL configuration [54]. Additional applications of CHIL simulation for
the testing of FACTS and HVDC controllers are reported in [108].

A more recent trend is the CHIL testing of replicas of the control system of HVDC and FACTS
devices by utilities, mainly TSOs. The complexity and increasing importance of HVDC and FACTS
in contemporary power systems, the difficulty of maintaining simulation models (e.g., black box
models provided by the manufacturer)—leading to differences between the modeled controllers and
the actual controllers in the field—and the need to test control changes in a safe environment before
field implementation are key drivers for this development [102,103,109]. Certain utilities operate a
DRTS, and obtain from the HVDC or FACTS manufacturer a replica of the control/protection system,
which is an exact copy of the actual control/protection system installed on site [110]. Moreover, the
human–machine interface of the replica offers the same functionalities with the one installed in the
field [102]. CHIL platforms with hardware replicas of the control system allow the investigation
of system events and the optimum tuning of the control and protection systems [111]. Moreover,
interactions between several HVDC systems and FACTS devices can be studied (e.g., provided by
multiple vendors), maintenance can be supported, future software updates can be validated, and the
training of engineers can be facilitated [112]. As a major source of modeling uncertainty is removed,
such platforms are considered to be a reliable tool for longer term studies [109,111].

The application of CHIL simulation for FACTS testing is an industry practice, either with factory
testing of the control system by the manufacturer, or in cases with the testing of a replica by the utility.
On the other hand, the use of PHIL simulation for testing of FACTSs has been much less explored.
PHIL simulation has been successfully used in the testing of PV inverters, wind generation systems,
motors, drives, etc., and is also under consideration for standardized testing [97,99,113]. Concerning
FACTSs, PHIL simulations were performed in [114]; however, a hardware PV inverter was used,
while a D-STATCOM was simulated in the DRTS. PHIL simulation for studying the synchronization
issues of voltage source converters, including STATCOMs, was performed in [115]. Contrary to CHIL
simulation, where only the control system is tested, in PHIL simulation, the hardware power device
is tested, which includes both the control system and power circuit. PHIL simulation can test the
actual end-product that is going to be installed in the field, which is not possible with CHIL simulation.
Physical valves, filters, circuit breakers, etc. are used, instead of a real-time simulation model. In
this way, complex interactions of the actual device with other simulated power system components
(e.g., distributed generation, FACTS from different vendors, etc.) within the power system can be
examined. This is increasingly important for testing the grid services provided by FACTSs. Therefore,
it is suggested that efficient PHIL tests could reduce the need for some of the field tests, or reveal
hidden issues prior to field testing. On the other hand, the performance of PHIL testing of full-scale
transmission FACTSs is difficult, as a power amplification unit is required with at least the same rating
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as the hardware under test. PHIL simulation capabilities in the 5 MVA [97] and 7 MVA [116] range
have been reported, while the rating of AC grid simulators (that can be used as power amplifiers) is
constantly increasing (e.g., 12 MVA or higher [117]). However, reaching the rating of large transmission
FACTSs is not feasibly nowadays. One solution would be the PHIL testing of each converter separately,
if the transmission FACTS is composed of different converters. Another approach would be the PHIL
testing of a scaled-down model of the FACTS device. Initial results of this approach are presented in
Section 3.3.2. Special investigations are necessary to ensure that the scaled-down model adequately
represents the full-scale device. It should also be noted that the non-ideal power interface used in PHIL
simulation can, in certain cases, render the experiment unstable or compromise the accuracy, therefore,
attention should be paid to this issue [118,119].

Figure 2 summarizes the development and testing stages of FACTSs that were described in
Section 3.1 (i.e., functional specification, factory testing, and field testing), including advanced
approaches, such as the CHIL testing of the control system by the manufacturer and the CHIL testing
of a replica controller by the owner, as presented in Section 3.2. Moreover, the option of performing the
proposed PHIL tests (full scale or scaled-down) is included as a new step after the CHIL testing by
the manufacturer.

 
Figure 2. Process from the functional specification to field testing of flexible alternating current
transmission systems (FACTS), including the proposed PHIL testing stage.

3.3. Testing Results

Laboratory testing of a transmission STATCOM providing voltage control was carried out.
First, the controller of a 100 MVA STATCOM was tested in a CHIL configuration. Then, a physical
scaled-down model of the STATCOM (1 kVA) was tested in a PHIL configuration.

3.3.1. Controller Hardware in the Loop Tests

The Electric Energy Systems laboratory of the National Technical University of Athens (NTUA)
operates a DRTS by RTDS Technologies Inc. (including 2 GPC processors), which allows the simulation
of switching phenomena in small time-steps in the range of 1 to 4 μs. A transmission system was
designed in the DRTS, as shown in Figure 3. A 3-level 3-phase DC/AC voltage source converter of a
100 MVA STATCOM, including DC bus, filters, and transformer, was simulated in the DRTS, while its
control algorithm was executed on a hardware controller. Voltage and current measurements from the
real-time simulation were fed to the hardware controller, which returned the modulation signal to the
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simulated DC/AC converter. It should be noted that the conversion of the modulation signal to PWM
pulses was performed in the real-time simulation, in order to match the operation of the actual voltage
source converter used for PHIL tests in Section 3.3.2. The control algorithm of the STATCOM aims to
provide dynamic and steady state voltage control by comparing the locally measured grid voltage (bus
2) with a reference voltage and providing or absorbing reactive power. The model of the STATCOM
was based on [120] using the following values for the proportional integral (PI) controller of the outer
AC voltage control loop: Ki = 1000, Kp = 10.

Figure 3. CHIL test setup for the STATCOM controller.

A 3-phase symmetrical fault occurred at bus 1, which was cleared after 13 cycles (fault impedance
equals to 100 Ohm resistive). CHIL tests were performed and the results are described below. The
3-phase current at the faulted bus is shown in Figure 4. Figure 5 shows the increase of the current of
the STATCOM during the fault in order to provide voltage control, where only one phase is shown
in order to facilitate comparison with the PHIL tests in Section 3.3.2 (in the PHIL test, a hardware
single-phase voltage source converter was used).

53



Energies 2019, 12, 2554

Figure 4. Current at the faulted bus (CHIL test).

Figure 5. Current contribution of the STATCOM during the fault (CHIL test).

Figures 6 and 7 show the resulting voltages of bus 2 and bus 3 during the short circuit, with and
without the STATCOM. The CHIL results show that the mitigation of voltage deviations in dynamic
and steady state conditions by the STATCOM is clear. The voltage improvement is greater at bus 2, as
this is the point of connection of the STATCOM. The dynamic behavior of the STATCOM influences
the grid voltages shortly after fault clearance, however, without adverse effects. Figure 8 shows the
reactive power provision by the STATCOM in steady state and dynamic conditions in order to mitigate
the voltage sag. Naturally, the reactive power provision is reduced after fault clearance. Active power
is absorbed by the STACOM in order to maintain a constant DC bus voltage and it is shown that the
active power is increased when the reactive power provision rises.
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Figure 6. Voltage of bus 2 during the short circuit, with and without the STATCOM (CHIL test).

Figure 7. Voltage of bus 3 during the short circuit with and without the STATCOM (CHIL test).

Figure 8. Active and reactive power of the STATCOM during the short circuit (CHIL test).

3.3.2. Power Hardware in the Loop Tests

After the successful completion of the CHIL tests, the hardware controller was connected to a
physical voltage source converter in order to verify the performance of the device in a PHIL setup
(Figure 9). As the rating of the transmission STATCOM is high (i.e., 100 MVA, 3-phase), it was not
possible to perform full-scale tests. A small-scale 2-level voltage source converter (i.e., 1 kVA, 1 phase)
was used in order to verify the performance of the full-scale device. The converter was connected to
the real-time simulated system using a suitable power interface consisting of a fast and accurate linear
power amplifier and a current sensor. The current sensor used was a current probe (Tektronix A622,
scaling 100 mV/A), with a small time-delay and compatible output voltage range with the analogue
input card of the RTDS. The high voltage of the transmission system was scaled down in the DRTS,
in order to reach the low voltage level of the physical converter, while the actual current provided
by the converter was scaled up in order to virtually increase the rating of the device, following a
similar approach to [119]. Specifically, the voltage from the simulation was multiplied by the ratio of
the nominal voltage of the hardware under test (VHWn) and the full scale device (VSWn) according
to Equation (1). Similarly, the measured current of the hardware was multiplied by the ratio of the
nominal current of the full scale device (ISWn) and the nominal current of the hardware under test
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(IHWn) according to Equation (2). It should be noted that the single phase hardware under test (1 kVA)
was seen as a 3-phase in the simulation (i.e., 3 kVA) by applying a similar approach to [114]:

a =
VHWn

VSWn

=
400 V
500 kV

= 0.0008, (1)

b =
ISWn

IHWn
=

100 MVA/
(√

3·500 kV
)

3 kVA/
(√

3·400 V
) = 26.67. (2)

Figure 9. PHIL test setup of the scaled-down STATCOM.

The CHIL tests of Section 3.3.1 were repeated in a PHIL configuration. Figure 10 shows the
current at the faulted bus during the short circuit in the PHIL test, which is very similar to the CHIL
test. Figure 11 shows the current of the actual voltage source converter before, during, and after the
fault is cleared, measured by the aforementioned current probe and obtained from the software of the
DRTS. This current was scaled up in the DRTS and was injected in the simulated power system via a
controllable current source.
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Figure 10. Current at the faulted bus (PHIL test).

Figure 11. Current of the hardware voltage source converter during the short circuit (PHIL test).

The voltages of bus 2 and bus 3 during the short circuit, with and without the STATCOM, are
shown in Figures 12 and 13. It is clear that the STATCOM manages to mitigate the voltage sag at both
buses, similarly to the CHIL tests. The occurring voltages in the steady state and dynamic conditions
are similar to the CHIL test (Figures 6 and 7), however, there is a smaller voltage improvement under
dynamic conditions (around 2 p.u less at bus 2). The smaller voltage improvement is due to less
reactive power provided by the converter in the PHIL test (Figure 14), compared to the CHIL test
(Figure 8). The hardware voltage source converter exhibits additional constraints on its maximum
admissible current, based on its actual switching devices and power circuit. In the CHIL test, where
the voltage source converter was purely simulated, this was not considered accurately. Therefore,
in the PHIL test, the less reactive current allowed to mitigate the voltage sag resulted in a smaller
improvement of the voltage compared to the CHIL test.

Figure 12. Voltage of bus 2 during the short circuit with and without the STATCOM (PHIL test).
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Figure 13. Voltage of bus 3 during the short circuit with and without the STATCOM (PHIL test).

Figure 14. Active and reactive power of the STATCOM during the short circuit (PHIL test).

Finally, the aforementioned CHIL and PHIL test results were compared with pure digital
simulations. In the pure digital simulations, the power system, the control algorithm of the STATCOM
as well as its power circuit were simulated in real-time using the software of the RTDS (RSCAD).
Figure 15 shows that the pure simulation and CHIL test result in very similar voltages at bus 2 with
the operation of the STATCOM. Small deviations are shown shortly after fault clearance. On the
other hand, the PHIL test results in a smaller voltage improvement, which is due to the less reactive
power provided, as already explained. Similarly, Figure 16 shows the similar behavior of the current
contribution of the STATCOM during the pure simulation and CHIL test. It is clear that the reactive
current of the hardware voltage source converter (scaled up in the simulation) during the fault was
smaller in the PHIL test. Moreover, the non-ideal behavior of the hardware device at fault clearance (t
= 0.48 − 0.52 s) was shown in the PHIL tests.

Figure 15. Voltage of bus 2: comparison of pure digital simulation, CHIL test, and PHIL test.
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Figure 16. Current contribution of the STATCOM: comparison of pure digital simulation, CHIL test,
and PHIL test.

4. Discussion

This paper addressed the provision of grid services by FACTS and their testing considering
complex contemporary and future power systems. Several research articles, but also review papers
summarize the research findings on FACTS devices and their grid services in a comprehensive manner.
However, there is no review paper focusing on the different grid services provided by various FACTS
devices. This paper aimed to cover this gap by providing a comprehensive literature review on the
different grid services provided by various FACTS devices. Moreover, limited experiences on hardware
testing of FACTS have been reported that mostly present specific test cases, for a specific FACTS device
at a specific location, while a review on the testing of FACTS is missing. This paper addressed this gap
by providing a literature review of standards, guides, and scientific papers on the testing of FACTS and
presented an overview of all the different testing stages, including conventional testing and emerging
industry practices. Moreover, PHIL simulation for the testing of FACTS was suggested as an efficient
testing method prior to field testing.

Conventional laboratory testing of FACTS treats the device as an independent component, while
neglecting interactions with other devices and the power system. On the other hand, field testing
has limited flexibility and repeatability, as well as the possibility of adversely influencing network
equipment. The advantages of CHIL testing of FACTS controllers to overcome the above limitations
were explained, which is already a practice of manufacturers. It was explained that recently, owners
of FACTS, like TSOs, obtain a replica of the control and protection system by the manufacturer
and perform CHIL tests, in order to reduce modeling uncertainty in the long-term, provide optimal
tuning of parameters, and facilitate maintenance and future updates. As CHIL simulation allows
testing of only the control system and not the actual end-product, the use of PHIL simulation is
suggested as a further step. PHIL simulation can test both the control system and power circuit
(i.e., valves, filters, transformer, circuit breakers, etc.), reducing the uncertainty towards field testing.
Full-scale PHIL testing of D-STATCOMs and relatively small transmission STATCOMs, if they consist
of several converters that are tested separately, is feasible. However, the full-scale PHIL testing of large
transmission STATCOMs is not feasible nowadays. Therefore, the execution of scaled-down PHIL tests
was discussed. Indicative CHIL and scaled-down PHIL tests of a transmission STATCOM providing
voltage control were performed. The CHIL and PHIL results presented a similar behavior at steady
state and dynamic conditions. The differences were due to the current limitations of the hardware
device that were not considered accurately in the CHIL tests. The CHIL and PHIL results were also
compared with pure digital simulations.

In future work, PHIL testing of a full-scale D-STATCOM could be performed in a suitable
laboratory in order to compare with conventional factory tests and CHIL tests. In this way, the specific
benefits of performing PHIL simulation prior to field testing could be highlighted. Moreover, the
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effectiveness of scaled-down PHIL tests and their accurate representation of full-scale tests could be
further investigated.
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Abstract: This paper presents a power compensation strategy to suppress the double frequency
power ripples of Voltage source converter high-voltage direct current (VSC-HVDC) systems under
unbalanced grid voltage conditions. The mathematical control equations of the double frequency
ripple power of VSC under unbalanced operating conditions are firstly derived and established,
where the dynamic behaviors of the double frequency ripples in active and reactive power
are regarded as being driven by current-relevant components and voltage-relevant components,
respectively. Based on the equations, a power compensation control strategy of VSC-HVDC is proposed
via the passivity-based control with disturbance observer to suppress both the current-relevant and
voltage-relevant components in the power ripples. With this control strategy, the double frequency
ripples in active and reactive power are suppressed simultaneously and system performance is
significantly enhanced with the implementation of the disturbance observer in the passivity-based
control. Theoretical stability analysis and simulation cases show the effectiveness and superiority of
the proposed strategy.

Keywords: VSC-HVDC; unbalanced grid conditions; double frequency ripples; power compensation;
passive-based control; disturbance observer

1. Introduction

Recently, the voltage source converter based high voltage direct current (VSC-HVDC) is widely
used in dc transmission, renewable energy generation, island network supply and other fields [1–4].
In general control scheme of VSC-HVDC, the three-phase AC grid voltage is usually assumed to
be balanced. However, once the unbalanced grid conditions occur (e.g., due to AC grid voltage
unbalance and unsymmetrical faults), the converter will operate in abnormal condition and the
negative sequence components in voltage and current will do great harm to system operation. If no
compensation measures are adopted, the double frequency ripples will appear in the output power of
VSC, which affects output quality of the converter [5–7] and may even make the converter malfunction.
Therefore, how to suppress the double frequency ripples under unbalanced grid conditions becomes
a hot topic in the research of VSC-HVDC control.

To suppress the double frequency power ripples, the additional active power filter is utilized
in Reference [8–10] to eliminate the asymmetric components. The active power filter has ideal
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performance in regulating asymmetrical components but the cost input is high. Hence improving the
control strategy of the converter is the mainstream research on the suppression of double frequency
power ripples. The VSC control strategies in ideal balance grid have been relatively mature and the most
common schemes are the voltage oriented control (VOC). The existing unbalance control research of
VSC under the framework of VOC is mainly realized by obtaining the control reference value according
to some kind of control objective (e.g., elimination of active power ripple, reactive power ripple or
negative-sequence current component) and tracking this reference value with suitable method [11,12].
In Reference [13], a novel method of separating the instantaneous positive and negative sequence
components is proposed and well applied for different control objectives of VSC under unbalanced
grid voltage. In Reference [14], an optimal active and reactive power control is proposed to achieve
multi-objectives for VSC-HVDC under unbalanced grid voltage conditions. A flexible control strategy
is proposed in Reference [15] for oscillation control of the active and reactive power by introducing
a control parameter k. In Reference [16], an improved model predictive current control for VSC is
presented when unbalanced grid voltages occur to reduce power fluctuations. In Reference [17], a direct
power control for grid-connected VSC under unbalanced network is proposed by applying a virtual
phase angle for coordinated transformations. The optimal power control strategies for VSC-HVDC
systems under unbalanced grid voltage conditions are proposed in Reference [18,19], which enable the
system to provide flexible power control. In Reference [20], a power control of VSC-HVDC converters is
presented to limit the influence of AC unbalanced faults on multi-terminal DC grids. In Reference [21],
a novel unified dynamic model and control strategy are presented to improve the power quality for
VSC-HVDC under unbalanced grid conditions. These control strategies are verified to be effective but
the fluctuations of active and reactive power cannot be suppressed at the same time.

For past few years, the passivity-based control has attracted more and more attentions because
of the flexible adjustment and simplified control structure and has been applied in power converter
control [22,23]. The passivity-based control of the doubly fed induction generator under unbalanced
grid voltage is proposed in Reference [24]. However, the passivity-based control is applied to replace the
traditional PI (Proportional-Integral) control for system response improvement instead of eliminating
the double frequency ripple power. Therefore, the double frequency ripples in active and reactive
power still cannot be suppressed simultaneously. On the other hand, although the passivity-based
control gives the controller design by configuring system energy and injecting damping to achieve the
satisfactory transient response, it is sensitive to unmodeled dynamics and model errors. To handle
the issue, a perturbation observer-based passivity-based control is proposed in Reference [25] but
the implementation of high-order observer brings in serious noise and complicates system structure,
which means the enhanced passivity-based control also needs further study.

In this paper, a power compensation strategy to suppress the double frequency ripples in active
and reactive power of VSC-HVDC systems under unbalanced grid voltage conditions is proposed.
The main work of this paper can be drawn as:

(1) The mathematical control equations of the double frequency ripple power of VSC under
unbalanced grid conditions are derived and established. In the equations, the dynamic behaviors of the
double frequency ripples in active and reactive power are regarded as being driven by current-relevant
components and voltage-relevant components, which can be controlled respectively for double
frequency ripple suppression.

(2) Based on the established control equations, a power compensation control strategy of
VSC-HVDC is proposed via the passivity-based control with disturbance observer. The passivity-based
control is responsible for the tracking control of current-relevant components with the expected
value, while the disturbance observer focuses on the compensation of the voltage-relevant
components. With this control strategy, the double frequency ripples in active and reactive power
of VSC-HVDC under unbalanced grid conditions are suppressed simultaneously and system
performance is significantly enhanced with the implementation of the disturbance observer in the
passivity-based control.
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Theoretical stability analysis and simulations of a two-terminal VSC-HVDC system on
PSCAD/EMTDC verify the validity and superiority of the proposed control strategy.

2. Analysis and Control Equations Establishment of Double Frequency Ripple power of VSC

The VSC structure adopted in this paper is the two-level topology and shown in Figure 1.
The representations of the variables in Figure 1 are shown in the Nomenclature Section. Although the
modular multilevel converter (MMC) is recognized as the promising converter technology applied in
high-voltage and high-power transmission technology, the system-level control of MMC is similar to
that in two-level converter since they have same vector control model in dq coordinate system [26],
which mean the response characteristics of the two converters under unbalanced grid conditions
are also same. Therefore, the two-level converter is used as the study object in this paper for
explicit explanations.
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Figure 1. The VSC topological structure.

Under balanced grid voltage condition, the mathematical model of VSC in synchronous rotating
reference frame is [11][

Ud
Uq

]
=

[
Ed
Eq

]
− R

[
id
iq

]
− L

d
dt

[
id
iq

]
+ ωL

[
iq

−id

]
, (1)

When asymmetric fault occurs in the grid, the dissymmetry in system electrical quantities is
mainly caused by negative sequence components, since the zero sequence components are isolated
by the Y/Δ transformer in the grid side. Considering that in the synchronous rotating reference
frame, the positive sequence component is equal to the dc component, while the negative sequence
component is equal to the double frequency component, the double frequency ripple power in the
forward direction dq rotating frame can be written as (2) according to [17] (d axis is chosen to be
coincided with grid voltage vector)

⎧⎪⎨
⎪⎩

P2 =
3
2
(
id0Ed2 + iq0Eq2 + Ed0id2

)
Q2 =

3
2
(
id0Eq2 − iq0Ed2 − Ed0iq2

) , (2)

where the right subscript “0” stands for dc component and “2” stands for double frequency component.
It is seen from (2) that the factors that cause the double frequency ripples in the output power include
the double frequency components of grid voltage (Ed2 and Eq2) and the double frequency components
of VSC current (id2 and iq2). Therefore, the double frequency ripple power can be regard as the results
driven by the current-relevant components and voltage-relevant components which can be described as{

P2 = P2i + P2u
Q2 = Q2i + Q2u

, (3)
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where P2i, P2u, Q2i and Q2u are defined as⎧⎪⎨
⎪⎩

P2i =
3
2

Ed0id2, P2u =
3
2
(
id0Ed2 + iq0Eq2

)
Q2i = −3

2
Ed0iq2, Q2u =

3
2
(
id0Eq2 − iq0Ed2

) , (4)

To control double frequency ripple power, take the derivative of (4). Since the derivative of dc
component is zero, it results in

⎧⎪⎨
⎪⎩

dP2

dt
=

dP2i + dP2u

dt
=

3
2

Ed0
did2
dt

+
dP2u

dt
dQ2

dt
=

dQ2i + dQ2u

dt
= −3

2
Ed0

diq2

dt
+

dQ2u

dt

, (5)

Since the independent control equation of VSC double frequency voltage can be derived as

[
Ud2
Uq2

]
=

[
Ed2
Eq2

]
− R

[
id2
iq2

]
− L

d
dt

[
id2
iq2

]
+ ωL

[
iq2

−id2

]
, (6)

By substituting (6) into (5), it results in
⎧⎪⎨
⎪⎩

L
dP2

dt
=

3
2

Ed0
(
Ed2 − Rid2 − Ud2 + ωLiq2

)
+ L

dP2u

dt
L

dQ2

dt
= −3

2
Ed0

(
Eq2 − Riq2 − Uq2 − ωLid2

)
+ L

dQ2u

dt

, (7)

Furtherly, the differential equations which take double frequency power P2 and Q2 as state
variables can be obtained as⎧⎪⎪⎨

⎪⎪⎩
L

dP2

dt
=

3
2

Ed0Ed2 − RP2 − uP − ωLQ2 +

(
L

dP2u

dt
+ RP2u + ωLQ2u

)

L
dQ2

dt
= −3

2
Ed0Eq2 − RQ2 + uQ + ωLP2 +

(
L

dQ2u

dt
+ RQ2u − ωLP2u

) , (8)

where uP and uQ satisfy uP = 1.5Ed0Ud2, uQ = 1.5Ed0Uq2. Let wPu and wQu be defined as

⎧⎪⎨
⎪⎩

wPu =
3
2

Ed0Ed2 + L
dP2u

dt
+ RP2u + ωLQ2u

wQu = −3
2

Ed0Eq2 + L
dQ2u

dt
+ RQ2u − ωLP2u

, (9)

In (9), the voltage-relevant components that cause the double frequency power ripples are
included in wPu and wQu, which can be regarded as the “double frequency voltage disturbance” of the
differential Equations (8). Meanwhile, to furtherly improve the robustness of control system, the error
terms εP and εQ are introduced in the disturbances wPu and wQu to describe the unmodeled dynamics
including modelling errors and unknown time-varying external disturbances. Then it yields that

⎧⎪⎨
⎪⎩

wPu =
3
2

Ed0Ed2 + L
dP2u

dt
+ RP2u + ωLQ2u + εP

wQu = −3
2

Ed0Eq2 + L
dQ2u

dt
+ RQ2u − ωLP2u + εQ

, (10)

Finally, the control equations of the double frequency ripple power can be depicted by
⎧⎪⎨
⎪⎩

L
dP2

dt
= −RP2 − uP − ωLQ2 + wPu

L
dQ2

dt
= −RQ2 + uQ + ωLP2 + wQu

, (11)
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In (11), wPu and wQu reflect the influence of voltage-relevant components and unmodeled
dynamics on the double frequency ripple power. Apart from wPu and wQu, the control Equation (11)
reflect the double frequency ripple behaviors caused by current-relevant components. Hence through
proper double frequency power compensation control based on (11), the current-relevant and
voltage-relevant components that cause double frequency ripples can be suppressed simultaneously.

3. Power Compensation Strategy for VSC-HVDC via Passivity-Based Control with
Disturbance Observer

In normal condition, the common vector double loop control is adopted in VSC for desired
control aims. However, under unbalanced grid voltage, a power compensation controller is needed
to suppress the double frequency power ripples with no impact on the normal operation of VSC.
The compensation strategy should be effective in controlling the double frequency components of the
unbalanced voltage and current to compensate the output voltage of inner loop PI control. In this paper,
the passivity-based control with disturbance observer are proposed to form the power compensation
control, which serves as the auxiliary adjustment of VSC under unbalanced grid condition. The design
of passivity-based control aims at minimizing the double frequency ripple power P2 and Q2 with the
double frequency voltage disturbance wPu and wQu observed and compensated in the control scheme.

3.1. PCHD Model of the VSC-HVDC Systems and the Passivity-Based Control Strategy

Consider the PCHD (Port-Controlled Hamiltonian with Dissipation) model [23] of control
Equation (11) described as ⎧⎪⎨

⎪⎩
.
x = [J(x)−�(x)]∂H(x)

∂x
+ G(x)u

y = GT(x)
∂H(x)

∂x

, (12)

where x(t), u(t) and y(t) denote the system state, the control input and the system output, respectively.
It is noted that with the positive defined Hamiltonian function H(x) to be system storage function, the
system (12) is passive from the input u to output y. The system state and input variables are shown as

⎧⎪⎨
⎪⎩

x = [LP2 LQ2]
T = D[P2 Q2]

T , u = [u2 u2]
T

D =

[
L 0
0 L

]
, G =

[
−1 0
0 1

]
, (13)

The disturbance wPu and wQu is involved in the control input, which means u1 = uP − wPu and
u2 = uQ + wQu. Then the Hamiltonian function H(x) are obtained as

H =
1
2

xTD−1x =
1
2
(

1
L

x2
1 +

1
L

x2
2), (14)

The interconnection matrix and damping matrix shown in (15) satisfy J = −JT and � = �T ≥ 0

J =

[
0 −ωL

ωL 0

]
, � =

[
R 0
0 R

]
, (15)

The control objective of the passivity-based control based on PCHD model is to seek a control input
u to ensure that the closed-loop system (12) is asymptotically stable within the desired equilibrium
point x∗

x∗ =
[

x∗1 x∗2
]T

=
[

LP∗
2 LQ∗

2

]T
. (16)
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To achieve the control objective that system (12) can be asymptotically stable, a closed-loop desired
Hamiltonian function Hd(x) with the feedback control u = β(x) should be considered so that system
energy is minimum in the equilibrium point and that the system can be described by the equations.

.
x = [Jd(x)−�d(x)]

∂Hd(x)
∂x

, (17)

where Jd and �d satisfy ⎧⎪⎨
⎪⎩

Jd(x) = J(x) + Ja(x) = −JT
d (x)

�d(x) = �(x) +�a(x) = �T
d (x)

Hd(x) = H(x) + Ha(x)
, (18)

Designers should have high freedom in selecting the matrix Jd, �d and Hd to satisfy the desired
objective. For general speaking, it is defined that

⎧⎪⎨
⎪⎩

Ja = 0

�a =

[
r1 0
0 r2

]
, (19)

The closed-loop desired Hamiltonian function Hd(x) is taken as

Hd(x) =
1
2
(x − x∗)TD−1(x − x∗), (20)

Then it can be obtained in (21) by substituting (18), (19) and (20) into (12)

.
x = [(Jd − Ja)− (�d −�a)]

(
∂Hd(x)

∂x
− ∂Ha(x)

∂x

)
+ Gu

= (Jd −�d)
∂Hd(x)

∂x
− (Ja −�a)

∂H(x)
∂x

− (Jd −�d)
∂Ha(x)

∂x
+ Gu

(21)

To ensure that (21) is equivalent to system Equation (17), the following relationship is forced to
be satisfied

(Jd −�d)
∂Ha(x)

∂x
= −(Ja −�a)

∂H(x)
∂x

+ Gu, (22)

Hence the feedback control is depicted by

u = β(x) = G−1

[
RP∗

2 + ωLQ∗
2 + r1(P∗

2 − P2)

RQ∗
2 − ωLP∗

2 + r2(Q∗
2 − Q2)

]
, (23)

Furtherly it can be obtained that

{
uP = −RP∗

2 − ωLQ∗
2 − r1(P∗

2 − P2) + wPu
uQ = RQ∗

2 − ωLP∗
2 + r2(Q∗

2 − Q2)− wQu
, (24)

With the control law in (23), it can be proved that

⎧⎪⎨
⎪⎩

∂Hd(x)
∂x

= D−1(x − x∗)
∂2Hd(x)

∂x2 = D−1
, (25)

When x = x∗, it has ∂Hd/∂x = 0 and ∂2Hd/∂x2 > 0, which proves that Hd(x) takes the minimal
value at x∗. Therefore, the minimum system energy is achieved and the closed-loop system tends to be
asymptotically stable within the desired equilibrium point [23].
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3.2. Robust Passivity-Based Control Strategy via Disturbance Observer

In the passivity-based control law (24), it is seen that the disturbance value wPu and wQu must be
available to realize the asymptotical stability of the closed-loop system. From the definition of wPu
and wQu in (10), if the unmodeled dynamics and errors (εP and εQ) are not considered, the terms
wPu and wQu can be calculated through (9). Nevertheless, to improve the robustness of controller
regarding to unmodeled dynamics and errors and to avoid complicated calculation of (9), terms wPu
and wQu are estimated online via the double-disturbance observer (DDO) to eliminate and compensate
the disturbance.

It is known that the disturbance wPu and wQu are time-varying hence they can be viewed as the
polynomials with respect to time t according to Taylor’s formula

{
wPu(t) = p10 + p11t + p12t2 + · · ·
wQu(t) = p20 + p21t + p22t2 + · · · , (26)

where pij(i, j = 0, 1, 2, . . . ) is the constant coefficient of the polynomial. As it can be seen, the dynamic
behavior of the time-varying disturbance is approximated as a high-order polynomial. Nevertheless,
considering that the noise becomes more serious and the structure becomes more complicated in
higher order observer, a first-order observer is adopted for the disturbance observation [27]. Then the
standard form of the state equation and the output equation of (11) are represented as follows

{ .
χ(t) = f(χ) + g1(χ)uPQ(t) + g2(χ)w(t)
y(t) = χ(t)

, (27)

where ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

χ =
[

χ1 χ2

]T
=

[
P2 Q2

]T

uPQ =
[

uP uQ

]T
, w =

[
wPu wQu

]T

f(χ) =

[
f1(χ)

f2(χ)

]
=

[
−Rχ1/L − ωχ2

ωχ1 − Rχ2/L

]

g1 =

[
−1/L 0

0 1/L

]
, g2 =

[
1/L 0

0 1/L

]
, (28)

A double-disturbance observer (DDO), which is the extension form of the observer in
Reference [28], is introduced here to estimate the disturbance in (28){

ŵ = k + μ(χ)
dk
dt = −(l(χ)g2(χ))k − l(χ)

[
g2(χ)μ(χ) + f(χ) + g1(χ)uPQ

] , (29)

where μ(χ) and l(χ) are given as

⎧⎪⎪⎨
⎪⎪⎩

μ(χ) =
[

μ1 μ2

]T
= l(χ)·χ

l(χ) =

[
l1 0
0 l2

]
, (30)

If the observation error is defined as{
ewp = wPu − ŵPu
ewQ = wQu − ŵQu

, (31)
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Then the dynamic equation of the observation error is depicted by

{ .
ewp + l1ewp/L = 0
.
ewQ + l2ewQ/L = 0

, (32)

To ensure that the above disturbance equation is globally asymptotically stable, the observer gain
should be chosen as lj > 0(j = 1, 2), which means that the observation value ŵ can converge to the
actual value exponentially. Furtherly the relationship of the estimated value and actual value of the
disturbances are ⎧⎪⎨

⎪⎩
ŵPu(s) =

1
1 + T1s

·wPu(s)

ŵQu(s) =
1

1 + T2s
·wQu(s)

, (33)

where T1 = l1/L and T2 = l2/L; s is the differential operator. In order to realize the estimation at
a certain speed and accuracy, the observer gains should be large to make the dynamic response of the
observer faster than that of the control system. But the system may subject to saturation or noise during
implementation if l1 and l2 are too large. Therefore, the observer gains need to be chosen properly to
realize this balance.

In order to eliminate and compensate the disturbance, a compensation control Gf d is designed
and added into the closed loop structure base on the estimated disturbance. The compensation control
Gf d satisfies

Gf dj(s) = 1 + sTj(j = 1, 2), (34)

Along with the disturbance compensation value, the power compensation control is

{
uP = −RP∗

2 − ωLQ∗
2 − r1(P∗

2 − P2) + ŵPu·Gf d1
uQ = RQ∗

2 − ωLP∗
2 + r2(Q∗

2 − Q2)− ŵQu·Gf d2
, (35)

The overall block diagram of the proposed passivity-based control with DDO is shown in Figure 2.
To apply the proposed control scheme, electrical measurements are acquired for the dq transformation
and calculation of the double frequency power P2 and Q2. Then the proposed passivity-based power
compensation control via the disturbance observer can be realized according to the above mathematical
derivation. The obtained unbalanced control signals Ud2 and Uq2 together with the modulation voltage
signals from the common vector double loop control form the overall control scheme for VSC-HVDC
under unbalanced grid conditions and finally, the voltage command for VSC converter can be available.
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Figure 2. The block diagram of the proposed passivity-based control with DDO.

3.3. Stability Analysis of the Proposed Power Compensation Strategy via Passivity-Based Control with
Disturbance Observer

The stability analysis of the proposed power compensation strategy via passivity-based control
with disturbance observer is conducted in this part. From (29) and (30), the estimated disturbance
value can be depicted as

⎧⎪⎨
⎪⎩

ŵPu(s) =
l1(R + Ls)

l1 + Ls
P2(s) +

l1ωL
l1 + Ls

Q2(s)− l1
l1 + Ls

uP(s)

ŵQu(s) =
−l2ωL
l2 + Ls

P2(s) +
l2(R + Ls)

l2 + Ls
Q2(s)− l2

l2 + Ls
uQ(s)

, (36)

It can be seen in (36) that the active and reactive disturbance components are associated with
both the double frequency active and reactive power, which means (36) is the MIMO (Multiple Input
Multiple Output) system equation. By substituting (36) into (35), it can be obtained as

⎧⎪⎪⎨
⎪⎪⎩

(
1 − l1Gf d1

l1 + Ls

)
uP(s) = −(R + r1)P∗

2 (s)− ωLQ∗
2(s) +

[
r1 + Gf d1

l1(R + Ls)
l1 + Ls

]
P2(s) + Gf d1

l1ωL
l1 + Ls

Q2(s)(
1 − l2Gf d2

l2 + Ls

)
uQ(s) = −ωLP∗

2 (s) + (R + r2)Q∗
2(s) + Gf d2

l2ωL
l2 + Ls

P2(s)−
[

r2 + Gf d2
l2(R + Ls)

l2 + Ls

]
Q2(s)

. (37)

Furtherly, by substituting (37) into system Equation (11) and by replacing the state variables with
the small disturbance variables, it can be depicted by
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[
ΔP2

ΔQ2

]
= GM·

[
ΔwPu
ΔwQu

]
, (38)

where � is defined as the small signal disturbance of each variable and GM is derived as
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

GM =

[
m11 m12

m21 m22

]

m11 =
(R + r2 + Ls)

(
l1 + Ls − Gf d1·l1

)
(l1 + Ls)[(R + r1 + Ls)(R + r2 + Ls) + ω2L2]

m12 =
−ωL

(
l2 + Ls − Gf d2·l2

)
(l2 + Ls)[(R + r1 + Ls)(R + r2 + Ls) + ω2L2]

m21 =
ωL

(
l1 + Ls − Gf d1·l1

)
(l1 + Ls)[(R + r1 + Ls)(R + r2 + Ls) + ω2L2]

m22 =
(R + r1 + Ls)

(
l2 + Ls − Gf d2·l2

)
(l2 + Ls)[(R + r1 + Ls)(R + r2 + Ls) + ω2L2]

, (39)

The zero-pole theory of the MIMO system [29] points out that, for a system with transfer function
matrix GM(s), the pole polynomial ϕ(s) corresponding to a minimal realization is the least common
denominator of all non-identically-zero minors of all orders of GM(s) and the zero polynomial z(s)
corresponding to a minimal realization is the greatest common divisor of all the numerators of all
order-r minors of GM(s), where r is the normal rank of GM(s), provided that these minors are adjusted
in such a way as to have the pole polynomial ϕ(s) as their denominators. According to this theory,
the zero and pole polynomials of GM(s) in (39) are

{
z(s) =

(
l1 + Ls − Gf d1·l1

)(
l2 + Ls − Gf d2·l2

)[
(R + r1 + Ls)(R + r2 + Ls) + ω2L2]

ϕ(s) = (l1 + Ls)(l2 + Ls)
[
(R + r1 + Ls)(R + r2 + Ls) + ω2L2]2 , (40)

Then the zero-pole map of the closed-loop system can be obtained and the system stability can be
determined according to the root locus curve of the predominant pole.

When the basic parameter values in (40) are selected as stated in Section 4 for system control,
the zero-pole maps of GM(s) are plotted in Figure 3. It is known from (40) that there are four poles of
GM(s), among which two are determined by r1 and r2 (namely Pr) and two are determined by l1 and l2
(namely Pl). As seen in Figure 3, the poles of the closed-loop transfer function are all located in the left
half of the imaginary axis and ensure a stable system. From Figure 3a,b different values of r1 and r2

have an effect on the pole positions of Pr and system dynamics as a result. During the increasing of r1

and r2, poles Pr moves away from the imaginary axis and may be located to the two sides of real axis.
Hence the dynamic response gets faster and oscillation may occur. When r1 and r2 get too much larger,
the poles Pr are too much away from the imaginary axis and the predominant effect is attenuated.
From Figure 3c,d it is seen that the observer gains l1 and l2 of the DDO also have impacts on system
dynamic response. When l1 and l2 are increasing, poles Pl are located in the real axis and moves away
from the imaginary axis, which means system dynamic response gets faster. The predominant poles of
GM(s) are determined by the poles distribution of Pr and Pl , which indicates that proper parameters
should be chosen for superior system dynamic performance.
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Varying poles Pr with 
the increasing of r1

 

Varying poles Pr with 
the increasing of r2

 
(a) (b) 

Varying poles Pl with 
the increasing of l1

 

Varying poles Pl with 
the increasing of l2

 
(c) (d) 

Figure 3. Zero-pole maps with different parameters. (a) Zero-pole maps with varying r1. (b) Zero-pole
maps with varying r2. (c) Zero-pole maps with varying l1. (d) Zero-pole maps with varying l2.

4. Simulation Results

To verify the validity of the proposed control strategy, the dc transmission simulation model with
a two-terminal VSC-based converter shown in Figure 4 is established in PSCAD/EMTDC. The rated
VSC line voltage and DC bus voltage are 230 kV and 330 kV, respectively. The passivity parameters
r1 and r2 are set as 50 and 30, while the observer gain l1 and l2 are set as 150 and 200. To reflect the
superiority of the proposed control, the comparison cases are set in the simulations. However, since
most existing control strategies are ineffectual in suppressing the active and reactive power ripples
at the same time, we adopt a resonance controller with properly adjusted parameters [13] as the
conventional compensation control for comparison. This resonance control is also implemented based
on the double frequency ripple power control Equation (8) but superior system response cannot be
achieved compared with the proposed control strategy according to the simulation results.
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4.1. Case 1

In this case, the suppression performance of the double frequency ripples with different control
strategies is tested. Before 2.5 s, the system operates under normal grid condition. At time 2.5 s, the B
phase and C phase voltage of source AC2 have a drop of 4.23 kV (50%) shown in Figure 5. As for the
control system, it remains unchanged with the common vector double loop control during 2.5 s to 3.5 s.
After 3.5 s, the proposed power compensation strategy and the conventional resonance compensation
strategy are added as the auxiliary controllers respectively for the suppression of the double frequency
ripples. The simulation results are shown in Figures 6–8.

Figure 5. The three-phases voltage of source AC2.

. 
(a) (b) 

Figure 6. Simulation results with conventional resonance compensation strategy. (a) Simulation results
of active and reactive power. (b) Simulation results of double frequency components of active and
reactive power.

 
(a) (b) 

Figure 7. Simulation results with proposed passivity-based power compensation strategy via disturbance
observer. (a) Simulation results of active and reactive power. (b) Simulation results of double frequency
components of active and reactive power.
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(a) (b) 

Figure 8. Simulation results with only passivity-based power compensation strategy. (a) Simulation
results of active and reactive power. (b) Simulation results of double frequency components of active
and reactive power.

It is seen from the simulation results that under unbalanced grid conditions with no auxiliary
power compensation strategy (2.5–3.5 s), the double frequency ripples with large amplitudes appear
in the active and reactive power. By comparing Figures 6 and 7, it is known that both the proposed
passivity-based power compensation strategy (with the disturbance observer) and the conventional
resonance compensation strategy can suppress the double frequency ripples in active and reactive
power simultaneously, which verify the effectiveness of the established double frequency ripple
power control Equation (8). Nevertheless, the steady-state suppression performance of the proposed
strategy is better than conventional strategy through the partial enlarged figures in Figures 6 and 7.
More significantly, the dynamic response at 3.5 s of the proposed compensation strategy is much better
than the conventional resonance compensation strategy. Figure 6 shows that the active and reactive
power reach to stable state with much large overshoot and longer transient time under the conventional
strategy. Therefore, the effectiveness of the proposed passivity-based control with disturbance observer
in suppressing the double frequency power ripples are verified with superior dynamic response.

To furtherly show the superior performance of the proposed passivity-based power compensation
strategy with disturbance observer, the simulations with only passivity-based control is shown in
Figure 8. In this scheme, the double-frequency voltage disturbances wPu and wQu are calculated
through (9) instead of the observer. It can be seen from Figure 8 that the dynamic response and
the suppression performance both become worse compared with that in Figure 7. The observed
and calculated values of the double-frequency voltage disturbance wPu and wQu shown in Figure 9
indicate that there exists difference between the observed and calculated values caused by modelling
errors and external impacts, which cause the performance degradation of the passivity-based control
with calculated values of wPu and wQu. It can be concluded that the response performance of the
passivity-based power compensation strategy is significantly improved with the implementation of
disturbance observer.

w P
u

w Q
u

Observed value 

Observed value 

Calculated value 

Calculated value 

Figure 9. The observed and calculated values of the double-frequency voltage disturbance wPu and wQu.
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4.2. Case 2

To verify the control effects of the proposed strategy with different control parameters,
the simulation results of the double frequency power ripples (take reactive Q2 as an example) under
the proposed passivity-based power compensation strategy via disturbance observer with different
parameters are shown in Figures 10 and 11.

r2 = 10

r2 = 20

r2 = 30

 
Figure 10. Simulation results of double frequency components of reactive power with different passivity
parameters r2.

l2 = 40

l2 = 80

l2 = 200

 
Figure 11. Simulation results of double frequency components of reactive power with different
observer gain.

Figure 10 shows the simulation results of the double frequency ripples in reactive power with
different passivity parameter r2. It indicates that during the increasing of r2, power oscillation may
occur and the control effect is attenuated (marked in red in Figure 10) and this depends on the
pole positions caused by specific value of r2 which also confirms the previous theoretical analysis.
From Figure 11, it is seen that different observer gains have significant impacts on system performance
and control effects will be weakened if the observer gain is too small. Therefore, with properly
chosen passivity parameters and observer gains, expected suppression performance and dynamic
response can be obtained under the proposed passivity-based power compensation strategy with
disturbance observer.
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4.3. Case 3

In this case, the situation of single-phase grounding short-circuit fault is tested. Before 3 s,
the system operates under normal condition. At time 3 s, the A phase grounding fault with the ground
resistance Rg = 0.0005 Ω in AC2. The simulation results with no auxiliary control, the conventional
resonance compensation strategy and the proposed passivity-based compensation strategy via
disturbance observer are shown in Figures 12–14 respectively.

 
(a) 

 
(b) 

 
(c) 

Figure 12. Simulation results of double frequency ripples in active power. (a) With no auxiliary
control. (b) With conventional resonance compensation strategy. (c) With proposed passivity-based
compensation strategy via disturbance observer.

 
(a) 

 
(b) 

 
(c) 

Figure 13. Simulation results of double frequency ripples in reactive power. (a) With no auxiliary
control. (b) With conventional resonance compensation strategy. (c) With proposed passivity-based
compensation strategy via disturbance observer.

81



Energies 2018, 11, 3140

 
(a) 

(b) 

(c) 

Figure 14. Simulation results of dc voltage. (a) With no auxiliary control. (b) With conventional
resonance compensation strategy. (c) With proposed passivity-based compensation strategy via
disturbance observer.

It is seen that under single-phase grounding short-circuit fault, large amount of double frequency
ripples exists in the active and reactive with no auxiliary compensation strategy adopted, which
also causes dc voltage fluctuation in double frequency. By comparing the simulation results, it can
be found that double frequency ripples in active and reactive power are reduced to a large degree
with the proposed compensation strategy and the conventional resonance compensation strategy
and the suppression performance with the proposed strategy is relatively better. Additionally, the
transient process at time 3 s under the proposed strategy is much improved with no overshoot and
fast transient time. The response of dc voltage in Figure 14 also indicates the satisfactory dynamic
performance of the system. Therefore, the proposed control shows superior properties in suppressing
the double frequency power ripples and responding to external disturbance.

4.4. Comparable Evaluation

It can be concluded from the above three cases performed on the dc transmission simulation
model of Figure 8 that:

(1) under the proposed control strategy, the double frequency ripples in active and reactive power
are regulated with better steady-state suppression performance and enhanced dynamic response
compared with the conventional resonance compensation strategy and the only passivity-based
compensation strategy;

(2) different passivity parameters and different observer gains have significant impacts on system
performance and control effects will be weakened if these parameters are chosen improperly;

(3) in this case of single-phase grounding short-circuit fault, the double frequency ripples in active
and reactive power are reduced largely with the proposed control strategy and the transient process
can be much improved with little overshoot and fast transient time.
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5. Discussion

When the unbalanced grid conditions occur, the VSC converter operates in abnormal condition
and the negative sequence electrical components is adverse for the system normal operation. Most exist
literatures (listed in the Reference) mainly aim at obtaining some specific kind of control objective,
which means the fluctuations of active and reactive power cannot be suppressed at the same time.
In this case, a novel control strategy to suppress the double frequency ripples in active and reactive
power of VSC-HVDC systems under unbalanced grid voltage conditions is proposed. This control
strategy is based on the derived mathematical control equations of the double frequency ripple power
of VSC converter. The passivity-based control together with the disturbance observer forms the basic
control framework of VSC. Theoretical analysis and simulation results show that with this control,
the double frequency ripples in active and reactive power of VSC-HVDC under unbalanced grid
conditions are suppressed simultaneously and system performance is significantly enhanced. It should
be noticed that the control parameters of the proposed strategy should be chosen properly for the
desired performance response according to the respective system structure.

6. Conclusions

In this paper, the mathematical model of the double frequency ripple power for VSC-HVDC
systems under unbalanced grid conditions is derived and then a power compensation strategy to
suppress the double frequency ripples in active and reactive power is proposed. The main contribution
of this paper is that with this proposed control strategy, the double frequency ripples in active and
reactive power of VSC-HVDC under unbalanced grid conditions can be suppressed simultaneously
and system performance is significantly enhanced with the implementation of the disturbance observer
in the passivity-based control. The compensation strategy is proved to be effective in regulating the
double frequency components of the unbalanced voltage and current without affecting the normal
operation of VSC converter. The stability analysis of the proposed power compensation strategy is also
conducted in this paper to analyze the system response with different control parameters. Theoretical
analysis and simulations in PSCAD/EMTDC show the validity and superiority of the proposed control
strategy. The research outcomes are applicative in real conditions of renewable energy generation,
island network supply and microgrid, while the control parameters should be chosen carefully for the
desired operation performance according to the actual system structure characteristics. The challenging
issue of the application of the research outcomes is that robust PLL (Phase Locking Loop) technology
should be available for accurate phase tracking under the unbalanced grid voltage conditions.
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Nomenclature

Ua,b,c,ia,b,c the three phase voltage and current of the converter
Ea,b,c the three phase voltage of the AC grid
R, L the per-phase resistance and inductance of the AC filter
C the DC filter capacitor
Udc, idc the DC voltage and current of the converter
Ps, Qs the transmission active and reactive power of the converter
Ud, Uq the d axis and q axis components of VSC voltage
id, iq the d axis and q axis components of VSC current
Ed, Eq the d axis and q axis components of AC grid voltage
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P2i, Q2i
the current-relevant components that cause the double frequency ripples in active and
reactive power

P2u, Q2u
the voltage-relevant components that cause the double frequency ripples in active and
reactive power

uP, uQ the double frequency power control inputs of VSC
J(x), Jd(x) the original and the desired interconnection matrix
�(x),�d(x) the original and the desired damping matrix
H(x), Hd(x) the original and the desired Hamiltonian function
G(x) the coefficient matrix with full rank
ŵ the estimation of the disturbance
k the internal state of the observer
μ(χ), l(χ) the observer function and the observer gain
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Abstract: The application of the direct current (DC) transmission is increasing through the
interconnection between grids or the renewable energy resource integration. Various types of
DC transmission topology are researched, and the hybrid multi-terminal high voltage DC (HVDC),
called the “MTDC”, is one of the research subjects. The hybrid multi-terminal HVDC is the MTDC
system that is composed with the Line Commutated Converter (LCC) and Voltage Source Converter
(VSC). Most hybrid MTDC research has been focused on the connection of the renewable energy
generation sources, especially offshore wind farms. However, the DC grid built with a hybrid MTDC
was recently proposed due to the development of the converter technology. Therefore, the DC grid is
expected to be able to substitute some parts of the transmission grid instead of the alternating current
(AC) system, and the operation strategies of the DC grid are still being researched. The DC grid
has the advantage of being able to control the power flow, which can even improve the stability of
the connected AC system. The dynamic model is required to analyze the improvement of the AC
system by the operation strategy of the hybrid MTDC, however, there is no generic model for the
system. In this paper, an operation strategy of the hybrid MTDC is proposed to improve the stability
of the AC power system by increasing the utilization of parallel AC transmission lines under the
contingency condition. Furthermore, studies on the modeling method for a hybrid MTDC analysis
were performed. The proposed modeling method and operation strategy were verified in simulations
for which a modified IEEE 39 bus test system was used. The improvement of transient stability by
the proposed hybrid MTDC system was shown in the simulation results.

Keywords: HVDC transmission; hybrid multi-terminal HVDC; LCC; MTDC; power system
analysis; VSC

1. Introduction

The power system has been growing steadily according to the development of alternating current
(AC) technology. However, the development of the AC system has been recently saturated, and the
construction of a new AC transmission line is becoming more difficult, due to problems such as
environmental issues or protests from local residents regarding the right of way. The new construction
of a transmission line or the utilization of the existing AC lines is required to supply power stably for
increasing loads. The flexible AC transmission system (FACTS) is now regarded as a promising option,
due to the capability to utilize the existing AC system by controlling the power flow or the voltage
compensation [1–3]. It is expected that the development of power electronics technology promotes
the FACTS device extensively [4]. The direct current (DC) transmission system is especially on the
rise around the world and consistently examined in terms of an alternative to the AC transmission
line. Furthermore, research on the DC grid is actively performed to provide a power control capability.
Studies on the feasibility of the DC grid with various topologies, grid controls, and protection schemes
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are being conducted [5]. In addition, much research is performed on grid management and the voltage
droop control strategy [6–8].

The control and operation technology of the multi-terminal high voltage DC (HVDC), known
as the “MTDC”, is fundamental for building and operating the DC grid. The MTDC is used for
the HVDC systems consisting of three or more converters and can control the power flow between
the converter stations. At the beginning of the MTDC study, the system configuration and normal
operation point is introduced in [9] and operation characteristic of MTDC is studied in [10]. Although
the Line Commutate Converter (LCC) type was mainly studied in the early research, Voltage Source
Converter (VSC)-type MTDC has been mainly researched recently, due to the development of VSC
technology. Various research studies on the VSC MTDC, such as the AC and DC system power flow
calculations with the VSC MTDC [11,12], the transmission loss minimization [13], and the frequency
control [14], have been performed. The recent subjects of research on the hybrid MTDC are mainly
control for the system, such as droop control, fault ride through, and voltage-dependent current order
limiter [15–17]. Regarding the system stability, small signal stability is studied in [18].

Notably, numerous MTDC studies have dealt with the integration of offshore wind farms [19–21],
because the MTDC system possesses the advantages for the integration of remote renewable resources.
Since fine wind resources are abundant on the sea offshore and as offshore wind farms are generally
far from main land, the length of the AC cables presents an issue. The MTDC is therefore an attractive
option for the collection and integration of several wind farms. The hybrid MTDC systems have also
been proposed, due to the advantage of the VSC with weak AC systems. The advantages of the VSC
include independent control of active power and reactive power, AC voltage compensation, and a
compact size for installation [22]. The power system of remote renewable resources can be seen as
weak systems, and the structure of an offshore wind farm is particularly small for the installation
of large scale equipment. Therefore, the VSC can be a proper type of converter to interconnect the
resources. Alternatively, the capacity of the LCC is more highly rated compared with the VSC, plus
the LCC is cheaper than the VSC in terms of the installation and the operating cost. For this reason,
the LCC HVDC has been used for bulk power transmission. Therefore, the hybrid MTDC could be
attractive in terms of the advantages of both the LCC and the VSC.

The hybrid HVDC system topologies were introduced in [23] and the technical feasibility of the
hybrid MTDC has been studied [24,25]. The integration of the wind farm using the MTDC system
and the control strategy were studied in [26–28]. Recently, as the need for DC grid application has
increased, the DC grid is expected to coexist with the AC grid; consequently, a study on the control
and operation strategy of the MTDC is necessary to establish the DC grid foundation.

In this paper, the proposed operation strategy of the hybrid MTDC seeks to increase the utilization
of the AC transmission line in parallel with the MTDC for the power transmission between two
regions, in consideration of the contingency condition. To construct the MTDC systems, it is possible
to construct a new system in addition to the extension of the existing HVDC system [10,29]. Numerous
existing HVDC systems were installed for a bulk power transmission from the generation area to
the load area. In the case that the existing LCC HVDC in the AC system is extended to the hybrid
MTDC, the constructed DC grid provides flexibility to the AC system through the power flow control.
Additionally, it is difficult for the LCC to change the direction of the power flow because power flow
reversing with the LCC is discontinuous and has line discharging problems [30]. But the VSC can
change the power flow direction more flexibly than the LCC. Therefore, the hybrid MTDC could
be relatively more flexible than the LCC MTDC. In the case of the third terminal installation at the
parallel AC transmission lines, which is achieved by the extension of the existing LCC HVDC, the
utilization of the lines is expected to increase. The method for the increase of the utilization of the AC
transmission lines in parallel with the HVDC system through the extension of the HVDC system to
the hybrid MTDC system was studied in this paper. The proposed operation strategy was evaluated
using a simulation analysis. The hybrid MTDC system was modeled and applied in the modified IEEE
39 bus New England test system (NETS) [31,32]. The utilization was estimated by considering the
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contingencies of the AC lines, and the simulation analysis was performed using the Transient Stability
Analysis (TSA) tool, PSS®E. The simulation tool is commonly used for large power system analysis
and transient stability simulation. The tool has a generic dynamic model for various power devices,
except the hybrid MTDC model. The proposed operation strategy was applied in the actual power
system data, which is Korean power system data, and the stability improvement of the system by the
hybrid MTDC was evaluated.

The structure of the paper is as follows: Section 2 presents the operation strategy for the hybrid
MTDC and the modeling method is described and verified in Section 3. The case studies conducted in
the test system are introduced in Section 4. Section 5 presents the results of a case study applying the
proposed operation strategy to the actual Korean power system data. Discussion is in Section 6.

2. Proposed Operation Strategy for the Hybrid MTDC

The existing LCC HVDC systems in the AC grid supply bulk power from the generation area
to the load area. The power can be flowed through certain AC transmission lines according to the
magnitude and phase angle of the voltage between two areas. The corridor AC lines can be seen as the
lines that are parallel with the HVDC. The HVDC can be extended by installing the third terminal at
the bus of the parallel line, thereby establishing the DC grid in the AC grid. The DC grid can provide
flexibility to the AC grid via the power flow control. Figure 1 illustrates the power system for which
the extended MTDC is applicable.

Figure 1. Extended multi-terminal high voltage direct current (MTDC) application in the power system
between the generation and load areas.

In this paper, a hybrid MTDC operation strategy that increases the utilization of the parallel AC
lines is proposed in consideration of the transient stability. Figure 2 presents the operation strategy
briefly in terms of the transient state and the post-contingency condition. When the maintenance
or fault occurs on the parallel AC lines, the utilization of remaining lines decreases. The extended
terminal can be operated as an inverter or a rectifier to utilize the remaining lines by the operation
strategy. The VSC terminal operates as an inverter when an event occurs at the generation side and as
a rectifier when an event occurs at the load side.
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Figure 2. Brief operation strategy for the extended MTDC: (a) Power flow direction of the Voltage
Source Converter (VSC) with the event at the generation side. (b) Power flow direction of the VSC with
the event at the load side.

Because the VSC can reverse the power flow direction dynamically, the VSC can provide power
to the AC line at the load area side for the generation side AC line event. In contrast, the generation
side AC line can be used via the VSC when the event occurs at the load area AC line. Therefore, the
hybrid MTDC is proposed in this paper instead of the LCC MTDC, owing to the consideration of the
transient stability.

The need of the existing LCC HVDC system to change the general power flow direction is minor
because the purpose of the system is the supply of power from the generation area to the load area.
Consequently, the transient stability is expected to improve even with a hybrid MTDC system where
the VSC is applied only to the third terminal.

Furthermore, the overload of the DC system was considered in the operation strategy. In the
transient status, the unbalanced condition between the generation and load areas causes instability,
and even several overload seconds can improve the transient stability; therefore, the proposed
operation strategy considered the overload control during the transient status and verified the
stability improvement.

3. Modeling and Analysis Method of the Hybrid MTDC

Even though the hybrid HVDC system has been researched since 1994, a practical operation has
not yet been implemented. In addition, a model of the hybrid HVDC system for a power system
analysis with the TSA tool is nonexistent. In light of this circumstance, the users developed the special
model for the analysis of the hybrid MTDC via the TSA. In this paper, the method for the hybrid MTDC
approximate modeling was studied using a generic multi-terminal model and a Controllable Reactive
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Power Source (CRPS). The LCC multi-terminal HVDC model is a generic MTDC model of PSS®E. The
hybrid MTDC model is built by connecting the controllers of the generic model with a programming
language Python and making the LCC terminal and CRPS operate as one device. For the analysis of
the hybrid MTDC, the third terminal convertor should be a VSC. The important features of the VSC in
terms of the AC system are the AC bus voltage control and the independent control of the active and
reactive powers. The active power can be controlled by the LCC MTDC model, but the LCC generally
consumes the reactive power; therefore, the CRPS model was used to provide the control ability and to
compensate for the reactive power. A generic model of Static Compensation (STATCOM) from the
PSS®E is also used for CRPS. The models are explained in the manual of the program [33].

3.1. Steady State Model of the Hybrid MTDC

A steady state model is needed for the power flow calculation and the dynamic simulation
initialization. To calculate the power flow, the MTDC system is modeled using the generic MTDC
model. The angle of the converters, DC voltage, DC current by the order and the active power, and
reactive power is calculated in the power flow analysis stage.

The proposed hybrid MTDC has the VSC at the third terminal, and the extended terminal should
have the VSC features. A CRPS can control the reactive power and the AC bus voltage, so the CRPS
model is composed of the same bus of the LCC MTDC third terminal, as shown in Figure 3. The
existing LCC can control the active power, but it consumes the reactive power. The CRPS compensates
for the reactive power and provides the control ability as well; therefore, the active and reactive powers
can be controlled independently from the viewpoint of the AC bus. The AC bus voltage can also be
controlled by the reactive power from the CRPS. The power orders are defined by the main controller to
match the requirement of the power system balance and the main controller is implemented using the
python programming language. According to the power order produced by the main controller, active
power is controlled by the MTDC controller and reactive power is controlled by the CRPS controller.
Consequently, the performance of the devices is equivalent to the single VSC performance at the point
of the connected AC bus.

Figure 3. VSC terminal model from the use of the MTDC and the Controllable Reactive Power
Source (CRPS).

The reactive power supply, however, is generally limited by the critical frontier, maximum voltage,
and current limitation [34]. Figure 4a describes the operation range sample of the VSC. A simplified
operation range was applied in this paper, as shown in Figure 4b. The per unit (p.u.) value is based on
the rated converter capacity.
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Figure 4. VSC operation range limitation: (a) Sample of actual operation limitation; (b) simplified
operation limitation.

The VSC operation range shown in Figure 4b is constrained by the active power order and can be
defined by Equations (1) to (3), as follows:

−
√

S2 − P2 ≤ Q ≤
√

S2 − P2(P ≥ 0.9× S), (1)

−
√

S2 − P2 ≤ Q ≤ 0.44× S(0.9× S > P ≥ 0.7× S), (2)

−
√

S2 − P2 ≤ Q ≤ 0.60× S(0.7× S ≥ P), (3)

where S is the rated capacity of the converter and P is the active power.
For the definition of the CRPS operation range, the reactive-power compensation, which was

consumed by the LCC MTDC, was considered. Consequently, Equations (1)–(3) were modified to set
the CRPS operation range, according to Equations (4)–(6).

−
√

S2 − P2 + Qd ≤ QSTC ≤
√

S2 − P2 + Qd(P ≥ 0.9× S), (4)

−
√

S2 − P2 + Qd ≤ QSTC ≤ 0.44× S + Qd(0.9× S > P ≥ 0.7× S), (5)

−
√

S2 − P2 + Qd ≤ QSTC ≤ 0.60× S + Qd(0.7× S ≥ P), (6)

where Qd is the consumed reactive power of the converter and QSTC is the CRPS output. For the
selection of the CRPS maximum output, the LCC MTDC active power capacity was employed.

3.2. Dynamic Model of the Hybrid MTDC

The LCC MTDC dynamic model and the CRPS dynamic model were used for the dynamic
simulation as well. The MTDC model controlled the active power and the CRPS model compensated
for and controlled the reactive power. Generally, the current limitation of an MTDC model converter is
lower for the normal operation, due to the ripple of the DC current; however, the DC current lower
limit was set as zero for the proposed hybrid MTDC model, owing to the simulation of the situation
wherein the power flow direction was changed dynamically.

The CRPS model parameters reflect the current limitation. The capacitive current limitation and
the inductive current limitation can be set individually, and the current limitation means the operation
range. The reactive power consumption was considered for the CRPS operation range. In contrast to
the steady state, the reactive power consumption continually changes in the dynamic simulation, along
with the active power change. The CRPS operation range should therefore continue changing during
the simulation. In this paper, the main controller is proposed and the controller changes the parameters
for CRPS. The dynamic simulation has a time step, and the dynamic system status is calculated at
each step. The main controller connects two generic model controllers of LCC MTDC and CRPS, thus,
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the third terminal is operated as one device. Active and reactive power order is defined in the main
controller and limitation as well.

For the CRPS operation range, the reactive power consumption was calculated, and the controller
changed the CRPS current limitation between the time steps. The inductive current limitation is the
same, irrespective of the active power output, as described in Equation (7). Meanwhile, the capacitive
current limitation should be selected by the active power output of the LCC. The current limitations
according to the active power output are represented in Equations (8) to (10), as follows:

IL, limitation =
√

S2 − P2 −Qd, (7)

IC, limitaion =
√

S2 − P2 + Qd(P ≥ 0.9× S), (8)

IC, limitaion = 0.44× S + Qd(0.9× S > P ≥ 0.7× S), (9)

IC, limitaion = 0.60× S + Qd(0.7× S ≥ P), (10)

where IL,limitation is the inductive current limitation and IC,limitation is the capacitive current limitation.
Even though the CRPS operation range was modified at every time step, it is likely that the sum

of the LCC reactive power consumption and the CRPS output is in the operation range of the VSC
reactive power. Therefore, the active power order is transfer to the MTDC controller and the amount
of reactive power consumption is calculated. The main controller defines the reactive power order,
considering AC voltage and the reactive power consumption. To make the reactive power output meet
the order value, CRPS limitation parameters are changed by the main controller. The order calculation
and parameters changing are performed at every time step. The block diagram for the dynamic model
operation is shown in Figure 5.

Figure 5. Block diagram of the dynamic model for the hybrid MTDC.

3.3. Model Verification

The proposed hybrid MTDC model was verified through the dynamic simulation. The performance
of the VSC reactive power control was observed in terms of the reactive power control for the AC bus
voltage. The VSC rated capacity was set as 500 MVA, and a disturbance (bus fault) was applied at
the VSC station to verify the reactive power operation range. The different CRPS operation ranges
are compared in Figure 6, and the active power outputs of the VSC with respect to each of their
rated capacities are 450 MW, 350 MW, and 200 MW. The CRPS capacitive output should be limited
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by Equations (8) to (10) at each time step. The analysis of the VSC reactive power outputs for each
active power case for which the LCC consumption capacity and the CRPS output were considered
are presented in Figure 7. As shown in Figure 6, CRPS outputs were limited by Equations (8) to
(10), considering Qd at each time step. Consequently, the limitation value was changed for each step.
However, the VSC reactive power outputs were limited in the operation range shown in Figure 4, thus
the limited output is fixed, as shown in Figure 7.

Figure 6. CRPS reactive power output by the different active power outputs of the VSC.

Figure 7. VSC reactive power output by the different active power outputs of the VSC.

When the active power output is 0.4 p.u., the limitation of the reactive power output, modeled
according to Equation (3), is 3 Mvar and corresponds to the rated capacity of 0.6 p.u. The limitations of
the reactive power outputs of the other cases were modeled according to Equations (1) and (2).

The active power change was simulated to verify the dynamic flow direction change. The VSC
was proposed to change the power flow dynamically in the transient status, but the active power of the
VSC changes with a delay, even if the power order is switched from the original value to the new order
value as a step function [35]. For this reason, the time constant for the power output delay was applied
in the model. As presented in Figure 8, the active power order changed at 0.5 s in the simulation. The
active power of the VSC changed from a positive value to a negative value with the applied delay.
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Therefore, the VSC operated the inverter mode at the beginning, but the mode changed to the rectifier
mode. The changed active power amount was taken by the LCC inverter of the hybrid MTDC system.

Figure 8. The active power for each converter.

Verified through the simulations, the proposed model is an approximate model that is focused on
the following two features: AC bus voltage control and power flow direction change.

The VSC can control the reactive power in a defined operation range to maintain the AC bus
voltage with the proposed model. The converter can also control the active power dynamically,
even with the flow direction. Therefore, the hybrid MTDC model was used for the evaluation of the
operation strategy.

4. Evaluation of the Proposed Operation Strategy

The operation strategy for the hybrid MTDC system is proposed in this paper. The proposed DC
system was extended from a point-to-point (PTP) HVDC system and the extended terminal consists of
the VSC. The modeling method for which the LCC MTDC and CRPS models are used for the hybrid
MTDC was studied and verified.

The control scheme of the proposed operation strategy is described in Figure 9. When the event
occurs at the parallel AC lines, the hybrid MTDC system will get a signal from the grid operator. The
active power order is calculated depending on the fault location, while the reactive power order is
calculated depending on the operation range of the VSC by Equations (1)–(3). The reactive power
limitation for CRPS is calculated by Equations (7)–(10) as well. If the system considers the overload
operation, the active power order will be overwritten by the overload factor, which defines the
overloading percentage while the power order for LCC converters is calculated. The calculated power
order for the converters is transferred to the main controller.
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Figure 9. Control algorithm of the proposed operation strategy.

The simulations were performed to evaluate the operation strategy for the extended DC system,
and they were compared with the PTP HVDC and LCC MTDC topologies. The PTP HVDC was applied
to the IEEE 39 bus test system and the DC transmission system was extended to the LCC MTDC.
In addition, the proposed modeling method was applied at the third terminal of the LCC MTDC
system to compose the hybrid MTDC system. The applied PTP HVDC and LCC MTDC operation
characteristics are indicated in Figure 10. The DC current was controlled by the rectifier, and the
inverter controlled the DC voltage for both the PTP HVDC and LCC MTDC systems. The extended
terminal can be operated as the rectifier and the inverter, and the current control mode was applied to
the converter. The Voltage Dependent Current Order Limitation (VDCOL) was applied to the current
control converters. The third terminal, however, is the VSC in the case of the hybrid MTDC, and
therefore, the operation characteristic was changed, as shown in Figure 11, and the VDCOL function
was removed from the third terminal.

Figure 10. Line Commutate Converter (LCC) MTDC operation characteristics.

Figure 11. Hybrid MTDC operation characteristics.
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The topologies of the DC transmission system were applied to the IEEE 39 bus test system, and
the system was modified to comprise generation and load areas. In the test system, the PTP HVDC
system was applied from bus 22 to bus 4. The extended terminal was composed at bus 17. The route of
the AC transmission line from bus 16 to bus 3 is the parallel line for the transfer of the power between
the areas. The modified system is represented in Figure 12.

Figure 12. Modified IEEE 39 bus test system and the applied DC system.

4.1. Utilization of the Parallel AC Transmission Line

The utilizations of the parallel AC transmission line were evaluated through the performance of a
steady state calculation for each topology. The third terminal was operated as the inverter to provide
the active power to the AC lines. The transmission power capacities are 600 MW for the rectifier, 400
MW for the inverter, and 200 MW for the third converter. The analysis results are indicated in Table 1.
Line 1 is from bus 16 to bus 17, line 2 is from bus 17 to bus 18, and line 3 is from bus 18 to bus 3. The
third terminal provided the active power for bus 17, thereby increasing the power flows of lines 2 and
3 for the MTDC topologies. Even though the power flow of line 1 decreased, the total power flow
amount through the AC line increased. Therefore, the utilization of the parallel AC line increased.
Table 2 indicates the results of the power flow calculation for the cases where the active power output
of the third terminal is 400 MW. As the output of the third terminal was increased, the utilization of
line 1 decreased and the utilizations of lines 2 and 3 increased.

Table 1. Parallel alternating current (AC) transmission line power flow results of the third terminal 200
MW output.

CASE Line 1 (MW) Line 2 (MW) Line 3 (MW) Total (MW)

PTP HVDC 232.64 183.73 25.49 441.86
LCC MTDC 149.46 257.90 117.37 542.73

Hybrid MTDC 148.88 273.74 115.23 537.85
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Table 2. Parallel AC transmission line power flow results of the third terminal 400 MW output.

CASE Line 1 (MW) Line 2 (MW) Line 3 (MW) Total (MW)

PTP HVDC 232.64 183.73 25.49 441.86
LCC MTDC 67.08 368.00 209.10 644.18

Hybrid MTDC 66.53 366.01 207.11 639.65

Regarding the extended DC system, the total utilization of the parallel AC line can be controlled
by the third terminal active power output. The hybrid MTDC can control the rate using the AC voltage
control as well. However, due to the decrease of the load of the AC lines between the third terminal
and the generation area, the appropriate third terminal output should be considered at the operation
planning stage.

The utilization of the parallel AC transmission line is improved by 20% for 200 MW output and
45% for 400 MW output.

4.2. Transient Stability Improvement

Dynamic simulations were implemented to evaluate the transient stability of the power system
with the hybrid MTDC. The proposed operation strategy is for the improvement of the AC line
utilization, including the post-transient status.

In the case of the parallel AC line trip, the third terminal can provide or take the power from the
usable AC lines, as shown in Figure 2. To evaluate the effect of the extended DC system, dynamic
simulations were performed with the proposed model in Section 3 for two scenarios. The first scenario
is an event at the AC line of the generation side, and the second scenario is an event at the load side.

The third terminal power flow direction changed after the event occurred in the proposed operation
strategy. To utilize the usable AC line, the third terminal was operated in the inverter mode after the
generation side event. To consider a severe case, the initial operation mode of the third terminal served
as a rectifier and the output was 200 MW in the first scenario. Figures 13–15 show the simulation
results for the event. The active power output for each converter is represented in Figure 13 for the
cases with the operation strategy. Figures 14 and 15 show the angle spread of the power system and
the AC voltage of the inverter station.

Figure 13. The active power output for each converter for the generation side event with the
operation strategy.
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Figure 14. The angle spread for the generation side event.

Figure 15. The AC voltage of the inverter station for the generation side event.

As shown in Figure 13, the total power exchange amount is the same, irrespective of the operation
strategy; that is, the load area received the same amount of power. The transient stability was improved
in Figure 14, even though the power exchange amount between the two areas was the same.

The angle spread is one of the indices that is used to evaluate the transient stability, especially
the angle stability. The system is more stable during the transient status if the maximum angle
spread value is smaller. The maximum angle spread of the case without the operation strategy is
120.38 degrees; however, with the operation strategy, the value decreased to 115.01 degrees. The
voltage recovery feature of the load area was improved, as shown in Figure 15; therefore, the operation
strategy improved the transient stability of the system.

Simulation results of the second scenario are represented in Figures 16–18. Figure 16 indicates
the active power output of each converter for the cases with and without the operation strategy, and
Figure 17 shows the angle spread from the load side event simulation results. The voltage recovery
feature of the load area was improved, as shown in Figure 18. In the case of the second scenario, the
generation side voltage recovery feature was improved, due to the operation strategy.
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Figure 16. The active power output for each converter for the load side event with the operation strategy.

Figure 17. The angle spread for the load side event.
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Figure 18. The AC voltage of the inverter station for the load side event.

In the load side event simulation, the VSC initial operation mode is an inverter mode for the
consideration of a severe event case, and the active power output is also 200 MW. In the second scenario,
the transient stability was improved as well, even though the effect is relatively low. The maximum
value of the angle spread decreased from 105.64 degrees to 101.08 degrees.

Although the effect of the transient stability improvement is small for the test system, due to the
scale of the system and the DC transmission also being small, the effect is expected to increase for the
larger scales of the power system and the DC transmission system.

4.3. Overload Consideration

The overload operation was considered for the proposed operation strategy in this paper.
A temporary overload can initially mitigate the imbalance between the generation and the load area.
The simplified overload simulation was performed for each topology. The event that causes voltage
problems at the third terminal was considered. The AC voltage of the third terminal from the simulation
results is represented in Figures 19 and 20 for the same event. The transient stability for the LCC MTDC
case is unstable, as opposed to the hybrid MTDC because of the voltage stability of the third terminal.
LCC HVDC cannot change the direction of power flow dynamically and requires more reactive power
for overload, thus the power system transient stability would be worse for the event. As shown in
Figure 20, only the overload case was stable.

A detailed overload simulation with the operation strategy was implemented for the hybrid
MTDC topology, and the second scenario, which is the event at the load side, was simulated. The active
power output from the simulation result is indicated in Figure 21. The inverter output was overloaded
to 1000 MW; therefore, the temporarily provided load area is 200 MW more than the original scenario.
The surplus power mitigated the imbalance between the power and the load, thereby improving the
transient stability.
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Figure 19. The AC voltage of third terminal from the simple overload simulation for each topology.

Figure 20. The angle spread from the simple overload simulation for each topology.
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Figure 21. The active power output for each converter with the overload.

The effect of the transient stability improvement is expected to increase for the larger scales of the
power system and the DC transmission system.

5. Case Study of the Actual System Data

The case study using the actual power system data, which is Korean power system data, was
conducted. The hybrid MTDC system is applied in the 2024 planning data. The existing LCC HVDC
systems are extended to the hybrid MTDC system and the 765 kV transmission lines are the parallel
AC transmission lines. Figure 22 is a simplified single line diagram of the hybrid MTDC system and
the Korean power system near the MTDC.

Figure 22. Actual power system data with the hybrid MTDC system.

The system has the generation area and the load area similar to the modified 39 bus system used
in this paper. The east coastal area is a large-scale generation area and the generated power from the
area is transmitted to the west metropolitan area of the system, which is the load area. The power
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system total load is approximately 102 GW, while the exiting LCC HVDC systems are two bipolar and
the rated capacity is 8 GW. Furthermore, the HVDC system has an overload operation mode to 10 GW
and the available overload operation period is five seconds. The third terminal is connected to the
parallel AC transmission line and the rated capacity is 600 MVA.

Dynamic simulations were conducted for the event at the load area and the stability improvement
of the system by the operation strategy was compared. The simulation scenario for the load side event
is as follows:

• 765 kV bus fault at 0.5 s;
• Clear fault after 5 cycles and trip branches (0.5833 s);
• Generator trip after 4 cycles (0.65 s);
• Thyristor Controlled Series Compensator (TCSC) Boost up and HVDC overload if required at

0.7 s;
• Run until 10 s.

The simulation results are shown in Figures 23 and 24, and the actual system stability with normal
operation and with the operation strategy was evaluated.

In the case of an original power system with two-terminal LCC HVDC, a machine has to be
tripped for stable operation of the system. However, the stable operation of the system is possible
without the machine trip in the case of the hybrid MTDC system. The maximum angle spread of
the two-terminal LCC HVDC case was 165.51 degrees with a machine trip. A hybrid MTDC system
can stabilize the system without the machine trip in the same event, as shown in Figure 24, and the
maximum angle spread was 182.58 degrees.

The overload operation was considered as well for the actual power system data because the
existing LCC HVDC system had the overload operation mode. The simulation results of the overload
operation cases are presented in Figures 25 and 26.

Figure 23. The active power output of each converter for the load side event with the operation strategy
in the actual system data.
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Figure 24. The system angle spread for the load side event in the actual system data.

Figure 25. The AC voltage at the third terminal for each case in the actual system data.
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Figure 26. The active power outputs of the overload operation in the actual system data.

The severe load side event occurred and overload operation started after the event was cleared.
The initial VSC output was 100 MW and increased to 250 MW during the overload operation. The
overload operation was held for five seconds and the active power output of converters returned to the
original value. For the event, the normal operation case was unstable after the event was cleared. Even
though the voltage recovery feature was similar to the overload case until 1.5 s, the system became
unstable and the voltage swing occurred without overload operation. On the other hand, the system
was stabilized by the overload operation.

6. Conclusions

A generic LCC MTDC model and a CRPS model were used in the approximate hybrid MTDC
model; the MTDC model controlled the active power, and the reactive power was controlled by the
CRPS model. The control of the hybrid MTDC model, in terms of the active power and the reactive
power, was verified via simulations. The proposed modeling method is for a power system analysis,
and the focus of the model is the independent control of the active power and the reactive power.

The operation strategy for the hybrid MTDC is proposed and evaluated, according to a dynamic
simulation. The model was applied to the test system, and the operation strategy was evaluated. A
multi terminal DC grid improved the AC system utilization, and the proposed operation strategy
improved the transient stability of the power system. To add, the overload was considered and the
effect was verified. The stability improvement by the operation strategy is verified in the actual system
data as well. The hybrid MTDC system is applied in the Korean power system and the transient
stability analysis was conducted. The hybrid DC system can reduce the generator outage in the severe
contingency by the operation strategy proposed.
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Abstract: Continuous commutation failures (CFs) are serious malfunctions in line-commutated
converter high-voltage direct current (HVDC) systems that cause the continuous and rapid sag of
transmitted power and may threaten the stability of AC systems. The conventional emergency control
strategies of AC systems exhibit difficulty in responding quickly and accurately. After suffering from
continuous CFs, the forced blocking of direct current (DC) converter to prevent AC system instability
might also cause other adverse effects. This study proposes a ride-through control method to improve
the endurance capability of AC systems against continuous CFs. An active power output model of
inverter station under continuous CFs is built, while considering the process and mechanism of CFs.
The impact of continuous DC power sag on the stability of sending-end system is analyzed through a
four-area AC/DC equivalent model. A rolling calculation model for the power angle and acceleration
area variations of the sending-end system during continuous CFs is established on the basis of model
predictive control theory. A calculation method for the emergency power control reference is obtained
by using the aforementioned models. Lastly, a ride-through control method for continuous CFs is
developed by utilizing the emergency control of adjacent HVDC link. Simulation results show that
the proposed control method can improve the endurance capability of an AC system to continuous
CFs and reduce blocking risk in an HVDC link.

Keywords: High voltage direct current (HVDC); continuous commutation failures; DC blocking;
emergency power support; stability

1. Introduction

With the rapid development of large-capacity high-voltage direct current (HVDC) transmission
technology and the accelerating construction of HVDC projects, hybrid AC/DC power grids are rapidly
developing [1,2]. For a large-scale asynchronous grid interconnected by DC systems, the dynamic
response of a DC system exerts an increasingly significant impact on an AC grid due to the increased
level of DC power transmission capacity. Commutation failure (CF) is a frequent dynamic event in an
HVDC system that is generally caused by a disturbance in an AC grid. During CF, the transmitted
power of a DC system is considerably reduced, which will affect the stability margin of an AC grid and
seriously threaten the safe operation of a power system [3–5].

In recent years, the impact of HVDC CF on the safety and stability of an AC power grid has
elicited increasing attention [6–12]. The influence mechanism of CF on the stability of a sending-end
AC grid was investigated in [6]. To overcome the instability problem caused by CF, control measures,
such as setting a delay time when reclosing a device or implementing generator tripping from the
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sending-end grid, were proposed in [7,8] to improve the stability of an AC grid. In [9], a scheme
for solving the problem of simultaneous and multiple HVDC CFs was proposed, and field tests
verified that the system can satisfy power grid stability control requirements. The recovery time of
generators after tripping was generally tens of minutes; however, the duration of a single CF only
lasted 160–200 ms [10]. When the commutation process of a DC system returns to normal, the low
power recovery rate will result in continuous power imbalance in an AC grid. In consideration of the
fast power control capability of a DC system [11], a DC power compensation modulation method that
is implemented after CF recovery was proposed in [12]; this method can reduce tripped generator
capacity in a sending-end system. The aforementioned studies focused on control methods that can
address the impact of a single CF.

If a receiving-end system is weak or if grid fault lasts for a long time, then continuous CFs may
occur in an HVDC system. A power sag caused by continuous CFs has a short duration and a large
amplitude. Thus, quantifying power variations during continuous CFs is difficult, and emergency
control strategies for continuous CFs lack an effective quantitative control method. To avoid AC system
instability during continuous CFs, converter stations are forcibly blocked once CF frequency reaches a
certain number of times. For example, in practical HVDC systems in East China, HVDC converter
stations are blocked once continuous CFs are detected thrice [13]. However, if a DC system can recover
after several continuous CFs, then its forced blocking may lead to large-scale generator tripping, load
shedding, and long-term recovery. If the stability of an AC system can be guaranteed by an emergency
control strategy during continuous CFs, then the risk of DC blocking caused by continuous CFs can
be reduced. Once the commutation process returns to normal, a system can recover quickly and ride
through continuous CFs.

In a multi-paralleled DC system scenario, the risk of CF varies with different locations and a
DC system without CF provides an important means of emergency power control for an AC system.
Accordingly, a ride-through control method for continuous CFs in an HVDC system based on model
predictive control (MPC) theory is presented in the current study. First, an active power output model
of a DC inverter under continuous CFs is established by analyzing the CF process. Then, the impact of
a transmitted power sag on the stability of a sending-end system during continuous CFs is determined.
Subsequently, a rolling calculation model of the equivalent rotor angle and acceleration area variation
of a sending-end system during DC continuous CFs is established in accordance with MPC theory.
The calculation method for the emergency power control reference is then obtained by considering
the aforementioned models. Finally, a ride-through control method for continuous CFs is developed
through the emergency control of adjacent HVDC, case studies are performed in MATLAB/SIMULINK
to verify the effectiveness of the proposed control method.

2. Analysis of Power Characteristics during DC Continuous CFs

Commutation failure is a frequent dynamic event in the LCC-HVDC system. CF is considered to
occur when a thyristor valve that is supposed to be turned off, continues to conduct current without
transferring it to the next valve in the firing sequence [14]. CF occurs in a rectifier only if the firing
circuit fails.

For a six-pulse inverter, valves 1 to 6 are turned on in sequence at a normal interval of 60◦.
When CF occurs, CF from valves 1 to 3 is used as an example. If the voltage drop occurs before
the triggering moment of the valve 3, the valve 1 is not extinguished normally, current in valve 3
will decrease to zero and the valve will extinguish. When valve 4 fires next, because valve 1 is still
conducting, a short circuit is placed across the DC side of the bridge. The zero DC voltage keeps the
voltage across valve 5 negative so that valve 5 cannot conduct. Valve 4 is extinguished and valve 6 is
ignited in the normal fashion [15]. For the period when valves 1 and 4 are both conducting, the inverter
DC voltage is zero and the corresponding electrical angle is 120◦ + μ, where, μ is the overlap angle.
The reduction of the extinction angle and the increase in DC current during grid fault will trigger the

110



Energies 2019, 12, 4183

extinction angle controller and the voltage-dependent current order limiter (VDCOL). If CF is within
the range of DC regulation, then the CF process returns to normal; otherwise, continuous CFs occur.

In accordance with the DC converter station control equation, the DC voltage and transmitted
active power at the inverter side can be expressed as follows:

Ud = Nc

(
1.35UB cosγ− 3

π
XcId

)
(1)

Pd = Nc

(
1.35UB cosγ− 3

π
XcId

)
Id (2)

where Nc is the number of six-pulse thyristor bridge converter at inverter side, UB is the RMS voltage
of AC system on the inverter side, Id is the DC current, γ is the extinction angle of inverter, Xc is
commutating reactance, Ud is the DC voltage at inverter side, Pd is the transmitted active power by
inverter station.

During AC voltage sag, the DC current reference value of line-commutated converter HVDC is
determined by the VDCOL control characteristic:

I′d =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
Idl , Ud ≤ Udl

Idh−Idl
Udh−Udl

Ud +
UdhIdl−UdlIdh

Udh−Udl
, Udl < Ud ≤ Udh

Idh , Udh ≤ Ud < Urated

(3)

where Idl and Idh are the minimum and maximum DC current reference value, respectively; Udl and
Udh are the DC voltage thresholds value, Urated is the rated DC voltage.

Continuous CFs typically occur during the recovery process, and the maximum transmitted
power during CF recovery is determined by the magnitude of AC fault voltage reduction and DC
current. In accordance with (1), when the extinction angle γ = 0, the maximum transmitted active
power can be obtained by

Pd1 = Nc

(
1.35U′B − 3

π
XcI′d

)
I′d (4)

where U′B is RMS voltage at the AC side of the inverter station at the initial time of grid fault, Pd1 is
maximum transmitted active power during grid fault.

Given that the period of the CF recovery process is short and the power variation rate is high,
the power recovery process can be approximated as linear. Accordingly, the variation in transmitted
power by a DC inverter station under continuous CFs is shown in Figure 1, where, Pd0 is the transmitted
active power by inverter station under steady state conditions. The transmitted power sag duration
ΔT caused by CF is affected by the control parameters of the rectifier and inverter station, which
are generally 160–200 ms [16]. The duration of the zero transmitted power ΔT1 is generally 10 ms
based on the period when DC voltage is zero during CF. When continuous CFs occur, the amplitude
of the AC voltage reduction will be greater, the transmitted power recovery peak value Pd1 will be
smaller, and CF recovery time will be shorter. When the commutation process returns to normal,
DC transmitted power will be restored to the steady-state value Pd0.

During continuous CFs, the transmitted active power of a DC inverter can be expressed as:

Pd =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Pd0 t ∈ [0, t1)

0 , t ∈ [t1, t1 + jΔT1 + ( j− 1)ΔT2)

Pd1(t−t1− jΔT1−( j−1)ΔT2)
ΔT2

, t ∈ [t1 + jΔT1 + ( j− 1)ΔT2, t1 + jΔT1 + jΔT2)( j < N)

Pd0(t−t1− jΔT1−( j−1)ΔT2)
ΔT2

, t ∈ [t1 + jΔT1 + ( j− 1)ΔT2, t1 + jΔT1 + jΔT2)( j = N)

Pd0 , t ∈ [t1 + NΔT1 + NΔT2,∞)

(5)
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where t1 is the time of first CF occurs, and j is the frequency of continuous CFs, j = 1, 2, 3, . . . , N.

dP

t

dP

dP

TΔ TΔt

TΔ
TΔ TΔ

TΔ
TΔ TΔ

TΔ

Figure 1. Transmitted power of DC inverter under continuous commutation failures (CFs).

3. Effect of Continuous CFs on Sending-end Grid

Figure 2 shows a schematic of a four-area AC/DC interconnected equivalent model. Under
steady-state operation, the sending-end and receiving-end grids are connected by two DC links. x1 and
x2 are the equivalent reactance of generators G1 and G2, respectively; x12 is the tie line reactance
between bus B1 and bus B2; Es1 ∠ δs1 and Es2 ∠ δs2 are the internal potential and rotor angle of equivalent
generators G1 and G2, respectively; U1 and U2 are the voltage amplitude at bus B1 and B2, respectively;
θ1 and θ2 are the phase angle at bus B1 and B2, respectively; PG1 and PG2 are the output mechanical
power of the equivalent generators, respectively; PL1 and PL2 are the load power represented by L1 and
L2, respectively; P12 is the transmitted power from bus B1 to bus B2; PDC1 and PDC2 are the transmitted
power by DC1 and DC2 inverter station, respectively.

xx
U ∠θ U ∠θs sE ∠δ s sE ∠δ

x

P

B B

B B

Figure 2. Equivalent model of AC/DC interconnected system.

The rotor motion equation of the equivalent generators G1 and G2 can be expressed by [17]⎧⎪⎪⎪⎨⎪⎪⎪⎩
TJ1
ω0

d2δs1
dt2 = PG1 − PDC − PL1 − U1U2 sin(θ1−θ2)

x12

TJ2
ω0

d2δs2
dt2 = PG2 − PL2 +

U1U2 sin(θ1−θ2)
x12

(6)

where TJ1 and TJ2 are the inertia time constants of equivalent generator, respectively. ω0 is the rated
angular velocity, PDC is the sum of the active power transmitted by all DC links.
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Assume that the interconnection between areas 1 and 2 is weak, then the reactance of tie line
x12 is considerably larger than equivalent generator reactance. Then, θ1 ≈ δs1 and θ2 ≈ δs2 can
be approximated.

By subtracting the two formulas in (6), the equivalent single machine rotor motion equation can
be given by

dδ2

dt2 = Pm − Pemax sin δ (7)

where δ is the rotor angle deviations between G1 and G2, δ = δs1 − δs2.
The equivalent mechanical power Pm can be obtained as

Pm =

(
PG1

M1
− PG2

M2

)
−

(
PL1

M1
− PL2

M2

)
− PDC

M1
(8)

The peak value of equivalent electromagnetic power Pemax can be obtained as

Pemax =

(
1

M1
+

1
M2

)
U1U2

x12
(9)

where M1 = TJ1/ω0, M2 = TJ2/ω0.
Assume that j times continuous CFs are caused by a short circuit fault at bus B3. Then, the voltage

magnitude at bus B4 is less affected and DC2 can continue operating in normal state. In accordance
with (7–9), the power characteristic curve during the continuous CFs of DC1 is illustrated in Figure 3.
Where, Aa and Ad are acceleration area and deceleration area caused by continuous CFs.

qδδ eδpδmδ eδ ′

e′a′

nδ

mP′

mP

EP

compPΔ

δ

P

Figure 3. Power characteristic curve of sending-end grid under continuous CFs.

Before CF occurs, the steady-state operating point is a and its corresponding rotor angle is δ1.
As shown in (7–9), continuous CFs cause a continuous sag of the power transmitted by DC1, thereby
increasing the equivalent mechanical power Pm to P′m. During the period when the equivalent
mechanical power is greater than the electromagnetic power, the rotor accelerates and the rotor angle δ
is gradually increased. Consequently, the operating point moves along the power curve from point
a to point m, and the corresponding acceleration area is Aabcm. During CF recovery, the equivalent
electromagnetic power becomes gradually higher than the equivalent mechanical power, and the

113



Energies 2019, 12, 4183

rotor starts to decelerate. However, the rotor angle δ will continue increasing to point f, and the
corresponding deceleration area is Amnf.

Similarly, the rotor angle δ in the j-th CF process will gradually increase during the period when
the equivalent mechanical power Pm is higher than the equivalent electromagnetic power due to
the transmitted power sag. The operating point f moves along the power curve to point p, and the
acceleration area is Afghp. After the time of point p, the equivalent mechanical power is less than the
electromagnetic power. The rotor speed decelerates, but the rotor angle continues to increase gradually.
The operating point continues to move along the electromagnetic power curve from point p until
the deceleration area becomes equal to the acceleration area. Thereafter, the rotor angle reaches its
maximum value and starts to decrease gradually.

If the deceleration area Apqe remains smaller than the cumulative acceleration area when the
operating point moves to point e, then the sending-end system will lose stability. The requirement
for maintaining the stability of the sending-end grid during continuous CFs is that the cumulative
acceleration area should be smaller than the deceleration area; that is,

Aabcm + A f ghp < Apqe (10)

4. Emergency Power Support Control for System Transient Stability

4.1. Control Principle

Given the constant variation in equivalent mechanical power during continuous CFs, an accurate
calculation of the rotor angle and the acceleration area is difficult. Therefore, the equivalent mechanical
power and electromagnetic power curve are piecewise linearized following a certain step size, and the
power angle and acceleration area variations of the sending-end system can be obtained point-by-point.
When CF is detected, the emergency power control reference is obtained on the basis of the relative
magnitudes of the acceleration area and deceleration area. According to the model predictive control
theory [18], the feedback correction calculation of the rotor angle and acceleration area variations
of the sending-end system considering the emergency power control is performed. Subsequently, a
closed loop rolling control process is achieved. When the next CF is detected, the maximum rotor
angle variation of the sending-end system obtained in the first CF process is set as the initial rotor
angle for the next CF, and the deceleration area is corrected. The amount of emergency power control
can be calculated to ensure the stability of the sending-end system. Therefore, the DC system that
occurs during continuous CFs should not be forced blocked immediately, and DC blocking risk due to
continuous CFs is reduced. The basic principle of the proposed emergency power control is illustrated
in Figure 4.

δ

P

P

mP′

δ δ

EP

 
Figure 4. DC emergency power control schematic diagram.

4.2. Calculation of Emergency Power Control Reference

The emergency power control reference can be obtained as follows.
Step 1: Following (6–8), the rotor angle δ1 that corresponds to the steady-state operating point a

and the rotor angle δe that corresponds to the stability critical point e can be obtained. When the first
CF signal is detected, the number of continuous CFs j is set as 1. The variation process of the equivalent
mechanical power and the electromagnetic power caused by one CF is divided into n cycles for piecewise
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linearization in steps of Δt, where Δt is set as 10 ms. Thus, the sampled horizon is [t1, t2, t3, · · · , tn],
where t1 is the time when the first CF is detected, and n = ΔT/Δt, tn = t1 + (n− 1)Δt. P′mi and
Pemax sin δi are the equivalent mechanical power and the electromagnetic power that correspond to
sampling point i, respectively.

Let i = 1. By integrating the formula (7) for rotor motion, the analytical expression of δi+1 can be
given by

δi+1 =
1
2
(P′mi − Pemax sin δi)Δt2 + δi (11)

In accordance with (11), the sequence of the equivalent rotor angle of the sending-end system that
corresponds to each sample point in the process of the first CF can be obtained as [δ1, δ2, · · · , δm, · · · , δn],
where δm represents the maximum rotor angle value during the acceleration process.

Step 2: The estimated acceleration area for the j-th CF can be given by

Aa_ j =
m−1∑
i=1

∫ δi+1

δi

(P′mi − Pemax sin δ)dδ (12)

The deceleration area Ad in the interval (δn, δe) can be obtained as

Ad =

∫ δe

δn

(Pemax sin δ− Pm)dδ (13)

Step 3: In the calculation of the deceleration area in equation (13), the deceleration area Amnf in
each recovery process of CF is neglected. Therefore, a certain stability margin can be guaranteed with
the emergency control reference obtained by directly comparing the acceleration area with deceleration
area. If Aa_j ≤ Ad, then the emergency power control reference is set as zero, Pem_j = 0. If Aa_j > Ad,
then the emergency power control reference Pem_j is obtained by comparing the relative magnitudes of
Aa_j and Ad.

As shown in Figure 3, the unstable points before and after the emergency power control is
implemented are assumed to be e and e′, respectively. The electromagnetic power variation in this
interval can be approximated by a straight-line es. The intersection of the electromagnetic power and
the mechanical power is point e, and the tangential slope of the electromagnetic power curve at point e
is k; thus,

k =
Pem_ j

δe − δe′
(14)

To achieve the acceleration area, the deceleration area that should be increased under emergency
power control is

ΔAd_ j = Aa_ j −Ad ≈ 1
2
(δe + δe′ − 2δ1)Pem_ j (15)

When (14) and (15) are combined, the rotor angle value δe′ at point e′ and the emergency power
control reference Pem_j can be obtained. Pem_j can be calculated as

Pem_ j =
√
−2k

(
Aa_ j −Ad

)
+ k2(δe − δ1)

2 + k(δe − δ1) (16)

Step 4: If the maximum emergency power support capacity ΔPDC_max of DC2 is equal to or higher
than Pem_j, then Pem_j is selected as the DC emergency control reference. Otherwise, if ΔPDC_max is less
than Pem_j, then the maximum DC emergency control capacity is applied. The selective tripping of
generating units should also be used to satisfy the stability control requirement, and the minimum
generator tripping capacity is ΔPcomp = Pem_ j − ΔPDC_max.

Step 5: In accordance with (11) and considering the obtained emergency power control reference
Pem_j, the rotor angle variation sequence of the j-th CF period is corrected as [δ1, δ′2, · · · , δ′m, · · · , δ′n].
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Considering the emergency power control, the acceleration area A′a_ j is given as

A′a_ j =
m−1∑
i=1

∫ δ′i+1

δ′i

(
P′mi − Pem_ j − Pemax sin δ

)
dδ (17)

Step 6: If no continuous CF is detected, then the emergency power control will exit; otherwise,
if continuous CFs are detected, then let j = j + 1 and set the maximum rotor angle variation calculated in
the (j − 1)-th CF process as the initial rotor angle of j-th CF. Equation (18) indicates that the equivalent
rotor angle variation of the sending-end system that corresponds to each sampling point during the
j-th CF can be calculated as [δ1, δ2, · · · , δm, · · · , δn].

δi+1 =
1
2

(
P′mi − Pem_ j−1 − Pemax sin δi

)
Δt2 + δi (18)

Therefore, the acceleration area for the j-th CF can be given by

Aa_ j =
m−1∑
i=1

∫ δi+1

δi

(
P′mi − Pem_ j−1 − Pemax sin δi

)
dδ (19)

The accumulated acceleration area produced by continuous CFs is

Aa = Aa_ j +

j−1∑
j=1

A′a_ j (20)

The deceleration area Ad_j in the interval (δn, δe′) can be obtained as:

Ad_ j =

∫ δe′

δn

(
Pemax sin δ− Pm − Pem_ j−1

)
dδ (21)

Step 7: By combining the acceleration and deceleration areas after the j-th CF, the additional
emergency power control reference Pem_j can be calculated using (16). Thus, the emergency power
control reference when the j-th CF occurs can be obtained by

Pem = Pem_ j +

j−1∑
j=1

Pem_ j (22)

In accordance with the obtained emergency power control reference, return to Step 5 for the
correct calculation of the rotor angle variation and the acceleration area.

If no continuous CFs are detected, then the emergency power control will exit; otherwise,
Steps (6–7) will be repeatedly executed. If δn ≥ δe′ , then the stability margin of the sending-end
system is low, the DC converter should be actively blocked, and the stability control strategy should be
adopted. On the basis of the aforementioned emergency power control strategy during continuous
CFs, the stability of the first swing of the sending-end grid can be improved to the greatest extent,
and the amount of generator tripping can be reduced. Furthermore, the risk of converter blocking
due to the first swing angle instability of the sending-end grid during continuous CFs can be reduced.
If the continuous CF process can return to normal, then the system can immediately recover to
normal operation.

When continuous CFs occurs in one of DC links, the flowchart of DC emergency power control
is shown in Figure 5. During continuous CFs, the emergency power support control of an adjacent
non-CF DC system can reduce the equivalent mechanical power variation and improve the first swing
transient stability of the sending-end system; however, the HVDC emergency control should exit on
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time to avoid the adverse effects on the reverse swing stability [19,20]. Considering that the first swing
instability mode after the disturbance generally occurs approximately 1.5 s after the fault [21], the exit
time of the DC emergency power control is set as 1.5 s after the fault. In addition, considering the time
delay of CF detection and AC voltage acquisition, the implementation time of the proposed control
method will slightly lag behind the actual occurrence time of CF. However, the control method is a
continuous dynamic adjustment process. The time delay due to signal acquisition and transmission
does not affect the regulation trend of the emergency control.

em jP =

em jP

n eδ δ ′≥

a j dA A>

j j

em jP =

em jP =a dA A>

iδ ′ a jA′

Aa Ad_jiδ
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j Aa_j
Ad
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Figure 5. Flow chart of DC emergency power control.

5. Simulation Analysis

To validate the performance of the proposed control method, case studies on the AC/DC
interconnection system (Figure 2) are conducted using MATLAB/Simulink. The system parameters are
as follows. The system base capacity is 100 MW, the rated frequency is 50 Hz, and the RMS voltage
of AC grid is 230 kV. Four synchronous generators are found in G1. Two of the generators have an
output power of 10.0 p.u., capacity of the other two generators are 2.0 p.u. and 4.0 p.u., respectively.
G2 contains a synchronous generator with an output power of 10.0 p.u. The inertia time constants
of each generator in sending-end grids are 3.2 s. The receiving-end grids S3 and S4 are modeled
with the voltage sources and series impedance for the sake of simplicity, and the short circuit ratio
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(SCR) of receiving-end grid is 2.5, respectively. Load capacity of L1 and L2 are 2.2 p.u. and 13.8 p.u.,
respectively. Each DC link adopts 12-pulse converter and DC rated transmitted power is 10.0 p.u.,
respectively. The rectifier side adopts the constant current control, while the inverter side adopts the
constant extinction angle control and constant current control. The reactance x12 of tie-line between
bus B1 and B2 is 87 Ω. The parameters of VDCOL are Idl and Idh are 0.5 p.u. and 1.0 p.u., respectively;
Udl and Udh are 0.5 p.u. and 0.9 p.u., respectively. The maximum recovery period of single CF is 160 ms.
The DC emergency power control reference ΔPDC_max is limited to 1.2 times of the rated active power
to avoid the considerable effect of the DC emergency power control on the voltage magnitude at the
AC grid. That is, the maximum emergency power control amount of the DC converter is 12.0 p.u.

A three-phase short circuit occurs at bus B3 at 15 s and is cleared 0.4 s later. The RMS voltage of
bus B3 is reduced to 0.94 p.u., and the short-circuit fault causes continuous CFs at the DC1 inverter
station. Figure 6 presents the simulated output power and extinction angle of the DC1 inverter station.
As shown in the figure, three continuous CFs at the DC1 inverter are caused by the short-circuit
fault and lead to the continuous DC-transmitted power sag. The maximum recovery power during
continuous CF Pdc1 = 9.7 p.u. can be calculated using (4). The red dotted line in Figure 6a represents
the output power of the inverter calculated using (5), which is basically consistent with the simulated
power waveform.

 
(a) Output power (b) Extinction angle 

Figure 6. Operation characteristic of DC1 under continuous CFs.

Figure 7 shows the transmitted power and extinction angle of the DC2 inverter station. Under the
influence of the continuous CFs of DC1, the delivered active power and extinction angle of the DC2

inverter output fluctuate slightly, and power fluctuation is approximately 5% of the rated transmitted
power. The extinction angle does not decrease considerably, and no CF occurs at the DC2 inverter.

  
(a) Output power (b) Extinction angle 

Figure 7. Operation characteristic of DC2 under continuous CFs.

The variation in rotor angle difference between G1 and G2 is depicted in Figure 8. The continuous
DC power sag causes the first swing angle instability in the sending-end system. Given that three
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occurrences of continuous CFs will result in the instability of the sending-end system, DC should be
blocked before the third CF occurrence and a corresponding generator tripping strategy should be
adopted to ensure the stability of the sending-end system.

Figure 8. Rotor angle difference between G1 and G2.

5.1. Simulation Comparison under Different Control Methods

Different emergency power control methods are adopted for comparison to verify the effectiveness
of the proposed control method. The DC power energy compensation modulation method adopted
in [12] is selected as the conventional control method (Case 1). The emergency control reference is
calculated and implemented at the end of the continuous CFs. The power control reference of DC2

is 12.0 p.u. based on the control method, and the auxiliary generator tripping of 4.0 p.u. should be
implemented in Area 1. In accordance with the emergency power control method (Case 2) proposed in
Section 4, the exit time of the DC emergency power control is set as 1.5 s after the fault. Figure 9 shows
the variation in delivered power of the DC2 inverter and the equivalent rotor angle under different
control methods.

  
(a) Delivered power by inverter of DC2 (b) Rotor angle difference between G1 and G2 

Figure 9. Control effect under different control method.

The simulation results presented in Figure 9 indicate that if the emergency power control is
implemented after the continuous CFs, then the rotor angle of the sending-end grid will lose stability.
The acceleration and deceleration areas are calculated in real time on the basis of the proposed
calculation method of the emergency control reference. The emergency power control is started
once the second CF is detected, and the DC power control reference is adjusted to 12.0 p.u. to
ensure the stability of the first swing of the sending-end system. Once the commutation process
returns to normal, the system can immediately recover to normal operation. Compared with the
conventional control method, the proposed emergency power control can be enabled in advance,
and thus, the system stability margin can avoid insufficiency due to an excessive power angle change

119



Energies 2019, 12, 4183

at the end of continuous CFs. Figure 10 shows the transmission power and extinction angle of DC1

under the proposed emergency power control. It can be seen that the proposed emergency control
does not affect the operating characteristics of DC1.

  
(a) Output power (b) Extinction angle 

Figure 10. Operation characteristic of DC1 under continuous CFs.

5.2. Simulation Comparison under Different Capacity Ratios

In order to verify the adaptability of the proposed control method under different DC capacity
ratios, the transmitted capacity of DC1 is adjusted to 6.0 p.u. and generator capacity in Area 1 should
be correspondingly reduced 4.0 p.u. Similarly, a three-phase short circuit occurs at bus B3 at 15 s and is
cleared 0.4 s later. Three continuous CFs of DC1 are produced by this short-circuit fault. Figure 11 shows
the variation in output power of the DC2 inverter and the equivalent rotor angle under different control
methods with varying DC capacity ratios. Figure 12 shows the transmission power and extinction
angle of DC1 under the proposed emergency power control. As shown in Figure 11, the continuous
sag of DC power causes the instability of first swing in the sending-end system. The instability of the
sending-end gird can be avoided using both control methods. In particular, the conventional control
method improves the DC2 control reference to 12.0 p.u. and the 2.0 p.u. generator will be tripped in
Area 1. Using the proposed control method, the emergency power control of DC2 can be enabled at the
initiation time of the third CF, and the emergency power control reference of DC2 is approximately
12.0 p.u., which ensures the stability of the sending-end grid. Compared with the conventional control
method, the proposed control method can reduce generator tripping capacity at the sending-end grid.
The simulation results show that the threshold time and control reference of the proposed emergency
power control depend not only on the times of CFs, but also on the transmission capacity of DC system
where continuous CFs occur.

  
(a) Delivered power by inverter of DC2 (b) Rotor angle difference between G1 and G2 

Figure 11. Control effect under different control method.
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(a) Output power (b) Extinction angle 

Figure 12. Operation characteristic of DC1 under continuous CFs.

5.3. Influence of Reactive Power Variation on the Control Effect

Large sag of the active power transmitted by the DC system during continuous CFs is the key
factor that cause the transient angle instability of the sending-end grid. However, a large variation in
transmission power will also affect the reactive power characteristics at AC side of rectifier station.
The influence of reactive power during CF on the sending-end AC system is mainly reflected in
the transient overvoltage resulted by reactive power surplus of rectifier station [22]. The transient
overvoltage at the rectifier side will increase the equivalent electromagnetic power peak of the
sending-end gird to a certain extent, which causes the decrease of acceleration area and the increase of
deceleration area during continuous CFs. Thus, by ignoring the influence of reactive power surplus in
the proposed emergency control reference calculation method, the stability margin at the sending-end
grid can be increased.

In order to verify the influence of reactive power surplus during continuous CFs on the proposed
control, on the basis of the proposed control method, the reactive power compensation of 80 Mvar
is inputted and removed during continuous CFs, respectively. Different power angle variation at
sending-end grid can be obtained as shown in Figure 13. It can be seen that the minimum peak value of
rotor angle during the first swing is achieved under the case of inputted reactive power compensation.
Considering that the simulation results in Figures 9 and 11, actually, are obtained under the influence
of reactive power variation. Therefore, ignoring the influence of reactive power during continuous
CFs in the calculation method can increase the stability margin of the sending-end grid, which will
improve the control effect of proposed control method.

Figure 13. Comparison of control effects under reactive power variation at rectifier side.

6. Conclusions

In large-scale HVDC asynchronous interconnected power systems, continuous CFs will result in
the continuous and rapid sag of DC transmission power and threaten the stability of grid. This paper
presented a ride-through control method to improve the endurance capability of AC systems against
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continuous CFs To quantify the influence of continuous CFs on the stability of the sending-end grid,
an active output model of a DC inverter station during continuous CFs is established. In order to
improve the ride through capacity during the continuous commutation failures, a rolling calculation
model of the rotor angle and acceleration area of the sending-end grid during continuous CFs is
established in accordance with MPC theory. On this basis, a calculation method for the emergency
power control reference value is obtained. Simulation results have demonstrated this control method
can improve the endurance capability of AC systems against continuous CFs, reduce the blocking risk
of the DC converter during continuous CFs, and ride through continuous CFs.
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Nomenclature

Ud DC voltage at inverter side
Id DC current
Nc Number of six-pulse thyristor bridge converter at inverter side
UB RMS voltage of AC system on the inverter side
γ Extinction angle of inverter
Xc Commutating reactance.
Idl, Idh The minimum and maximum DC current reference value
Udl, Udh DC voltage thresholds value
Urated Rated DC voltage
Pd Transmitted active power of DC inverter
Pd0 Transmitted active power of DC inverter under steady state conditions
Pd1 Maximum transmitted active power during grid fault
U′B RMS voltage at the AC side of inverter station at the initial time of grid fault
ΔT Duration of transmitted power sag caused by CF
t1 Time of first CF occurs
j Frequency of continuous CFs
PDC Sum of the active power transmitted by all DC links
x1, x2 Equivalent reactance of generators G1 and G2
x12 Tie line reactance between bus B1 and bus B2
Es1 ∠ δs1, Es2 ∠ δs2 Internal potential and rotor angle of equivalent generators G1 and G2
U1, U2 Voltage amplitude at bus B1 and B2
θ1, θ2 Phase angle at bus B1 and B2
PG1, PG2 Output mechanical power of the equivalent generators
PL1, PL2 Load power represented by L1 and L2
Pm Equivalent mechanical power
Pemax Peak value of equivalent electromagnetic power
Pem_j Emergency power control reference during j-th CF
ΔPDC_max Maximum emergency power support capacity of DC system
ΔPcomp Minimum generator tripping capacity
P12 Transmitted power from bus B1 to bus B2
PDC1, PDC2 Transmitted power by DC1 and DC2 inverter station
Aa, Ad Acceleration area and deceleration area
TJ1, TJ2 Inertia time constants of equivalent generator
ω0 Rated angular velocity
PDC Sum of the active power transmitted by all DC links
δ Rotor angle deviations between G1 and G2
Δt Step of piecewise linearization

122



Energies 2019, 12, 4183

References

1. Sigrist, L.; Echavarren, F.; Rouco, L.; Panciatici, P. A fundamental study on the impact of HVDC lines
on transient stability of power systems. In Proceedings of the IEEE Eindhoven PowerTech, Eindhoven,
The Netherlands, 29 June–2 July 2015; pp. 1–6.

2. Shah, R.; Sánchez, J.; Preece, R.; Barnes, M. Stability and control of mixed AC–DC systems with VSC-HVDC:
a review. IET Gener. Transm. Distrib. 2018, 12, 2207–2219. [CrossRef]

3. Tu, J.; Pan, J.; Zhang, J.; Jia, J.; Qin, X.; Yi, J. Study on the stability mechanism of the sending-side
three-machine-group system after multiple HVDC commutation failure. IET J. Eng. 2017, 2017, 1140–1145.
[CrossRef]

4. Liu, C.; Zhao, Y.; Li, G.; Annakkage, U.D. Design of LCC HVDC wide-area emergency power support control
based on adaptive dynamic surface control. IET Gener. Transm. Distrib. 2017, 11, 3236–3245. [CrossRef]

5. Rahimi, E.; Gloe, A.M.; Davies, J.B.; Fernando, I.T.; Kent, K.L. Commutation Failure Analysis in Multi-Infeed
HVDC Systems. IEEE Trans. Power Deliv. 2011, 26, 378–384. [CrossRef]

6. Tu, J.; Zhang, J.; Bu, G.; Yi, J.; Yin, Y.; Jia, J. Analysis of the sending-side system instability caused by multiple
HVDC commutation failure. CSEE J. Power Energy Syst. 2015, 1, 37–44. [CrossRef]

7. Jia, J.; Zhang, J.; Zhong, W.; Tu, J.; Yu, Q.; Yi, J. Research on the security and stability control measures of the
sending side system coping with multiple parallel-operation HVDCs simultaneous commutation failure.
Proc. CSEE. 2017, 37, 6320–6327.

8. Liu, H.; Liu, B.; Chen, Z. Impact and suppression measures of repeated and simultaneous commutation
failure in multiple HVDC power transmission system between two regional power grids. High Volt. Eng.
2016, 42, 3315–3320.

9. Zhuang, W.; Li, D.; Yu, Z.; Li, H.; Liu, T.; Li, Z. Security and Stability Control System Coping With
Simultaneous Multi-UHVDC Commutation Failure. Power Syst. Technol. 2016, 40, 3420–3426.

10. Kundur, P. Power System Stability and Control, 1st ed.; McGraw Hill: New York, NY, USA, 1994; pp. 533–543.
11. Kwon, D.; Kim, Y.J.; Moon, S.I. Modeling and analysis of an LCC HVDC system using DC voltage control

to improve transient response and short-term power transfer capability. IEEE Trans. Power Del. 2018, 33,
1922–1933. [CrossRef]

12. Wang, S.; Tang, F.; Liu, D.; Zhou, S.; Liu, F.; Hou, Y. DC Power Energy Compensation Modulation Method
Coping With Simultaneous Multiple HVDC Commutation Failures. Power Syst. Technol. 2018, 42, 2876–2884.

13. Zhou, Y.; Wu, H.; Song, Y.; Ling, W.; Lou, B.; Deng, H. Analyses of static and dynamic reactive power
allocation between synchronous compensators and shunt capacitors to counter commutation failures. Int.
Trans. Electr. Energ. Syst. 2018, 28, 1–14. [CrossRef]

14. Guo, C.; Liu, Y.; Zhao, C.; Wei, X.; Xu, W. Power Component Fault Detection Method and Improved Current
Order Limiter Control for Commutation Failure Mitigation in HVDC. IEEE Trans. Power Del. 2015, 30,
1585–1593. [CrossRef]

15. Mirsaeidi, S.; Dong, X.; Tzelepis, D.; Said, D.M.; Dysko, A.; Booth, C. A Predictive Control Strategy for
Mitigation of Commutation Failure in LCC-Based HVDC Systems. IEEE Trans. Power Electron. 2019, 34,
160–172. [CrossRef]

16. Li, M. Characteristic Analysis and Operational Control of Large-Scale Hybrid UHV AC/DC Power Grids.
Power Syst. Technol. 2016, 40, 985–991.

17. He, J.; Tang, Y.; Zhang, J.; Guo, Q.; Yi, J.; Bu, G. Fast calculation of power oscillation peak value on ac tie-line
after HVDC commutation failure. IEEE Trans. Power Syst. 2015, 30, 2194–2195. [CrossRef]

18. Darabian, M.; Jalilvand, A. Improving power system stability in the presence of wind farms using STATCOM
and predictive control strategy. IET Renew. Power Gener. 2018, 12, 98–111. [CrossRef]

19. Zhou, X.; Sun, H.; Zhao, B.; Wen, J.; Waqar, A. Applying high-voltage direct current emergency control to
suppress the peak value of ultra-high-voltage tie-line power oscillation. IET Gener. Transmiss Distrib. 2015, 9,
2485–2492. [CrossRef]

20. Elizondo, M.A.; Fan, R.; Kirkham, H.; Ghosal, M.; Bernal, F.W.; Schoenwald, D.; Lian, J. Interarea Oscillation
Damping Control Using High Voltage DC Transmission: A Survey. IEEE Trans. Power Syst. 2018, 33,
6915–6923. [CrossRef]

123



Energies 2019, 12, 4183

21. Du, Z.; Gan, D.; Liu, Y.; Xia, D. A fast numerical integration method for power system on line dynamic
security assessment. Proc. CSEE. 1996, 16, 29–32.

22. Tu, J.; Pan, Y.; Zhang, J.; Zeng, B.; Jia, J.; Yi, J. Transient reactive power characteristics of HVDC during
commutation failure and impact of HVDC control parameters. IET J. Eng. 2017, 2017, 1134–1139. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

124



energies

Article

A Neural Network-Based Model Reference Control
Architecture for Oscillation Damping in
Interconnected Power System

Waqar Uddin 1, Nadia Zeb 2, Kamran Zeb 1,3, Muhammad Ishfaq 1, Imran Khan 1, Saif Ul Islam 1,

Ayesha Tanoli 4, Aun Haider 4, Hee-Je Kim 1,* and Gwan-Soo Park 1

1 School of Electrical and Computer Engineering, Pusan National University, 2 Busandaehak-ro 63 beon-gil,
Geumjeong-gu, Busan-City 46241, Korea; waqudn@pusan.ac.kr (W.U.); kami_zeb@yahoo.com (K.Z.);
engrishfaq1994@gmail.com (M.I.); imrankhan@pusan.ac.kr (I.K.); shaheen_575@yahoo.com (S.U.I.);
gspark@pusan.ac.kr (G.-S.P.)

2 Department of Electrical Engineering, COMSATS University Islamabad, Abbottabad Campus, Abbottabad
22010, Pakistan; nadia.zeb@gmail.com

3 Department of Electrical Engineering, National University of Science and Technology, Islamabad 44000,
Pakistan

4 Department of Electrical Engineering, University of Management and Technology, Lahore, Sialkot Campus,
Sialkot 51040, Pakistan; ieesha_tanoli@yahoo.com (A.T.); aun.haider@skt.umt.edu.pk (A.H.)

* Correspondence: heeje@pusan.ac.kr; Tel.: +82-10-3492-9677

Received: 12 July 2019; Accepted: 20 September 2019; Published: 24 September 2019

Abstract: In this paper, a model reference controller (MRC) based on a neural network (NN) is
proposed for damping oscillations in electric power systems. Variation in reactive load, internal
or external perturbation/faults, and asynchronization of the connected machine cause oscillations
in power systems. If the oscillation is not damped properly, it will lead to a complete collapse of
the power system. An MRC base unified power flow controller (UPFC) is proposed to mitigate
the oscillations in 2-area, 4-machine interconnected power systems. The MRC controller is using
the NN for training, as well as for plant identification. The proposed NN-based MRC controller is
capable of damping power oscillations; hence, the system acquires a stable condition. The response
of the proposed MRC is compared with the traditionally used proportional integral (PI) controller
to validate its performance. The key performance indicator integral square error (ISE) and integral
absolute error (IAE) of both controllers is calculated for single phase, two phase, and three phase
faults. MATLAB/Simulink is used to implement and simulate the 2-area, 4-machine power system.

Keywords: power oscillations; UPFC; non-linear control; neural network; model reference control

1. Introduction

The electric power system is composed of various interconnected generating stations that are
connected to load centers through the transmission and distribution systems. The interconnection of
different generating stations increases the complexity of the power network. Due to the stochastic
nature of the consumer profile, a mismatch occurs between the load demand and supply. The load
variation causes a change in system frequency, voltage, active power, and mechanical power. The
variation in these parameters causes fluctuation in the rotor speed. As a result, a low frequency (0.1 Hz
to few hertz) oscillation in active power takes place, known as a power oscillation. These power
oscillation either decays after a specified time or increases in magnitude until the system collapse
(blackout) occurs [1,2].

In order to overcome the issues of stability due to power oscillations and control power flow in a
system, a Flexible AC Transmission System (FACTS) has been proposed by scientists and researchers.
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FACTS devices serve many functions in a power system, i.e., control of power flow, oscillation damping,
voltage control, and improvement of transient stability. The Unified Power Flow Controller (UPFC) is
an important member of the FACTS family. The UPFC is composed of two voltage source converters
coupled through a DC link. The converters provide both series and shunt compensation to the
transmission line, hence separating control of active and reactive power becomes possible.

The problem of Low-Frequency Oscillation (LFO) is tackled through FACTS devices in the modern
power system. FACT devices and a UPFC based on FACT devices are used mostly for mitigating the
LFOs. These devices are also used for enhancing the stability of the power system. The UPFC ensures
the security and stability of the system and damps out the LFOs.

Different linear and nonlinear control techniques are applied to mitigate the LFOs [2]. A modified
non-dominated sorting genetic algorithm-II (MNSGA-II) is proposed for control of the UPFC to damp
out power oscillation in [3]. The proposed design of the UPFC controller is based on a multi-objective
optimization problem. However, the controller response is slow in the case of a heavy loaded condition.
In [4], the authors presented Variable Neighborhood Search (VNS) optimization algorithm for tackling
the problem of oscillations. Although the design process includes high complexity, the proposed
controller responds well during normal conditions. However, the author did not consider the heavy
loaded or fault condition. An imperialist competition algorithm is used for damping power oscillation
in [5]. The controller is designed for wide range of operating conditions, but the author considered a
Single Machine Infinite Bus (SMIB) system. The artificial bee colony (ABC) algorithm [6] and Support
Vector Regression (SVR) [7] are also proposed for design of a supplementary damping controller.
However, the design is equipped with an additional Power System Stabilizer (PSS), along with
the UPFC, which will increase system cost and complexity. The author in [8] proposed adaptive
input–output feedback linearization control to achieve a non-linear stability estimator and 4th order
linearized model. However, due to the parallel application of these procedures, the system faces
instability during disturbances. The linear observer excludes the system nonlinearities and only
approximate system parameters. The sub-transient state of the synchronous generator is neglected after
the fault clearance, while the FACTS device is turned on and off by using an input–output controller.
In [9], the researcher proposed a co-evolutionary cultural algorithm (CPCA) based on particle swarm
optimization. The author proposed a PSS, along with UPFC, for oscillation damping. But the response
of the controller is slow as it takes too much time in damping the power oscillations. In [10], a PSS
is used to stabilize the LFOs. Also, in case of failure of the PSS, a supplementary control based on a
Linear Quadratic Regulator (LQR) regulates the control input to FACTS devices. In [11], the author
proposed a Fuzzy Neural Non-linear Proportional Integral controller for damping LFOs. The positive
aspects of this controller are its adaptive nature in learning rate, online tuning, simple structure, and
parameter identification. Inter-area oscillations can be efficiently damped through neural predictive
control. It will also enhance the stabilization of the power system [12]. A Takagi-Sugeno controller
produces gain over the large operating region. However, it cannot guarantee the stability of the system,
the robustness of uncertain perturbation in the system, and parameter variations. Transient stability
of a machine connected to an infinite bus system is enhanced by using non-linear coordination of
generator excitation in [13].

In our paper, we present the neural network (NN)-based model reference controller (MRC) control
scheme with a UPFC for mitigation and damping LFOs that is caused by the fault, disturbances,
or due to loss of synchronism in connected machines. The MRC controller uses a NN that has the
capability to learn and store information of non-linearities, using the auto-regression model instead
of tuning of input parameters. The MRC is the integration of the (1) reference model, (2) NN plant,
(3) NN controller, and (4) plant. The incorporation of all these four parts promises the robustness,
intelligence, and adaptation of parameters. The MRC has an inherently adaptive mechanism, which
will help in tracking of variation of process variables. The ability of a NN to learn and model complex
and nonlinear relationships plays a vital role in control of a complex problem with uncertainties.
After initial weight adjustment, it acquires the ability to predict uncertainties. These features of an

126



Energies 2019, 12, 3653

NN-based MRC controller will tackle the uncertainties and will have a better response than other
conventional control schemes. The weight of the NN is adjusted with the Back Propagation (BP)
algorithm. Eventually, it will damp out the oscillation quickly and protect the system from complete
collapse. Moreover, the performance of proposed controller is compared with the PI controller for the
same system to validate our claim.

The paper is organized as follows: Section 2 shows the general system model, while Section 3
discusses the mathematical modelling of the system. The supplementary control and results are
discussed in Sections 4 and 5, respectively. Section 6 concludes this paper.

2. System Model

A UPFC installed, 2-area, 4-generator connected power system is depicted in Figure 1. This model
is used to study LFOs of 0.1 to few Hertz.

Seδ δSh

Figure 1. One-line diagram of power system with installed unified power flow controller (UPFC).

A DC capacitor voltage regulator is used to damp out the oscillation produces due to the occurrence
of disturbances in power, but it has a negative impact on the generated transients [14] because the
required amount of power is transmitted to the series inverter for injection to the transmission line
through DC link. Similarly, when variations in magnitude of DC link voltage occurs, it affects power
transfer capability of the shunt inverter. Hence, the active power is injected into the system with the
help of series inverter [15].

The synchronous generator connected to the system is used to generate power that is delivered
through the transmission lines. The installation point of the UPFC is between bus 8 and bus 9.

The DC link capacitor is used to make the back to back connection of Voltage Sources Converters
(VSCs) possible and transfer the power from the shunt converter to the series converter [16]. The
main purpose of Series VSC (VSC-SE) is to control the injection of active power and reactive power to
the system, while Shunt VSC (VSC-SH) is used to adjust active power flow to series converter and
maintain DC link voltage. The connection of the shunt and series VSC is depicted in Figure 1. The
connection of both the converters is such that it diminishes the total power injection to the system.

PSe + PSh = 0. (1)

The input control signal to UPFC are mSe, mSh, δSe, and δSh. mSe and mSh is used to represent the
amplitude modulation index of series and shunt compensation, respectively. However, δSe and δSh
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are used for the representation of series and shunt compensation phase angles [2,17]. In the case of a
series converter, δSe and mSe are the important factors that need to be determined. Because δSe is used
to control real power flow in to the high voltage direct current (HVDC) transmission line, and mSe is
responsible for voltage control. Similarly, in the case of the shunt converter, the reactive power of the
AC terminal can be controlled through mSh, and δSh is used to control DC link voltage (Vdc). VSC-SE
injects voltage to the AC transmission line through a series connected transformer. This series injected
voltage is used to tackle different problems, i.e., phase shift, series compensation, voltage control, and
combination of these parameters. VSC-SH is used to take real power from AC terminal and transfer
it to DC terminal. This power is then transferred by VSC-SE to the system for compensation. These
features make the UPFC a flexible FACTS device that has the properties of all other FACTS devices.
The block diagram of the UPFC general control is depicted in Figure 2. V1 and V2 are bus voltages to
which VSC-SH and VSC-SE are connected, respectively, while “i” is line current.

 

Figure 2. UPFC control.

3. Mathematical Modelling of Power System

The model used in this paper is composed of a UPFC installed, 4-machine, two-area power system.
The UPFC is composed of a VSC− SH, VSC− SE, and DC link.

Mathematical Model

The non-linear model of the UPFC is presented below from Equation (2) to Equation (3). This
model is used for the analysis of stability of the power system. The parameters that affect the dynamics
of the system are considered in this model, and resistance and transients of transformer is neglected. The
modelling equations given below are transformed to dq− axis by using Park’s transformation [17,18].
Series VSC and shunt VSC are modelled as:[

Vdse
Vqse

]
=

[
0 −Xse

Xse 0

][
Idse
Iqse

]
+

mseVdc
2

∗
[

cosδse

sinδse

]
, (2)
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[
Vdsh
Vqsh

]
=

[
0 −Xsh

Xsh 0

][
Idsh
Iqsh

]
+

mshVdc
2

∗
[

cosδsh
sinδsh

]
. (3)

The subscript ′sh’ and ′se′ is used for shunt and series converter parameters, respectively. Xse, Xsh
are equivalent reactance of series and shunt transformer. Vdse, Vqse are the dq voltage component of
series branch, while Idse, Iqse are dq-component of series converter current. The dynamic of DC voltage
at DC link is represented as:

dvdc
dt

=
3msh
4Cdc

[
cosδsh sinδsh

][ Idsh
Iqsh

]
+

3mse

4Cdc

[
cosδse sinδse

][ Idse
Iqse

]
. (4)

Vdc shows the DC link voltage, and Cdc is the capacitances of the DC link capacitor. The model of
the UPFC connected power system is presented by:

.
δ = ω0Δω, (5)

.
ω =

Pmech − Pelec −DΔω
M

, (6)

.
E f d = −E f−d

TA
+

KA
TA

(Vs0 −Vs), (7)

.
E′sq =

E f−d −
(
xd − x′d

)
id − E′sq

T′d0
. (8)

Pmech and Pelec represent mechanical and electrical power, respectively, where M and D represent
inertia and damping coefficient, respectively. ω0 represents synchronous speed. δ and ω are rotor
angle and rotor speed, respectively, while Δω = (ω− 1). E f d, E′sq, and V are field, internal, and the
terminal voltage of generator. T′d0 represents the time constant of the open circuit. TA and KA are time
constant and exciter gain, respectively, while Vs0 represents reference voltage. xd is the d-axis reactance
of generator, and x′d is transient reactance. Furthermore, the different terms used in Equation (5) to
Equation (8) are given as:

Pelec = Vs−qIs−q + Vs−dIs−d

Vs =
√

V2
d + V2

q ,

Vd = XdIq , Vq = E′q −X′dId

Id = IEd + IBd , Iq = IEq + IBq

⎫⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎭
. (9)

Similarly, the line current for VSC-SE and VSC-SH can be obtained as [17–19]:

Ised = − Xsh
XdΣ

E′q +
XshdmshsinδshVdc

2XdΣ
− Xtd

XdΣ

(msesinδseVdc
2

+ Vbcosδ
)
, (10)

Iseq = −
XshqmshsinδshVdc

2XqΣ
+

Xshq

XqΣ

(msesinδseVdc
2

+ Vbsinδ
)
, (11)

Ishd =
Xse

XdΣ
E′q − XsedmshsinδshVdc

2XdΣ
+

Xshd
XdΣ

(mshsinδshVdc
2

+ Vbcosδ
)
, (12)

Ishq = −
XshqmshcosδshVdc

2XqΣ
+

Xtq

XqΣ

(msecosδseVdc
2

+ Vbsinδ
)
, (13)

where as XdΣ, Xtd, XqΣ, and Xtq are defined in [18].
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4. Supplementary Control Design

Supplementary control schemes with the MRC are introduced for mitigating LFOs in the power
system. The control design is used in the UPFC internal control structure to enhance the stability of
the power system. As the faults occur on the transmission system, the speed of a different generator
connected to the power system deviates and become out of synchronism. This speed deviation (Δω) is
treated as an input to the supplementary controller, as depicted in Figure 3. The controllers mitigate
the LFOs by providing suitable input to the UPFC, hence improving the power quality and stabilizing
the power system. The design of the controllers is based on model reference neural control, and it uses
a nonlinear autoregressive moving average model. The MRC is the integration of the (1) reference
model, (2) NN plant, (3) NN controller, and (4) plant. The different parts of controller will be discussed
in detail in a subsection of this section.

 
Figure 3. Control structure for oscillation damping. MRC =model reference controller; VSC = Voltage
Sources Converters; PQ = Active Power, Reactive Power; PWM = Pulse Width Modulation; PLL =
Phase Lock Loop.

4.1. Neural Network (NN)

The NN, inspired by the biological system, is composed of interconnected building blocks known
as neurons. The interconnection weight quantifies the strength of interconnection. Because of these
interconnected weights, the NN acquires the ability to learn and model complex relationships. Hence,
it becomes more intelligent in predicting the uncertainties. Due to the learning capability of NN, it has
a wide range of applications in automation and optimization [20], image processing [21,22], speech
recognition [23,24], control [25,26], modelling, and time series prediction [27,28].

The architecture of NN is composed of multiple input layer and hidden layers, as depicted in
Figure 4. This architecture is known as “N-1” feedforward NNs. Whereas ‘N’ represents the number of
hidden neurons and it has only one output node. The design of the architecture of NN depends on the
input weights ‘zij’ and output weights ‘γi’. The formulation of the NN through the nonlinear function
of hidden layer activation function ‘ψi’ is presented as:

ŷ(k + 1) =
∑N

i=1
γiψi

(∑n+m

j=1
zijXj

)
, (14)
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where X = [u1, u2, . . . ., um+n] is the input vector to NN and ‘ψi’ is the activation function of the ‘ith’
hidden layer. The neuron in the hidden layer uses the nonlinear logistic function given by Equation (15):

ψi

(∑n+m

j=1
zijXj

)
=

1

1 + exp
(∑n+m

j=1 zijXj

) . (15)

The equation can be rearranged as:

ŷ(k + 1) = θTψ, (16)

whereas ψ � (ψ1,ψ2, . . . .,ψN)
T, θT � (γ1,γ2, . . . .,γN). The gradient descent optimization technique

is used to tune and update the output weight only. This will, in turn, reduce the computational
complexity of the NN. The update equation of the NN is given as:

γk+1 = γkα
(
(yr × ŷ) × (yr × ŷ)′

)
. (17)

 
Figure 4. Neural network (NN) architecture.

4.2. Model Reference Controller

The NN controller is used in the MRC for tracking the reference signal, as well as for plant
identification. The MRC uses two NN controllers and minimal online computation. One NN is used
to train the controller, and the other is used for plant identification. The data set for training the NN
controller is given in Appendix A. The architecture of the MRC is depicted in Figure 5. The controller
produces a controlled output signal u(t) that acts as input to the plant. This control signal brings the
output signal yp(t) closer to the reference signal yr(t).

According to [29], the different inputs and their respective outputs define the characteristics of the
real-time process. The previous information of input and output is used to introduce system dynamics.
Equation (18) is sampled at a regular interval of time:

yp(t) = fp
[
yp(t− 1), . . . yp(t− na), u(t− k), . . . u(t− k− nb)

]
, (18)
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where k ≥ 1 shows the time delay in number of samples, fp[(y, u)] is processed by non-linearity, and na,
nb + 1 represents the process output and input, respectively. Equation (18) gets into the shape of the
transfer function below by linearizing the process about the operating point.

yp(t)

u(t)
= q−k

B
(
q−1

)
A(q−1)

= q−k b0 + b1q−1 + . . .+ bnb q−nb

1 + a1q−1 + . . .+ anaq−na
. (19)

 
Figure 5. NN-based MRC.

In Equation (19), yp(t) and u(t) represents the deviation of process from its operating points. The
parameters ai and bi are dependent on the operating condition, while q−1 represents the backward shift
operator. The equation for the generalized linear controller is given in Equation (20)

u(t) =
1

F(q−1)

(
H
(
q−1

)
R(t) −G

(
q−1

)
yp(t)

)
, (20)

where ‘R’ is set point, while F, G, and H are the polynomial defined below:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
F
(
q−1

)
= 1 + f1q−1 + . . .+ fn f q

−n f

G
(
q−1

)
= g0 + g1q−1 + . . .+ gngq−ng

H
(
q−1

)
= h0 + h1q−1 + . . .+ hnhq−nh

. (21)

The closed-loop transfer function of a linearized system is given by:

yp(t)

R(t)
= q−k

B
(
q−1

)
H
(
q−1

)
A(q−1)F(q−1) + q−kB(q−1)G(q−1)

. (22)

Equation (20) and the control structure n f , ng and nh of Equation (21) is used to design a linear
controller model to track the reference point. The polynomial B is neglected to make Equation (22)
equal to the characteristic equation of the system. Hence, B is replaced with another term, i.e., B

(
q−1

)
=

b0B+
(
q−1

)
. Equation (22) will transform into the following equation:

yp(t)

R(t)
= q−k

b0H
(
q−1

)
A(q−1)F(q−1) + q−1b0G(q−1)
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yp(t)

R(t)
= q−km

s0 + s1q−1 + . . .+ snsq
−ns

1 + t1q−1 + . . .+ tnt q−nt . (23)

S
(
q−1

)
and T

(
q−1

)
are the polynomial that is used to set closed-loop response to a desired value.

km is the time delay of the reference model. In order to enable the cancellation of B+
(
q−1

)
, F

(
q−1

)
is

replaced with B+
(
q−1

)
F1

(
q−1

)
, i.e., F

(
q−1

)
= B+

(
q−1

)
F1

(
q−1

)
. The minimal order of the unique controller

solution is:
ng = na − 1, n f = nb + k− 1, km = k, while H

(
q−1

)
=

1
b0

S
(
q−1

)
(24)

and
nt ≤ na + k− 1. (25)

Hence, the structure of process na and k is used to limit the order of denominator of closed-looped
transfer function nt. The order of nt should fulfill the condition given in Equation (25). The lower order
of denominator is possible by making unused ti coefficient equal to zero. The following Equation (26)
is used to introduce an observer into the controller design.

C
(
q−1

)
= 1 + c1q−1 + c2q−2 + cnc q

−nc , (26)

while
nc ≤ na + k− 1− nt. (27)

Then, Equation (25) is updated as:

H
(
q−1

)
=

1
b0

V
(
q−1

)
C
(
q−1

)
. (28)

Although due to nonlinearity, the parameter of controller will change, but the controller designed
structure in Equation (20) will not change for any operating point of the plant in Equation (18)
despite setting the observer polynomial C

(
q−1

)
= 1 and ti coefficient to zero. As in Equation (20), a

nonlinear controller design with the same input and output can smoothly interpolate between different
parameters of linear controllers as the operating points of the plant changes. The MRC in Equation (29)
is proposed by considering Equation (20) in difference equation form and linearizing a nonlinear
system into the form of Equation (20)

u(t) = fr
[
u(t− 1), . . . u

(
t− n f

)
, r f (t), yp(t), . . . yp

(
t− ng

)]
. (29)

In Equation (29), the NN will be used to realize fr[�], and Equation (24) will define the order of ng

and n f , while Equation (27) defines nc and r f (t) = S
(
q−1

)
C
(
q−1

)
r(t).

Controller Adaption with BP

The gradient descent algorithm with time delay is implemented to update the parameter of NN.
The output of NN with a multilayer of a neuron is given as:

u(t) = f0
(∑

j
z2

j

(
fh
(∑

j
z1

i jxi(t) + b1
j

))
+ b2

)
. (30)

xi is the input to the NN, and b and z are biases and weights of the NN, respectively. f0 represents the
nonlinear function of the input layer, and fh is function of the hidden layer. The cost function that
needs to be minimized is given as:

J(t) =
1
2

e(t j)2 =
1
2

(
yr(t) − yp(t)

)2
. (31)
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yr and yp are the reference and measured output of the system, respectively. The weight parameter ‘z’
is used in opposite direction in cost function gradient to minimize the error, given as:

z(t) = z(t− 1) − η∂J(t)
∂z

. (32)

The unknown ‘η’ represents the learning rate. The BP algorithm is used to calculate the gradient

algorithm of Equation (32) Hence, Equation (18) and ∂J(t)
∂yp(t)

= −e(t) gives:

∂J(t)
∂z

= −e(t)
∂yp(t)

∂u(t− k)
∂u(t− k)
∂z

. (33)

In Equation (33), the first derivative is called process Jacobian. The second NN is used to estimate
it as a process model, i.e., the NN model given by:

ym(t) = fm[�] = f0
{∑

j
z2m

j

(
fh
(∑

i
z1m

ij xm
i (t) + b1m

j

))
+ b2m

}
. (34)

The delayed model inputs/outputs are represented by xm
i (t), as shown in Equation (18) in the

form of u(t− k). Equation (35) shows one of the estimations of Jacobian.

∂yp(t)

∂u(t− k)
≈ ∂ym(t)
∂u(t− k)

= f ′0
∑

j
z2m

j f ′hj
z1m

1 j . (35)

The process sign is used to approximate Jacobian if the model is not available. Equation (36)
shows the update rule for the different parameter of the controller.

z(t) = z(t− 1) + ηe(t)sgn
(
∂yp(t)

∂u(t− k)

)
∂u(t− k)
∂z

. (36)

This equation is used to update the rule to get better dynamics of the system.

5. Results and Discussion

The performance of the designed controller is evaluated and compared with the PI controller
under symmetrical and asymmetrical faults. The faults are applied for 50 ms, i.e., the fault is initiated
is at t = 200 ms and cleared at t = 250 ms. Moreover, the fault is applied on the mid-point of the
lower line of the double circuit line between buses B1 and B2, as depicted in Figure 1. The proposed
controller has the capability to mitigate the LFOs and enhance the stability of the power system. The
parameters used for comparison of the proposed control structure are: (1) load bus, voltage, (2) speed
deviation (Δw), and (3) performance indices of controllers.

5.1. Asymmetrical Faults

Both asymmetrical and symmetrical faults are applied to the system for 50 ms (at t = 200 ms) to
create oscillations in the system. The fault creates a voltage dip of 10% during the 1-Φ fault, while a
25% dip is created during the 2-Φ to ground fault. After the clearance of the 1-Φ fault, the voltage
profile is restored at t = 2 s due to the adaptive and predictive nature of MRC, while the response
with conventional PI is oscillatory and oscillation is damped out after t = 12 s, as shown in Figures 6
and 7, respectively. Similarly, the speed deviation shows high amplitude oscillation in the case of the
PI controller, while the MRC has the capability to damp out the oscillation in comparatively less time.
Figure 8 shows that the MRC has damped out the oscillation at t = 2 s, and speed deviation (Δw ≈ 0)
is approximately zero, while in comparison with MRC, the PI controller deviates from zero till t = 6 s,
as depicted in Figure 8.
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Figure 6. Load bus voltage 1-Φ to ground fault.

Figure 7. Speed deviation during 2-Φ to ground fault.

 
Figure 8. Speed deviation during 1-Φ to ground fault.

Similarly, during the 2-Φ to ground fault, the MRC has a better response in mitigation of oscillation
as compared to the PI. As depicted in Figure 9, the MRC has smoothed the voltage response abruptly
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after fault clearance at t = 2.5 s, while the PI controller failed to show the robustness. The oscillation is
completely damped out at t = 12 s, as shown in Figure 7. Similarly, speed deviation becomes zero at
t = 2 s in the case of the MRC, while the PI vanishes the oscillations at t = 8 s.

 
Figure 9. Load bus voltage 2-Φ to ground fault.

5.2. Symmetrical Faults

In the case of an asymmetrical fault, the 3-Φ to ground fault is applied to evaluate the performance
of the proposed controller, as depicted in Figure 10. The MRC has a better approach toward the
mitigation of oscillations occurring after the voltage dip, as shown in Figure 11. The oscillation is
completely damped out at t = 2.5 s in the case of the MRC, while the PI has low amplitude oscillations
till t = 8 s. Similarly, speed deviation is subjected to larger amplitude high frequency oscillation and
higher settling time using the PI, while the proposed controller settles the response to zero at t = 3 s.

 
Figure 10. Load bus voltage 3-Φ to ground fault.
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Figure 11. Speed deviation during 3-Φ to ground fault.

Besides other performance evaluation parameter, Table 1 shows the performance indices of both
controllers during all three types of faults. The lower value of integral square error (ISE) and integral
absolute error (IAE) shows better response of controller. The MRC controller has both a lower value of
ISE error and IAE.

Table 1. Performance indices. ISE = integral square error; IAE = integral absolute error.

Controllers
1-Φ Fault 2-Φ Faults 3-Φ Fault

ISE IAE ISE IAE ISE IAE

PI 0.0009028 2.432 × 10−7 0.001574 6.569 × 10−7 0.00253 1.07 × 10−6

MRC 0.0005561 1.301 × 10−7 0.0005802 1.41 × 10−7 0.0005248 1.111 × 10−7

6. Conclusions

The mitigation of power oscillations is a demanding task to enhance the stability of the power
system. An intelligent, optimized, and robust design of the UPFC plays a vital role in damping of these
oscillations. With these abilities, the MRC controller has shown tremendous performance in mitigating
power oscillations, enhancing system stability, and improving the capability of the control system.
Moreover, our control scheme shows robustness and intelligence during system perturbation. In order
to show the effectiveness of proposed control scheme, it was compared with a traditional PI controller.
The results clearly show the superiority of the NN-based MRC over the traditional PI controller, as it is
better in oscillation damping. The NN-based MRC diminishes the amplitude of power oscillation,
produced due to fault.

However, the MRC-based on a NN is complex algorithm. Due to its complexity, it requires
considerable amount of time for calculation and implementation. Due to the integration of the
NN controller in the MRC frame, it is associated with several issues and complications. The
complications include selecting the input and output of the controller, as well as training of the NN for
its weight adjustment.

Moreover, soon the proposed control will be extended to more than a 2-area system with a greater
number of generation stations. Additionally, a new control scheme will be designed, and its results
will be compared with both the PI and the MRC.
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Appendix A

Table A1. Parametric Value of NN.

Parameters Value

Controller training Epochs 50
Controller Training sample 100

Sampling Interval (sec) 0.05
Maximum interval value (sec) 20
Minimum interval value (sec) 5
Controller training segment 50

Number of hidden layers 2
No. of delayed Plant Inputs 1

No. of delayed Plant outputs 1

References

1. Wu, W.; Chen, Y.; Fei, Y.; Zhen, H.; Zhou, B.; Wang, Z.; Chen, W. A novel damping strategy for
low-frequency oscillation suppression with MMC-type unified power flow controller. In Proceedings
of the IEEE International Conference on Industrial Technology, Lyon, France, 20–22 February 2018.

2. Gandoman, F.H.; Ahmadi, A.; Sharaf, A.M.; Siano, P.; Pou, J.; Hredzak, B.; Agelidis, V.G. Review of FACTS
technologies and applications for power quality in smart grids with renewable energy systems. Renew.
Sustain. Energy Rev. 2018, 82, 502–514. [CrossRef]

3. Kannayeram, G.; Manoharan, P.S.; Iruthayarajan, M.W.; Sivakumar, T. UPFC damping controller design
using multi-objective evolutionary algorithms. Int. J. Bus. Intell. Data Min. 2018, 13, 52–74. [CrossRef]

4. Fortes, E.; Macedo, L.; Araujo, P.B.; Romero, R. A VNS algorithm for the design of supplementary damping
controllers for small-signal stability analysis. Int. J. Electr. Power Energy Syst. 2018, 94, 41–56. [CrossRef]

5. Banaei, M.R.; Toloue, H.; Kazemi, F.M.; Oskuee, M.R.J. Damping of power system oscillations using
imperialist competition algorithm in power system equipped by HVDC. Int. J. Ain Shams Eng. J. 2015, 6,
75–85. [CrossRef]

6. Martins, L.F.B.; Araujo, P.B.; De Vargas Fortes, E.; Macedo, L.H. Design of the PI–UPFC–POD and PSS
Damping Controllers Using an Artificial Bee Colony Algorithm. J. Control Autom. Electr. Syst. 2017, 28,
762–773. [CrossRef]

7. Shahriar, M.S.; Shafiullah, M.; Rana, M.J. Stability enhancement of PSS-UPFC installed power system by
support vector regression. Electr. Eng. 2018, 100, 1601–1612. [CrossRef]

8. Shojaeian, S.; Soltani, J.; Arab Markadeh, G. Damping of low-frequency oscillations of multi-machine
multi-UPFC power systems, based on adaptive input-output feedback linearization control. IEEE Trans.
Power Syst. 2012, 27, 1831–1840. [CrossRef]

9. Esmaili, M.R.; Khodabakhshian, A.; Bornapour, M. A new coordinated design of UPFC controller and PSS
for improvement of power system stability using CPCE algorithm. In Proceedings of the IEEE Conference
on Electrical Power and Energy EPEC, Ottawa, ON, Canada, 12–14 October 2016.

10. Pandey, R.K.; Gupta, D.K. Knowledge domain states mapping concept for controller tuning in an
interconnected power network. Int. J. Electr. Power Energy Syst. 2016, 80, 160–170. [CrossRef]

11. Tavakoli, A.R.; Seifi, A.R.; Arefi, M.M. Fuzzy-PSS and fuzzy neural network non-linear PI controller-based
SSSC for damping inter-area oscillations. Trans. Inst. Meas. Control 2016, 40, 733–745. [CrossRef]

12. Moravej, Z.; Pazoki, M.; Khederzadeh, M. New Pattern-Recognition Method for Fault Analysis in Transmission
Line With UPFC. IEEE Trans. Power Deliv. 2015, 30, 1231–1242. [CrossRef]

13. Mahmud, M.A.; Pota, H.R.; Hossain, M.J. Full-order nonlinear observer-based excitation controller design
for interconnected power systems via exact linearization approach. Int. J. Electr. Power Energy Syst. 2012, 41,
54–62. [CrossRef]

138



Energies 2019, 12, 3653

14. Parimi, A.M.; Elamvazuthi, I.; Kumar, A.V.P.; Cherian, V. Fuzzy logic based control for IPFC for damping
low-frequency oscillations in the multimachine power system. In Proceedings of the 2015 IEEE IAS Joint
Industrial and Commercial Power Systems/Petroleum and Chemical Industry Conference (ICPSPCIC),
Hyderabad, India, 19–21 November 2015.

15. Singh, B.; Mukherjee, V.; Tiwari, P. A survey on impact assessment of DG and FACTS controllers in power
systems. Renew. Sustain. Energy Rev. 2015, 42, 846–882. [CrossRef]

16. El-Zonkoly, A. Optimal sizing of SSSC controllers to minimize transmission loss and a novel model of SSSC
to study transient response. Electr. Power Syst. Res. 2008, 78, 1856–1864. [CrossRef]

17. Rodríguez, O.; Medina, A.; Andersson, G. Closed-form analytical characterization of non-linear oscillations in
power systems incorporating a unified power flow controller. IET Gener. Transm. Distrib. 2015, 9, 1019–1032.
[CrossRef]

18. Wang, H. A unified model for analysis of FACTS Devices in Damping Power System Oscillations. Part III:
Unified Power Flow Controller. IEEE Trans. Power Deliv. 2000, 15, 978–983. [CrossRef]

19. Torkzadeh, R.; Nasrazadani, H.; Aliabad, A.D. A genetic algorithm optimized fuzzy logic controller for
UPFC in order to damp of low-frequency oscillations in power systems. In Proceedings of the 2014 22nd
Iranian Conference on Electrical Engineering (ICEE), Tehran, Iran, 20–22 May 2014.

20. Li, Z.; Xia, Y.; Su, C.Y.; Deng, Y.; Fu, J.; He, W. Missile guidance Law Based on robust model predictive control
using Neural Network Optimization. IEEE Trans. Neural Netw. Learn. Syst. 2015, 26, 1803–1809. [CrossRef]
[PubMed]

21. Xu, R.; Tao, Y.; Lu, Z.; Zhong, Y. Attention-Mechanism-Containing Neural networks for high resolution
remote sensing image classification. Electronics 2018, 10, 1602. [CrossRef]

22. Barone, E.R.; Salerno, V.; Siniscalchi, S.M. An introductory study on deep neural networks for high resolution
areal images. AIP Conf. Proc. 2013, 1558, 1232. [CrossRef]

23. Sinniscalchi, S.M.; Salerno, V.M. Adaptation to new microphones using artificial neural networks with
trainable activation functions. IEEE Trans. Neural Netw. Learn. Syst. 2017, 28, 1959–1965. [CrossRef]

24. Hautamaki, V.; Sinniscalchi, S.M.; Behravan, H.; Salerno, V.M.; Kukanov, I. Boosting universal speech
attributes classification with deep Neural Network for foreign accent characterization. In Proceedings of the
16th Annual Conference of the International Speech Communication Association, Dresden, Germany, 6–10
September 2015.

25. Fu, Y.; Chai, T. Neural Network Based nonlinear adaptive dynamical decoupling control. IEEE Trans. Neural
Netw. 2007, 18, 921–925. [CrossRef]

26. Zeb, K.; Mehmood, C.A.; Khan, B.; Ali, S.M.; Jadoon, A.M.; Uddin, W. Fault tolerant speed regulation
of induction motor using artificial neural network. In Proceedings of the IEEE Conference on Emerging
Technologies, Peshawar, Pakistan, 19–20 December 2015.

27. Chae, S.; Kwon, S.; Lee, D. Predicting infectious Disease Using Deep learning and Big Data. Int. J. Environ.
Res. Public Health 2018, 15, 1596. [CrossRef] [PubMed]

28. Salerno, V.M.; Rabbeni, G. An Extreme learning machine approach to effective energy disaggregation.
Electronics 2018, 7, 235. [CrossRef]

29. Douratsos, I.; Gomm, J.B. Neural Network based model reference adaptive control for process with time
delay. Int. J. Inf. Syst. Sci. 2006, 3, 161–179.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

139





energies

Article

Coordinated Control in VSC-HVDC Multi-Terminal
Systems to Improve Transient Stability: The Impact of
Communication Latency

Javier Renedo *, Aurelio García-Cerrada, Luis Rouco and Lukas Sigrist

Instituto de Investigación Tecnológica (IIT), ETSI ICAI, Universidad Pontificia Comillas, Madrid 28015, Spain;
aurelio@iit.comillas.edu (A.G.-C.); luis.rouco@iit.comillas.edu (L.R.); lukas.sigrist@iit.comillas.edu (L.S.)
* Correspondence: javier.renedo@iit.comillas.edu

Received: 31 July 2019; Accepted: 19 September 2019; Published: 24 September 2019

Abstract: Power transmission is the main purpose of high voltage direct current systems based
on voltage source converters (VSC-HVDC). Nevertheless, this type of system can also help to
improve transient stability by implementing suitable supplementary controllers. Previous work
proposed active- (P) and reactive-power (Q) control strategies in VSC-HVDC multi-terminal
systems (VSC-MTDC, for short) to improve transient stability, producing significant improvements. In
those strategies, each VSC station of the MTDC system compares its frequency measurement with the
average of the frequencies measured by all converter stations of the MTDC system (weighted-average
frequency, WAF) in order to modulate its own P and Q injections. Hence, a communication system
is required. This paper presents a detailed analysis of the impact of communication latency on
the performance of those control strategies. The communication delays have been modelled using
a Padé’s approximation and their impact on the performance of the control strategies have been
assessed by means of time-domain simulation in PSS/E. The effect of the control strategies on transient
stability has been quantified with the critical clearing time (CCT) of a set of faults. Results show that
the control strategies analysed present good results for realistic values of communication delays.

Keywords: power systems; high voltage direct current (HVDC) transmission; HVDC systems based
on voltage source converters (VSC-HVDC); multi-terminal; transient stability; control strategies;
communication latency

1. Introduction

The main applications of high voltage direct current (HVDC) systems are: (a) transmission of
large amounts of power over long overhead lines; (b) power transmission over middle-to-long isolated
cables (underground or submarine cables); and (c) interconnection of asynchronous power systems.
These characteristics make HVDC a key facilitating technology in several scenarios of present and
future power systems. For example, almost all electrical energy systems around the world are being
urged to integrate an ever-increasing number of renewable resources which are often in remote sites
and will require power transmission over long distances. Hence, grid reinforcement with HVDC links
is already in place in many locations and it is an attractive alternative of high voltage alternating
current (HVAC) transmission in many others [1]. Furthermore, there is a conceptual proposal for
building a pan-European multi-terminal HVDC grid (the so-called “supergrid”) interconnecting
several countries and connecting offshore wind energy from the North Sea [2–5]. This “supergrid”
would be connected at different points to the conventional HVAC transmission system. Undoubtly,
the most appropriate technology for a multi-terminal HVDC system is the one based on voltage source
converters (VSC-HVDC), which has several advantages for certain applications, in comparison with
the classic line commutated converter technology based on thyristors (LCC-HVDC) [1].
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Key aspects for the deployment of multi-terminal VSC-HVDC grids are converter technology,
control of the voltage of the HVDC grid, HVDC breakers and HVDC protection strategies.
The most recent converter technology for VSC-HVDC systems is the so-called modular multi-level
converter (MMC) [6,7], which makes it possible to obtain output AC voltages with a very-low harmonic
content. For example, MMC technology is already being used in the VSC-HVDC interconnector
between France and Spain through the Catalonian Pyrenees (INELFE) [8]. DC-voltage control
in VSC-HVDC multi-terminal systems must always be guaranteed and there are different control
alternatives [9,10]. It can be classified into: (a) centralised DC-voltage control; and (b) distributed
DC-voltage control (with local DC-voltage droop control). In the former, only one converter controls
the DC voltage (the DC slack), while in the latter approach, DC-voltage control is shared among
the converters [11,12] and it is more suitable for large VSC-MTDC systems. There are also more
advanced distributed DC-voltage control strategies, aiming to improve the accuracy in power sharing:
the so-called pilot-voltage droop control [13], which uses global measurements and a recent control
approach based on a power sharing index [14], in which each converter uses measurements of a
nearby converter. VSC-HVDC grids need HVDC breakers to be capable to isolate faults in the HVDC
grid, while maintaning the system in operation. The interruption of the current in DC is much more
difficult than the interrumption of the current in AC, since the former does not pass through zero.
Furthermore, HVDC breakers need to open the circuit in a few milliseconds, in order to protect the
converters. The main manufacturers already have prototypes for HVDC breakers [15,16], although
the technology is not mature yet. VSC-HVDC systems also need effective protection algorithms to
detect and locate faults in the HVDC grid within milliseconds. Different protection algorithms for
VSC-HVDC grids have been proposed recently [17–25].

VSC-HVDC systems are very expensive and, although their main purpose will always be to
facilitate power transmission overcoming the limitations of traditional HVAC systems, any additional
contribution to the control and operation of power systems should be welcome. For example,
several publications have already explored control strategies in point-to-point VSC-HVDC links
to improve transient stability of power systems [26–29]. Transient stability (angle stability against
large disturbances [30]) margins deteriorate seriosly when long and heavily loaded HVAC lines are
used. In multi-machine systems, transient stability is a global problem involving synchronism of all
generators of the system and the most effective control actions to improve those margins use global
measurements, such as the speed of the centre of inertia (COI) of the system [31–33].

Recently, several control strategies for multi-terminal VSC-HVDC systems (VSC-MTDC, for
short) have been proposed to improve transient stability. A supplementary control strategy for
active- (P) and reactive-power (Q) injections of the VSC stations, using a linear combination of the
speed deviations of the generators of the system as input signal, was proposed in [34]. The work in [35]
proposed a bang-bang-type supplementary P controller at each VSC station, using a combination of
the speed deviations of all generators of the system with respect to the speed of the COI as input signal.
A sliding-mode control strategy for P injections in VSC-MTDC systems, also using the speed of the
COI, was proposed in [36]. The speed of the COI for P and Q modulation in VSC-MTDC systems is
also used in the control strategy proposed in [37]. All these control strategies require a Wide Area
Measurement System (WAMS), so that each VSC can know the speeds of all generators of the system
in real time. Alternatively, the work in [38] proposed a control strategy for P injections of converter
stations in VSC-MTDC systems using the average of the frequencies measured at the connection point
of the VSC stations (weighted-average frequency, or WAF for short), to improve transient stability.
This strategy will be referred to as P-WAF in the rest of the paper. Similarly, the WAF was used to
modulate Q injections at the converter stations in VSC-MTDC systems in [39] (strategy Q-WAF, for
short), also to improve transient stability.

Although the speed of the COI seems to be the most comprehensive measurement to be used,
strategies P-WAF and Q-WAF have two key advantages with respect this approach: each VSC station
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already measures the frequency at its AC terminals, for synchronisation purposes and a communication
system within the VSC-MTDC system, only, is required.

Recent work has derived an analytical formula to approximate the bus frequencies as a linear
combination of the speeds of all generators of the system [40], proving the idea that the speeds of
the generators can be observed in the bus frequencies. In fact, the speed of the COI can also be
approximated as a linear combination of a set of bus frequencies of the system [41].

Since control strategies P-WAF and Q-WAF require a communication system between the
stations of the VSC-MTDC systems, their performance might be affected by communication latency.
Previous work was restricted to prove that strategies P-WAF and Q-WAF could stand a reasonable
communication latency. However, a detailed analysis of the impact of communication delays on these
control strategies has not been reported in the literature so far. Along this line, the contributions of this
paper include:

• A comprehensive analysis of the impact of communication latency on strategies P-WAF (P
injections of the VSC stations) and Q-WAF (Q injections of the VSC stations).

• A comprehensive analysis of the impact of communication latency on simultaneous modulation
of P and Q injections of the VSC stations by implementing strategies P-WAF and Q-WAF
together (PQ-WAF, for short).

• A detailed analysis of the impact of different tipes of communication delays on strategies P-WAF,
Q-WAF and PQ-WAF.

• Analysis of the impact of communication delays on strategy P-WAF, depending on the approach
used for DC-voltage control in the VSC-MTDC system (a single DC-slack converter or DC-voltage
droop control).

The rest of the paper is organised as follows. Section 2 describes a suitable model for VSC-MTDC
systems for electro-mechanical simulation. Section 3 describes the proposed transient-stability-tailored
control strategies in VSC-MTDC systems based on the WAF. Section 4 presents a small case
study (Kundur’s two-area test system with an embedded VSC-MTDC system) to illustrate impact of
communication latency on the performance of the control strategies. Section 5 presents the results of
a larger case study (Cigré Nordic32A test system with an embedded VSC-MTDC system). Section 6
presents the conclusions of the paper. Finally, data of the case study are provide in Appendixes A and B.

2. VSC-HVDC Multi-Terminal Systems

A VSC-MTDC system consists of several VSC stations connecting a DC grid to one or more AC
grids. Figure 1 shows a hybrid AC/DC system with an embedded VSC-MTDC system while Figure 2
illustrates the dynamic model of a VSC station connected to an AC grid and to a DC grid, following
the guidelines of [42,43] for electro-mechanical simulation. The guidelines of the modelling approach
used are provided in this section, while details are available in [44].

Figure 1. Hybrid voltage source converters (VSC)-based AC/DC system.
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Figure 2. Model of a VSC and the DC grid [42].

2.1. VSC Stations

A VSC station is seen, from the AC side, as a voltage source (ēc,i) connected through a connection
impedance (reactor + transformer: z̄s,i = rs,i + jxs,i) to the connection point (with voltage ūs,i) (Figure 2).

A VSC station is usually controlled with vector control, where mobile dq axes are aligned with the
voltage of the connection point: ūs,i = us,i + j0. The control system has an inner current loop (is,d,i and
is,q,i) and an outer control loop. Since, for transient stability studies, the dynamics of interest (transients
spanning 1–20 s) are much slower than the dynamics of the inner controllers of the VSC stations, the
closed loop of the inner current loops can be approximated by first-order transfer functions. Every
VSC station has two degrees of freedom for the outer loop: (a) the converter can control either the
active-power injection into the AC grid (ps,i) or the DC voltage (udc,i) with the d-axis current; and (b)
the converter can control either the reactive-power injection into the AC grid (qs,i) or the magnitude of
the AC voltage at the connection point (us,i) with the q-axis current. Operating limits of the converters
can be easily implemented in the model [44].

AC and DC sides of a converter station are coupled by the energy conservation principle:

pc,i + ploss,i + pdc,i = 0 (1)

where losses, ploss,i, are best modelled as a quadratic function of the current injection of the VSC,
is,i (rms), as proposed in [45]:

ploss,i = ai + bi · is,i + ci · i2s,i (2)

2.2. DC Grid

VSC stations are seen from the DC grid as current injections into the buses:
idc,i = pdc,i/udc,i (Figure 2). DC lines are represented as lumped π models. Every DC branch
i − j will have the series resistance and the inductance of the DC line (rdc,ij and Ldc,ij, respectively).
Every DC bus i will have an equivalent capacitance (Cdc,i), that includes the equivalent capacitance of
the DC side of the VSC station (CVSC,i) and the contribution of the shunt capacitance of the DC lines
connected to that bus (Ccc,ij/2):

Cdc,i = CVSC,i + ∑
j �=i

Ccc,ij

2
(3)

2.3. Voltage Control in the DC Grid

Voltage control in the DC grid can be implemented either with a centralised approach (a single
DC-slack converter) or with a distributed approach (DC-voltage droop control) [9,10]. In the
DC-voltage droop approach, the active-power set point of every VSC station is given by [43]:

pre f
s,i = p0

s,i −
1

kdc,i
(u0

dc,i − udc,i) (4)
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2.4. Model Implementation

The dynamic model of a VSC-MTDC system has been implemented in PSS/E [46], following the
guidelines of [47–50]. The initial operating point is obtained solving a sequential AC/DC power flow,
as proposed in [51]. Details of the PSS/E implementation used for this work and its validation can be
found in [44].

3. Control Strategies

Figure 3 shows a general diagram for P and Q control in a VSC station. In addition to the constant
P set point required by the TSO (p0

s ) and the DC-voltage droop, the VSC station has a supplementary
P set point (Δpre f

s ). Similarly, in addition to the constant Q set point (p0
s ), the VSC station has a

supplementary Q set point (Δqre f
s ). Supplementary set points for P (Δpre f

s ) and Q injections (Δqre f
s )

are aimed to improve transient stability. Notice that the supplementary controllers could also be
implemented with a centralised DC-voltage control in the VSC-MTDC without DC-voltage droop and
only one converter looking after the DC voltage. Since voltage control in the HVDC grid is a major
concern, any supplementary control strategy for P injections of the VSC stations in VSC-MTDC system
must be compatible with the DC-voltage control scheme used.

(a) (b)

Figure 3. (a) P control and (b) Q control.

3.1. Strategy P-WAF

The block diagram of P control of a VSC station, when using strategy P-WAF, is shown
in Figure 4 [38]. A supplement proportional to the frequency error is added to the P set point.
The frequency set point is calculated as the weighted average of the frequencies measured at the AC
side of the VSC stations (weighted-averaged frequency, WAF):

ω∗ = ω̄ =
n

∑
k=1

αkωk, with αk ∈ [0, 1] and
n

∑
k=1

αk = 1 (5)

where ωk is the frequency measured at the connection point of VSCk.
The controller consists of a proportional gain (kP), a low-pass filter for noise filtering (with time

constant Tf ), a wash-out filter in order to avoid the actuation of the controller under steady-state
frequency deviations (with time constant TW) and a saturation parameter (Δpmax). Notice that
in Figure 4, the VSC has the DC-voltage droop control (Δpre f ,DC

s ) implemented together with the
supplementary control strategy, but this is not mandatory.
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Figure 4. Control for the active-power injection of a VSC.

The performance of this control strategy can be summarised as follows:

• If the frequency at the connection point of a VSC station is above the WAF, the converter will
decrease its P injection into the AC grid, aiming to slow down nearby generators.

• If the frequency at the connection point of a VSC station is below the WAF, the converter will
increase its P injection into the AC grid, aiming to accelerate nearby generators.

• This behaviour should pull together the angles of the generators of the system improving,
therefore, transient stability.

The work in [38] proposed the following design of the controller gains (kP,k) and the weighting
factors used to calculate the WAF (αk):

kP,k

kP,T
= αk, with kP,T =

n

∑
j=1

kP,j (6)

This design ensures ∑n
j=1 Δpre f

s,j = 0 and avoids the interaction of the supplementary controller
with the DC-voltage droop control.

3.2. Strategy Q-WAF

In strategy Q-WAF, a supplement proportional to the frequency error is added to the Q set point,
as shown in Figure 5 [39]. The frequency set point is also calculated as the WAF (5). This controller also
consists of a proportional gain (kQ), a low-pass filter (with time constant Tf ), a wash-out filter (with
time constant TW) and a saturation parameter (Δqmax). Notice that strategy Q-WAF has an additional
minus sign (Figure 5).

Figure 5. Control for the reactive-power injection of a VSC.
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This control strategy can be summarised as follows:

• If the frequency at the connection point of a VSC station is above the WAF, the converter will
increase its Q injection into the AC grid, aiming to increase the electromagnetic torque applied to
nearby generators and slow them down.

• If the frequency at the connection point of a VSC station is below the WAF, the converter will
decrease its Q injection into the AC grid, aiming to reduce the electromagnetic torque applied to
nearby generators and accelerate them.

• Again, this behaviour should eventually pull together the angles of the generators of the system,
improving transient stability.

The following design was used in [39]:

kQ,k

kQ,T
= αk, kQ,T =

n

∑
j=1

kQ,j (7)

This ensures ∑n
j=1 Δqre f

s,j = 0. However, this condition is not mandatory for Q control.

3.3. Strategy PQ-WAF

P and Q injections of the VSC stations can be modulated simultaneously, according to strategies
P-WAF (Figure 4) and Q-WAF (Figure 5), using the weighted-averaged frequency in Equation (5) as
the frequency set point. This strategy will be named PQ-WAF in the rest of the paper.

3.4. Communication Latency

In strategies P-WAF, Q-WAF and PQ-WAF, every VSC station uses global signals of frequency
measurements at the connection point of all the VSC stations of the VSC-MTDC system, in order to
calculate the WAF in Equation (5). Hence, communications among the converter stations must
be established and the calculation of the WAF will be subject to communication latency. For
transient-stability-tailored controllers, fast communication systems are required (faster than 100 ms,
in general). The work in [52] proposed a model to represent communication delays in wide-area
control system. Total communication delay was divided into two parts: (a) the delay caused by the
propagation of the information in the communication system; and (b) the operational delay, that
accounts for the time required for the calculations. Total communication delays within the range
50–80 ms were reported in [52], according to phasor measurement unit (PMU) records in the Chinese
power system and to real-time simulation experiments.

The impact of the communication latency on the performance of the proposed control strategies
is analysed here by introducing a delay in the frequency at the AC bus of VSC station i, measured by
VSC station j (ω j

i ):

ω
j
i = ωie

−τijs (8)

where τij accounts for the total communication delay (operational delay + communication delay).
Hence, each VSC j will use a frequency set point for P and/or Q modulation (ω∗

j in Figures 4 and 5)
using the delayed frequency measurements, according to:

ω∗
j = ω̄ j =

n

∑
k=1

αkω
j
k (9)

The implementation of Equation (9) is shown in Figure 6.

147



Energies 2019, 12, 3638

The delay in Equation (8) has been implemented using a second-order Padé’s approximation [53]:

e−τijs ≈ 1 − τij
2 s +

τ2
ij

12 s2

1 +
τij
2 s +

τ2
ij

12 s2
(10)

Figure 6. Calculation of the frequency set point of VSC j in the presence of communication latency.

4. Case Study 1: Kundur’s Two-Area Test System with an Embedded VSC-MTDC System

The Kundur’s two-area test system [54] with an embedded 4-terminal VSC-MTDC system was
used for simulation (Figure 7). Data are detailed in Appendix A. Converter stations were operated
with DC-voltage droop control and reactive-power control. Simulations were carried out in PSS/E
software [46], with the VSC-MTDC model presented in [44].

Figure 7. Kundur’s 2-area system with an embedded VSC-MTDC.

The initial operating point of the VSC-MTDC system was calculated running an AC/DC power
flow, with the following specified variables:

• VSC1: P0
s,1 = −200 MW and Q0

s,1 = 0 MVAr.
• VSC2: P0

s,2 = −200 MW and Q0
s,2 = 0 MVAr.

• VSC3: P0
s,3 = 200 MW and Q0

s,3 = 0 MVAr.
• VSC4: u0

dc,4 = 1 p.u and Q0
s,4 = 0 MVAr (VSC4 is used as the DC-slack converter for

power-flow calculation).

The following cases have been analysed and compared:

• DC0: No supplementary control strategy in the VSC stations.
• Strategy P-WAF (P injections of VSC stations).
• Strategy Q-WAF (Q injections of VSC stations).
• Strategy PQ-WAF (simultaneous modulation of P and Q injections of VSC stations).
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4.1. Control Strategies

To start with, the performance of the control strategies was analysed, without communication
delays, in order to illustrate the ideally achievable results.

4.1.1. Fault simulation

A three-phase-to-ground short circuit at line 7–8 a (close to bus 7) has been simulated. The
fault is cleared after 200 ms by disconnecting the faulted circuit. Figure 8 shows the angle difference
between generators 1 and 3. Generators lose synchronism when the VSC stations do not have any
supplementary control strategies implemented (DC0), while synchronism is maintained with control
strategies P-WAF , Q-WAF and PQ-WAF. Strategies P-WAF and PQ-WAF show better damping of the
first swing of the angle difference than strategy Q-WAF.

δ
δ

Figure 8. Generator angle difference.

In order to fully understand the effect of the proposed control strategies, the frequencies measured
at the VSC stations (ωi), the WAF (ω̄) and the frequency deviations with respect to the WAF (ωi − ω̄) are
shown in Figure 9 for strategy P-WAF. Strategies Q-WAF and PQ-WAF show a similar pattern. During
the short circuit, all synchronous machines of the system accelerate and all frequencies measured at
the VSC stations rise. Nevertheless, some frequencies increase more than others. For example, during
the fault and immediately after the fault clearance, frequencies measured by VSC1 and VSC2 are above
the WAF, while frequencies measured by VSC3 and VSC4 are below the WAF.

Figure 10 shows active- and reactive-power injections of the VSC stations into the AC grid,
respectively. Without supplementary control (DC0), P and Q injections remain constant. In strategy
P-WAF, P injections are modulated during the transient: immediately after the fault clearance, VSCs
1 and 2 reduce their P injections, since the frequencies measured by those converters are above the
WAF. On the contrary, VSCs 3 and 4 increase their P injections, since their frequencies are below the
WAF. In strategy Q-WAF, VSCs 1 and 2 increase their Q injections immediately after the fault clearance,
while VSCs 3 and 4 reduce their Q injections. In strategy PQ-WAF, both, P and Q injections, are
modulated simultaneously and this is why control effort is lower than the one in P-WAF and Q-WAF.
By modulating P and Q injections of the VSC stations with strategies P-WAF, Q-WAF and PQ-WAF, the
angles of generators are pulled together and transient stability is improved. Finally, Figure 11 shows
the DC voltages of the converter stations, which remain close to 1 p.u. during the simulation.
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ω1

ω2

ω3

ω4

ω̄

ω1 − ω̄

ω2 − ω̄

ω3 − ω̄

ω4 − ω̄

Figure 9. Frequencies measured at the converter stations (ωi) and WAF (ω̄) (when using P-WAF).

(a) (b)

Figure 10. (a) P and (b) Q injections of the converters.
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Figure 11. DC voltages.

4.1.2. Critical Clearing Times

The critical clearing time (CCT) is defined as the maximum time that a fault can remain before been
cleared, without producing loss of synchronism and it is normally used as an indicator of a transient
stability margin. The CCTs of the faults described in Table 1 are compared in Table 2, concluding that
control strategies P-WAF, Q-WAF and PQ-WAF increase the CCTs significantly, with respect to the
base case (DC0).

Table 1. Faults.

Short Circuit at Line i − j Close to Bus Clearing

Fault I 7–8 a 7 Disconnection of line 7–8 a
Fault II 5–6 5 Short circuit cleared (line not disconnected)
Fault III 10–11 10 Short circuit cleared (line not disconnected)

Table 2. Critical clearing times (CCT).

CCTs (ms) Fault I Fault II Fault III

DC0 150 178 189
P-WAF 430 242 479
Q-WAF 726 423 339
PQ-WAF 828 369 585
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4.2. Impact of Communication Latency

The effect of latency on the frequencies measured by each VSC station to calculate the WAF in
Equation (5) has been investigated. Each converter i will have a delay τii = 0 (zero delay applied to its
own frequency measurement) and τij �= 0 (non-zero delay applied to the frequency measurements of
the rest of VSC stations), when calculating the WAF.

4.2.1. Strategy P-WAF

The same fault as in Section 4.1.1 was simulated (Fault I of Table 1 cleared after 200 ms). Strategy
P-WAF was implemented and the frequency signals were used by each converter to calculate the actual
WAF communication latency. The following cases will be compared:

• Strategy P-WAF, without communication latency (τij = 0 ms).
• Strategy P-WAF, with a communication latency of 50 ms (τii = 0 ms and τij = 50 ms if i �= j).
• Strategy P-WAF, with a communication latency of 100 ms (τii = 0 ms and τij = 100 ms if i �= j).

First of all, the impact of the communication delay on frequency measurements is illustrated:
Figure 12 shows the true frequency at the AC terminal of VSC2 and the frequency of VSC2 measured
by VSC1 when calculating the WAF, with a communication delay of τ12 = 100 ms. Clearly, VSC1 sees
the frequency of VSC2 delayed.

ω2 (true)

ω2 (measured by VSC1)

Figure 12. Strategy P-WAF with τij = 100 ms. Frequency of VSC2 measured by VSC1.

Results obtained with strategy P-WAF, with zero delay, τij = 50 ms and τij = 100 ms are
shown in Figures 13 and 14, respectively. The larger the communication delay is, the larger the
generator-angle difference during the first swing is. However, the impact of communication latency
on control strategy P-WAF is remarkable small and similar results are obtained in comparison to the
case without communication latency. Notice that the time response of the P injections are very similar
in the three cases (Figure 14a). This is due to the fact that strategy P-WAF and the DC-voltage droop
are implemented together in all converter stations. Communication latency produces ∑n

j=1 Δpre f
j �= 0,

provoking DC-voltage fluctuations during the fault and immediately after its clearence (Figure 14b).
These DC-voltage fluctuations are compensated with power sharing among all VSC stations thanks to
the beneficial effect of the DC-voltage droop control implemented.
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δ
δ

Figure 13. Strategy P-WAF: Impact of communication latency. Generator angle difference.

(a) (b)

Figure 14. (a) P injections of the converters and (b) DC voltages.

4.2.2. Strategy Q-WAF

Fault I of Table 1, cleared after 200 ms, was simulated. The following cases are compared:

• Strategy Q-WAF, without communication latency (τij = 0 ms).
• Strategy Q-WAF, with a communication latency of 50 ms (τii = 0 ms and τij = 50 ms if i �= j).
• Strategy Q-WAF, with a communication latency of 100 ms (τii = 0 ms and τij = 100 ms if i �= j).

Figure 15 shows the generator-angle differences, while Figure 16 shows Q injections of the VSC
stations. Q-WAF clearly deteriorates with communication latency. This effect is more noticeable than
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when using strategy P-WAF. However, synchronism is maintained in all three cases. Q modulation
with communication latency differs from the one with τij = 0 ms (Figure 16). Notice that, in the
presence of communication latency, Q injections of VSCs 1 and 2 reach their limits (200 MVAr) during
the fault and immediately after the fault clearance (Figure 16). The plots of P injections and DC voltages
are omitted, since reactive-power control is independent of power sharing and DC voltages of the
VSC-MTDC system.

δ
δ

Figure 15. Generator angle difference.

4.2.3. Strategy PQ-WAF

The effect of communication latency on strategy PQ-WAF was also analysed. Again, Fault I
of Table 1, cleared after 200 ms, was simulated. The following cases are compared:

• Strategy PQ-WAF, without communication latency (τij = 0 ms).
• Strategy PQ-WAF, with a communication latency of 50 ms (τii = 0 ms and τij = 50 ms if i �= j).
• Strategy PQ-WAF, with a communication latency of 100 ms (τii = 0 ms and τij = 100 ms if i �= j).

Figure 17 shows the generator-angle differences. Results deteriorate with communication latency
although stability is maintained in all three cases. The rest of the plots are omitted (P injections,
Q injections and DC voltages), since they do not help understanding the system performance.
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Figure 16. Q injections of the converters.

δ
δ

Figure 17. Generator angle difference.
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4.2.4. Critical Clearing Times

Table 3 shows the CCTs for the faults of Table 1, obtained with strategies P-WAF, Q-WAF and
PQ-WAF, with communication latency of 50 ms and 100 ms. This case is called Case A, for further
comparison with other cases in Section 4.3. The CCTs of all faults decrease as the communication
latency increases, for all the control strategies. As already discussed, the impact of communication
latency is more noticeable in strategy Q-WAF (Q injections) than in strategy P-WAF (P injections). The
CCTs for all faults, obtained with the three control strategies and with a communication latency of
100 ms, are significantly higher than those obtained in the base case (DC0).

Table 3. Case A. CCT. Effect of communication latency.

CCTs (ms) Fault I Fault II Fault III

DC0 150 178 189

P-WAF 430 242 479
P-WAF, delay 50 ms 433 242 443
P-WAF, delay 100 ms 436 243 381

Q-WAF 726 423 339
Q-WAF, delay 50 ms 428 398 295
Q-WAF, delay 100 ms 273 312 287

PQ-WAF 828 369 585
PQ-WAF, delay 50 ms 566 332 534
PQ-WAF, delay 100 ms 444 291 471

Finally, Figure 18 shows the CCT for Fault I versus communication-latency delay (τij) (from
0 ms to 250 ms, using a step of 50 ms). The CCT of the base case (DC0) is included in Figure 18 for
comparison purposes. An indicator η is also plotted in Figure 18, which is defined as the CCT obtained
with a certain control strategy divided by the CCT obtained in the base case:

η =
CCT(control strategy)

CCT(DC0)
(11)

As τij increases, the CCTs obtained with strategies Q-WAF and PQ-WAF decrease faster that the
CCT obtained with strategy P-WAF (Figure 18). Notice that, in all three strategies, the CCTs obtained
with τij = 250 ms are greater than the CCT obtained in the base case (DC0). Therefore, strategies
P-WAF, Q-WAF and PQ-WAF proved to be robust against communication latency (see the percentage
values of η in Figure 18).

4.3. Further Analysis of the Impact of Communication Latency: Equal versus Different Delays in the
Communication Channels

A communication system between the VSC stations can be implemented in several ways. For
example, frequency measurements at the AC side of all VSC stations can be collected by a central
controller in order to be later distributed so that each converter can calculate the WAF according to
Equation (5). Alternatively, each VSC station could be communicated directly with the others. Different
communication arrangements will produce different latency patterns. There are two key aspects of
communication latency that could affect the performance of the control strategies:

• Total communication delay for frequency measurements at the VSC stations: having a delayed
WAF instead of its true value.

• Different communication delays for frequency measurements at the VSC stations: having a
perturbed WAF instead of its true value, caused by different values of the communication delays
of each frequency measurement.
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Figure 18. CCTs and η versus communication delay.

The robustness of control strategies P-WAF, Q-WAF and PQ-WAF has been analysed in the
following three cases:

• Case A: Equal delay for all frequency measurements: τij = 50 ms, 100 ms, if i �= j, except for the
frequency measured at the VSC station that calculates the WAF, that has zero delay (τii = 0 ms)
(this is the case analysed in Section 4.2). This case represents a communication system where
frequency measurements at the VSC-MTDC systems are collected by a central controller and sent
to each VSC station. Each VSC station uses those measurements to calculate the WAF.

• Case B: Equal delay for all frequency measurements: τij = 50 ms, 100 ms, ∀i, j. This case represents
a communication system where frequency measurements at the VSC-MTDC systems are collected
by a central controller and the central controller calculates the WAF, which is send, later, to all
VSC stations.

• Case C: Different delays for frequency measurements: τij, ∀i, j, is obtained as a random number
in the range [0, Δτ], following a uniform distribution (τij ∼ U(0, Δτ)). The values of the delays
are maintained constant during the simulation. Two values of Δτ are used: 50 ms and 100 ms.
Samples obtained for τij are given in Table 4. This case represents a communication system with
communication channels between all the VSC stations.

• Case D: Stochastic delays for frequency measurements: At each time step, the delay τij, if i �= j, is
obtained as a random number following a triangular distribution with mean τ0

ij and upper/lower

limits τ0
ij ± Δτij. The probability density function of the triangular distribution of τij is shown

in Figure 19. Hence, the delay will be within the range:

τij = τ0
ij ± Δτij (12)

As in case A, the frequency measured at the VSC station that calculates the WAF will have a zero
delay (τii = 0 ms). Two delays will be tested: τij = 50 ± 10 ms and τij = 100 ± 20 ms. Stochastic
delays introduce noise, as shown in Figure 20. This case represents a more realistic version of
Case A.
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Table 4. Case C. Communication delays used (τij (ms)).

τij (ms) VSC τi1 τi2 τi3 τi4

Δτ = 50 ms VSC1: τ1j 6 46 32 5
VSC2: τ2j 14 27 48 48
VSC3: τ3j 8 49 48 24
VSC4: τ4j 40 7 21 46

Δτ = 100 ms VSC1: τ1j 79 96 66 4
VSC2: τ2j 85 93 68 76
VSC3: τ3j 74 39 66 17
VSC4: τ4j 71 3 28 5

Figure 19. Case D: Communication delays follow a triangular distribution. Probability density function.

ω2 (true)

ω2 (measured by VSC1)

Figure 20. Case D. Strategy P-WAF with τij = 100 ± 20 ms (triangular distribution). Frequency of
VSC2 measured by VSC1.

CCTs for the faults of Table 1 obtained in cases A, B, C and D are reported in Table 3
of Section 4.2 and Tables 5–7 respectively. In the four cases, CCTs decrease as the communication
latency increases and, again, communication latency have a greater impact on strategy Q-WAF than on
strategy P-WAF. Nevertheless, even in the presence of communication latency CCTs obtained with
the control strategies outperform those obtained in the base case (DC0). Furthermore, no significant
differences are observed in cases A (equal delay for all frequency measurements except for the
frequency of the VSC station that calculates the WAF, that has τii = 0 ms), B (equal delay for all
frequency measurements), C (different delays for frequency measurements) and D (stochastic delays
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for frequency measurements). Moreover, notice that the results of case A (Table 3 of Section 4.2) and
case D (Table 7) are practically the same. This proves that the control strategies are robust against noisy
delays and this is due to the low-pass filter used in the control schemes (1/(1+ Tf s) in Figures 4 and 5).

Table 5. Case B. CCT.

CCTs (ms) Fault I Fault II Fault III

DC0 150 178 189

P-WAF 430 242 479
P-WAF, delay: τij = 50 ms ∀i, j 432 242 429
P-WAF, delay: τij = 100 ms ∀i, j 423 242 351

Q-WAF 726 423 339
Q-WAF, delay: τij = 50 ms ∀i, j 365 376 290
Q-WAF, delay: τij = 100 ms ∀i, j 242 273 277

PQ-WAF 828 369 585
PQ-WAF, delay: τij = 50 ms ∀i, j 518 324 519
PQ-WAF, delay: τij = 100 ms ∀i, j 397 273 440

Table 6. Case C. CCT.

CCTs (ms) Fault I Fault II Fault III

DC0 150 178 189

P-WAF 430 242 479
P-WAF, delay: τij ∼ U(0, 50 ms) ∀i, j 427 242 459
P-WAF, delay: τij ∼ U(0, 100 ms) ∀i, j 412 242 414

Q-WAF 726 423 339
Q-WAF, delay: τij ∼ U(0, 50 ms) ∀i, j 492 412 295
Q-WAF, delay: τij ∼ U(0, 100 ms) ∀i, j 421 392 291

PQ-WAF 828 369 585
PQ-WAF, delay: τij ∼ U(0, 50 ms) ∀i, j 584 345 542
PQ-WAF, delay: τij ∼ U(0, 100 ms) ∀i, j 505 320 511

Table 7. Case D. CCT.

CCTs (ms) Fault I Fault II Fault III

DC0 150 178 189

P-WAF 430 242 479
P-WAF, delay: τij = 50 ± 10 ms 433 242 443
P-WAF, delay: τij = 100 ± 20 ms 436 243 382

Q-WAF 726 423 339
Q-WAF, delay: τij = 50 ± 10 ms 429 400 295
Q-WAF, delay: τij = 100 ± 20 ms 275 312 287

PQ-WAF 828 369 585
PQ-WAF, delay: τij = 50 ± 10 ms 566 332 534
PQ-WAF, delay: τij = 100 ± 20 ms 444 291 471

4.4. Further Research on the Impact of Communication Latency on Strategy P-WAF with Centralised
DC-Voltage Control

So far, strategy P-WAF has been implemented in all VSC stations together with DC-voltage
droop control (distributed DC-voltage control). As proved in Section 4.2.1, the presence of the latter
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mitigated the impact of communication latency. This Section investigated the case in which a DC-slack
converter controls its DC voltage (centralised DC-voltage control) and all other converters control
their P injections according to strategy P-WAF, only (there is not DC-voltage droop control). When
modulating P injections in a VSC-MTDC system with centralised DC-voltage control, overloading of
the DC-slack converter should be avoided.

Tests reported in this Section have been carried out within the following scenario:

• VSC4 controled its DC voltage to 1 p.u (DC slack).
• VSCs 1, 2 and 3 controled their P injections, using strategy P-WAF. Saturation parameters of the

supplementary controller were set to Δpmax
i = 0.2 p.u., in order to avoid overloading of the DC

slack converter.
• VSC2 was given the role of DC-slack converter, with DC-voltage limits umax

dc,i = 1.1 p.u. and
umin

dc,i = 0.9 p.u.
• DC-voltage limits of VSCs 1 and 3 were set to umax

dc,i = 1.25 p.u. and umin
dc,i = 0.7 p.u., in order to

avoid interactions in case that the DC slack is overloaded.

Fault I of Table 1, cleared after 200 ms, was simulated and the following cases were compared:

• Strategy P-WAF (with VSC4 as DC slack), without communication latency (τij = 0 ms).
• Strategy P-WAF (with VSC4 as DC slack), with a communication latency of 50 ms (τii = 0 ms and

τij = 50 ms if i �= j).
• Strategy P-WAF (with VSC4 as DC slack), with a communication latency of 100 ms (τii = 0 ms

and τij = 100 ms if i �= j).

Figure 21 shows the generator-angle difference. Transient stability deteriorates with
communication latency and the impact of the communication delay is more noticeable than when using
strategy P-WAF together with DC-voltage droop control. Nevertheless, synchronism is maintained in
all cases. Figure 22 shows P injections of the VSC stations and DC voltages. VSC stations 1, 2 and 3
modulate their P injections, while VSC4 controls its DC voltage to 1 p.u. Voltages at all DC buses are
close to 1 p.u. during the whole simulation.

δ
δ

Figure 21. Generator angle difference.

160



Energies 2019, 12, 3638

(a) (b)

Figure 22. (a) P injections of the converters and (b) DC voltages.

The CCTs for the faults of Table 1 are shown in Table 8. As the communication delays increase,
the CCTs decrease. Regardless of the communication latency, CCTs are significantly higher than those
obtained in the base case (DC0, with VSC4 as DC slack). Finally, Figure 23 shows the CCT and indicator
η of Fault I as a function of communication latency. The same scale of Figure 18 is used, to facilitate
the comparison of the results. The CCT obtained with strategy P-WAF (and DC-voltage droop) is also
plotted. In this case, the CCT of Fault I decreases as the communication delay increases, faster than in
the case of P-WAF together with the DC-voltage frequency droop. The CCT obatined for τij = 250 ms
is much higher than the one obtained in the base case.

Table 8. CCT. Effect of communication latency on strategy P-WAF when the VSC-MTDC system has a
single DC slack.

CCTs (ms) Fault I Fault II Fault III

DC0 (VSC4: DC slack) 150 200 225

P-WAF (VSC4: DC slack) 408 273 296
P-WAF (VSC4: DC slack), delay 50 ms 341 260 303
P-WAF (VSC4: DC slack), delay 100 ms 307 253 301

Results show that strategy P-WAF, when implemented in a VSC-MTDC with centralised
DC-voltage control (a single DC slack converter), is robust against communication latency
although better results are obtained when implementing strategy P-WAF together with DC-voltage
droop control.
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Figure 23. CCTs and η versus communication delay.

5. Case Study 2: Cigré Nordic32A Test System with an Embedded VSC-MTDC System

The Cigré Nordic32A test system [55] with an embedded 3-terminal VSC-MTDC system was
used for simulation (Figure 24). The objective of using this system is to test the control strategy in
a larger multi-machine system, in order to test the scalability of the conclusions. Data are detailed
in Appendix B. Converter stations were operated with DC-voltage droop control and reactive-power
control. Simulations were carried out in PSS/E software [46], with the VSC-MTDC model presented
in [44].

The initial operating point of the VSC-MTDC system was calculated running an AC/DC power
flow, with the following specified variables:

• VSC1: P0
s,1 = −350 MW and Q0

s,1 = 0 MVAr.
• VSC2: P0

s,2 = 500 MW and Q0
s,2 = 150 MVAr.

• VSC3: u0
dc,3 = 1 p.u and Q0

s,3 = 100 MVAr (VSC3 is used as the DC-slack converter for power-flow
calculation).

The following cases have been analysed and compared:

• DC0: No supplementary control strategy in the VSC stations.
• Strategy P-WAF (P injections of VSC stations).
• Strategy Q-WAF (Q injections of VSC stations).
• Strategy PQ-WAF (simultaneous modulation of P and Q injections of VSC stations).

Since a detailed analysis has been presented in Section 4, this section will focus on the main
results, only. The CCTs of the faults described in Table 9 have been calculated. Fault I is the most
severe one, since corridor 4031–4041 carries a large amount of power in the operating point considered
and both circuits of the corridor are disconnected after the fault clearing.
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Figure 24. Cigré Nordic 32A system with an embedded VSC-MTDC system.

Table 9. Faults.

Short Circuit at Line i − j Close to Bus Clearing

Fault I 4031–4041a 4041 Disconnect 4031–4041 a&b
Fault II 4012–4022 4012 Line disconnected
Fault III 4012–4022 4022 Line disconnected
Fault IV 4032–4044 4044 Line disconnected
Fault V 4011–4022 4011 Line disconnected

The performance of control strategies P-WAF, Q-WAF and PQ-WAF has been tested in the
following three cases:

• Case A: Equal delay for all frequency measurements: τij = 50 ms, 100 ms, if i �= j, except for the
frequency measured at the VSC station that calculates the WAF, that has zero delay (τii = 0 ms).

• Case B: Equal delay for all frequency measurements: τij = 50 ms, 100 ms, ∀i, j.
• Case C: Different delays for frequency measurements: τij, ∀i, j, is obtained as a random number

in the range [0, Δτ], following a uniform distribution (τij ∼ U(0, Δτ)). The values of the delays
are maintained constant during the simulation. Two values of Δτ are used: 50 ms and 100 ms.
Samples obtained for τij are provided in Table 10.
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• Case D: Stochastic delays for frequency measurements: At each time step, the delay τij, if i �= j, is
obtained as a random number following a triangular distribution with mean τ0

ij and upper/lower

limits τ0
ij ± Δτij. The probability density function of the triangular distribution of τij is shown

in Figure 19. The frequency measured at the VSC station that calculates the WAF will have a zero
delay (τii = 0 ms). Two delays will be tested: τij = 50 ± 10 ms and τij = 100 ± 20 ms.

Table 10. Case C. Communication delays used (τij (ms)).

τij (ms) VSC τi1 τi2 τi3

Δτ = 50 ms
VSC1: τ1j 2 5 41
VSC2: τ2j 35 16 41
VSC3: τ3j 2 22 19

Δτ = 100 ms
VSC1: τ1j 77 80 19
VSC2: τ2j 49 45 65
VSC3: τ3j 71 75 28

Tables 11–14 report the CCTs obtained for the faults of Table 9, for cases A–D. Without
communication latency, control strategies increase the CCTs significantly. For example, the CCT
of Fault I increases from 105 ms in the base case DC0 to 390, 370 and 404 ms, with control strategies
P-WAF, Q-WAF and PQ-WAF, respectively. The three control strategies proved to be robust against
communication latency. Results with control strategies P-WAF and PQ-WAF are similar to those
obtained without communication latency. As already discussed, communication latency have more
impact when modulating reactive-power injections (Q-WAF). For example, with communication delays
of 50 ms and 100 ms in case A (Table 11), the CCTs of Fault I are 317 ms and 160 ms, respectively. Those
results still improve the base case (CCT of 105 ms), but below the improvement without communication
latency (CCT of 370 ms). The CCTs of cases A–D (Tables 11–14) follow a similar pattern and there are
no signicant differences regarding the impact of the different type of delays considered.

Faults III and IV are also interesting to discuss. Fault III is almost unaffected by the control
strategies and its CCT cannot be improved. The impact of strategy Q-WAF on Fault IV has a surprising
pattern, since its CCT increases as the communication latency increases (when using Q-WAF). This
was already observed in [39].

Table 11. Case A. CCT. Effect of communication latency.

CCTs (ms) Fault I Fault II Fault III Fault IV Fault V

DC0 105 188 237 390 205

P-WAF 390 224 240 824 235
P-WAF, delay 50 ms 389 225 240 822 235
P-WAF, delay 100 ms 384 225 240 824 236

Q-WAF 370 247 253 564 250
Q-WAF, delay 50 ms 317 236 247 581 240
Q-WAF, delay 100 ms 160 225 243 603 230

PQ-WAF 404 259 250 854 261
PQ-WAF, delay 50 ms 403 252 245 819 254
PQ-WAF, delay 100 ms 389 245 242 793 248
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Table 12. Case B. CCT. Effect of communication latency.

CCTs (ms) Fault I Fault II Fault III Fault IV Fault V

DC0 105 188 237 390 205

P-WAF 390 224 240 824 235
P-WAF, delay: τij = 50 ms ∀i, j 390 224 240 822 235
P-WAF, delay: τij = 100 ms ∀i, j 390 224 240 825 235

Q-WAF 370 247 253 564 250
Q-WAF, delay: τij = 50 ms ∀i, j 195 233 245 594 237
Q-WAF, delay: τij = 100 ms ∀i, j 128 220 241 783 226

PQ-WAF 404 259 250 854 261
PQ-WAF, delay: τij = 50 ms ∀i, j 408 251 244 802 252
PQ-WAF, delay: τij = 100 ms ∀i, j 398 241 242 781 243

Table 13. Case C. CCT. Effect of communication latency.

CCTs (ms) Fault I Fault II Fault III Fault IV Fault V

DC0 105 188 237 390 205

P-WAF 390 224 240 824 235
P-WAF, delay: τij ∼ U(0, 50 ms) ∀i, j 382 224 240 815 235
P-WAF, delay: τij ∼ U(0, 100 ms) ∀i, j 397 224 240 824 235

Q-WAF 370 247 253 564 250
Q-WAF, delay: τij ∼ U(0, 50 ms) ∀i, j 331 240 249 577 244
Q-WAF, delay: τij ∼ U(0, 100 ms) ∀i, j 174 232 245 603 235

PQ-WAF 404 259 250 854 261
PQ-WAF,delay: τij ∼ U(0, 50 ms) ∀i, j 400 256 246 819 258
PQ-WAF, delay: τij ∼ U(0, 100 ms) ∀i, j 408 248 243 798 251

Table 14. Case D. CCT. Effect of communication latency.

CCTs (ms) Fault I Fault II Fault III Fault IV Fault V

DC0 105 188 237 390 205

P-WAF 390 224 240 824 235
P-WAF, delay τij = 50 ± 10 ms 390 224 240 823 235
P-WAF, delay τij = 100 ± 20 ms 388 224 240 823 235

Q-WAF 370 247 253 564 250
Q-WAF, delay τij = 50 ± 10 ms 320 235 248 581 240
Q-WAF, delay τij = 100 ± 20 ms 171 225 243 603 231

PQ-WAF 404 259 250 854 261
PQ-WAF, delay τij = 50 ± 10 ms 401 252 245 819 254
PQ-WAF, delay τij = 100 ± 20 ms 387 245 242 793 247

Finally, Figure 25 shows the CCT and η of Fault I (the most severe and challenging fault) as
a function of communication latency of Case A. Control strategies P-WAF and PQ-WAF present
significant improvements, even for large communication delays. In fact, the CCTs obtained are very
similar to those obtained without communication delays. The performance of strategy Q-WAF worsens
much faster as the value of the communication delay increases. Furthermore, for communication
delays of τij = 200 ms and τij = 250 ms, the performance of strategy Q-WAF is very poor and results
are worse than in the base case (a CCT of 0 ms means that the tripping of lines 4031-4041a&b produces
loss of synchronism, even if there is no solid short circuit). This implies that control strategy Q-WAF
requires fast communication systems to be effective (delays should not be greater than 100 ms).
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Figure 25. Case A. CCTs and η versus communication delay.

6. Conclusions

This paper analysed the impact of communication latency on transient-stability-tailored control
strategies in VSC-MTDC systems based on the weighted-average frequency (WAF) calculated by the
VSC stations. Conclusions can be summarised as follows:

• Strategies P-WAF (modulation of P injections), Q-WAF (modulation of Q injections) and
PQ-WAF (simultaneous modulation of P and Q injections), implemented at the VSC stations of
MTDC systems, improve transient stability, significantly.

• Strategies P-WAF, Q-WAF and PQ-WAF improve transient stability, significantly, even when
subject to communication latency, for realistic values of communication delays.

• Strategy Q-WAF is more sensitive to communication latency than control strategy P-WAF.
• Strategies P-WAF, Q-WAF and PQ-WAF proved to be robust against different types of

communication latency (the same communication delay for all frequency measurements and
different communication delays for the frequency measurements).

• Strategy P-WAF implemented in a VSC-MTDC system with a single DC-slack converter is more
sensitive to communication latency than control strategy P-WAF implemented in a VSC-MTDC
system where converters have DC-voltage droop control.
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Appendix A. Data of the Case Study 1: Kundur’s Two-Area Test System with an Embedded
VSC-MTDC System

Appendix A.1. HVAC Grid

Data of the HVAC system can be found in [54]. In the original test system, the nominal voltage of
the transmission system and the nominal frequency were 230 kV and 60 Hz, respectively and those
values have been changed to 220 kV and 50 Hz, respectively, in this work.

Synchronous machines are represented with a 6th-order dynamic model, with parameters:

SN = 900 MVA, H = 4.5 s (G1, G2), H = 4.175 s (G3, G4), D = 0, T′
d0 = 8 s, T′′

d0 = 0.03 s,

T′
q0 = 0.4 s, T′′

q0 = 0.05 s, Xd = 1.8 p.u, Xq = 1.7 p.u, X′
d = 0.3 p.u, X′

q = 0.55 p.u,

X′′
d = X′′

q = 0.25 p.u, Xl = 0.2 p.u, S(1.0) = 0.0435 p.u, S(1.2) = 0.2963 p.u. (A1)

Generators are equipped with a bus-fed static excitation system, as shown in Figure A1,
with parameters:

TR = 0.01 s, KA = 200 p.u, KC = 0 p.u, EEMAX = 6.4 p.u,

EEMIN = −6.4 p.u, EFDmax = 6.4 p.u, EFDmin = −6.4 p.u. (A2)

The generators are also equipped with a power system stabiliser (PSS) (STAB1 PSS/E library
model [56]), with parameters:

K/T = 20 s−1, T = 10 s, T1/T3 = 2.5, T3 = 0.02 s, T2/T4 = 0.5555, T4 = 5.4 s, HLIM = 0.05 p.u.

The governor system of the generators use IEEEG1 PSS/E library models [56], with parameters:

K = 20 p.u, T1 = T2 = 0 s, T3 = 0.3 s, Uo = 1 p.u./s, , Uc = −1 p.u./s, PMAX = 1 p.u, PMIN = 0p.u,

T4 = 0.3 s, K1 = 0.3 p.u, K2 = 0 p.u, T5 = 7 s, K3 = 0.3 p.u, K4 = 0 p.u, T6 = 0.6 s,

K5 = K6 = K7 = K8 = 0 p.u, T7 = 0 s. (A3)

For time-domain simulation, loads are represented with constant active current and with constant
impedance for the reactive-power part.

The following modifications were made in order to consider a critical case for transient stability:

• Inertia constants: H1 = H2 = 4.5 s and H3 = H4 = 4.175 s.
• Loads: 467 MW and 100 MVAr at bus 7 and 2267 MW and 0 MVAr at bus 9.

Figure A1. Excitation system.
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Appendix A.2. VSC-MTDC System

Table A1. Converter and HVDC grid parameters.

Parameters
VSC’s Rating are Base Values for p.u.

Rating VSC, DC voltage, AC voltage 500 MVA, ±320 kV, 300 kV
Configuration Symmetrical monopole
Max. active (reactive) power ±500 MW (±200 MVAr)
Max. current 1 p.u (d-axis priority)
Max. DC voltage ±10 %
Max. modulation index 1.31 p.u
Current-controller time constant (τ) 5 ms
Connection resistance (rs)/reactance (xs) 0.02 p.u / 0.20 p.u
(reactor + 300/220 kV transformer)
P prop./int. control: (Kd,p1/Kd,i1) 0/0 (i.e. ire f

d,i = pre f
s,i /us,i)

Vdc prop./int. control (Kd,p2/Kd,i2) 4 p.u/0.24 p.u/s

Q-control prop./int. control: (Kq,p1/Kq,i1) 0/0 (i.e. ire f
q,i = −qre f

s,i /us,i)
DC-voltage droop constant (kdc,i) 0.1 p.u
VSCs’ loss coefficients (a/b) in p.u. 5.25/1.65 ×10−3 p.u.
VSCs’ loss coefficients (crec/cinv) in p.u. 2.10/3.14 ×10−3 p.u.
DC-bus capacitance (Cdc,i) 195 μF
DC-line series parameters (Rdc,ij/Ldc,ij) 0.51 Ω/35.03 mH (lines 1–2 & 3–4)

5.23 Ω/357.26 mH (line 1–3)
4.92 Ω/336.24 mH (line 2–4)

Appendix A.3. Parameters of the Control Strategies

• Strategy P-WAF: Block diagram of Figure 4, with parameters: kP,i = 200 p.u,
Tf ,i = 0.1 s, TW,i = 15 s, Δpmax,i = 0.4 p.u and αk = 1/4. The gains are in nominal p.u. The
frequency set point is calculated as Equation (5).

• Strategy Q-WAF: Block diagram of Figure 5, with parameters: kQ,i = 200 p.u, Tf ,i = 0.1 s,
TW,i = 15 s, Δqmax,i = 0.4 p.u and αk = 1/4. The gains are in nominal p.u. The frequency set
point is calculated as Equation (5).

• Strategy PQ-WAF: Strategies P-WAF and Q-WAF are implemented simultaneously. The same
parameters of strategies P-WAF and Q-WAF are used.

Appendix B. Data of the Case Study 2: Cigré Nordic32A Test System with an Embedded
VSC-MTDC System

Appendix B.1. HVAC Grid

Data of the HVAC system can be found in [55,57]. A comprehensive description of the system,
with the analysis of different operating points, can be found in [58]. A heavily loaded operating point
is considered in this work, with the modifications of Table A2. Loads are modelled with a constant
impedance characteristic for dynamic simulation.

Table A2. Modifications of Nordic32A case.

Original Value New Value

Loads Bus 1044 800 MW 1300 MW
Bus 41 540 MW 620 MW

Bus 4071 (equiv.) 300 MW 0 MW
Bus 4072 (equiv.) 2000 MW 1840 MW

Bus 62 300 MW 200 MW

Shunts Buses 1044 and 4041 200 MVAr 300 MVAr
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Appendix B.2. VSC-MTDC System

Table A3. Converter and HVDC grid parameters.

Parameters
VSC’s Rating are Base Values for p.u.

Rating VSC, DC voltage, AC voltage 1000 MVA, ±320 kV, 300 kV
Configuration Symmetrical monopole
Max. active (reactive) power ±1000 MW (±450 MVAr)
Max. current 1 p.u (d-axis priority)
Max. DC voltage ±10 %
Max. modulation index 1.31 p.u
Current-controller time constant (τ) 5 ms
Connection resistance (rs)/reactance (xs) 0.002 p.u / 0.17 p.u
(reactor + 300/400 kV transformer)
P prop./int. control: (Kd,p1/Kd,i1) 0/0 (i.e., ire f

d,i = pre f
s,i /us,i)

Vdc prop./int. control (Kd,p2/Kd,i2) 2 p.u/0.12 p.u/s

Q-control prop./int. control: (Kq,p1/Kq,i1) 0/0 (i.e., ire f
q,i = −qre f

s,i /us,i)
DC-voltage droop constant (kdc,i) 0.1 p.u
VSCs’ loss coefficients (a/b) in p.u. 11.033/3.464 ×10−3 p.u.
VSCs’ loss coefficients (crec/cinv) in p.u. 4.40/6.67 ×10−3 p.u.
DC-bus capacitance (Cdc,i) 195 μF
DC-line series parameters (Rdc,ij/Ldc,ij) 2.05 Ω/140.10 mH

Appendix B.3. Parameters of the Control Strategies

• Strategy P-WAF: Block diagram of Figure 4, with parameters: kP,i = 200 p.u, Tf ,i = 0.1 s,
TW,i = 15 s, Δpmax,i = 1.0 p.u and αk = 1/3. The gains are in nominal p.u. The frequency set
point is calculated as Equation (5).

• Strategy Q-WAF: Block diagram of Figure 5, with parameters: kQ,i = 200 p.u, Tf ,i = 0.1 s,
TW,i = 15 s, Δqmax,i = 1.0 p.u and αk = 1/3. The gains are in nominal p.u. The frequency set
point is calculated as Equation (5).

• Strategy PQ-WAF: Strategies P-WAF and Q-WAF are implemented simultaneously. The same
parameters of strategies P-WAF and Q-WAF are used.
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Abstract: The direct current circuit breakers are considered a promising option to protect the
transmission line against commonly appearing line-to-ground fault. However, the challenges of
losses in the nonoperational stage, escalation of response against fault current, and large fault current
handling capability remain the debatable issues for direct current circuit breakers. This paper
introduces a novel topology of the hybrid circuit breaker with fault-current-limiting characteristics,
which contains three branches: the main branch, fault-current-limiting branch, and energy absorption
branch. The main branch includes a mechanical switch, breaker impedance, and bidirectional
power electronics switches. In the fault-current-limiting branch, a fault-current-limiting circuit
is introduced which contains n numbers of bidirectional switches and current-limiting inductors,
which are connected in series to make the design modular in nature. During the normal working
stage, the current flows through the main branch of the breaker. Once a fault in the system
is confirmed, the fault current is transferred to the fault-current-limiting branch. At this stage,
the intensity of the fault current is reduced significantly using the fault-current-limiting circuit,
and finally, the residual current is shifted to the energy absorption branch. The working principle,
design considerations, and parametric analysis concerning the design of hybrid circuit breakers
are incorporated in this paper. The performance of the proposed breaker is evaluated using a
three-terminal voltage-source converter-based high-voltage direct current transmission network;
for this purpose, a PSCAD/EMTDC simulation tool is used. The performance of the proposed breaker
is also compared with other topologies. The comparative analysis shows that the proposed breaker is
a good alternative considering high fault current interruption requirements, response time against
fault current, and power losses.

Keywords: breakers; hybrid DC circuit breaker; fault current limiters; non-superconducting fault
current limiters; current-limiting inductors; voltage source converter

1. Introduction

Due to increased penetration of renewable energy into power grids, the VSC-HVDC transmission
projects have gained attention globally because the VSC-HVDC systems allow the independent control
of active and reactive power [1–5]. With the passage of time, the rating of VSC-HVDC projects has
increased; the details of HVDC projects in [6–8] strengthen this argument. The VSC-HVDC-based
transmission shows more vulnerability against frequently appearing L-G faults. The increased
ratings of VSC-HVDC networks demand the protection equipment with increased fault current
handling capabilities.

Energies 2019, 12, 2388; doi:10.3390/en12122388 www.mdpi.com/journal/energies173
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With an increased rating of VSC-HVDC network and vulnerability towards commonly appearing
L-G faults, the protection equipment is required to handle large fault current. In this context, the FCLs
are generally used and classified into two types: SFCLs and NSFCLs. The studies [9–12] contain some
examples under the umbrella of SFCLs; likewise, [13–15] present the examples of NSFCLs. The FCL of
both types can limit the fault current to some extent, but the fault current cannot be forced to zero or
isolated totally. Therefore, DCCBs are considered a reliable option to isolate the fault current. Generally,
DCCBs are divided into three major types: mechanical active and passive resonance circuit breakers,
solid-state circuit breakers (SSCB), and hybrid circuit breakers (HCBs) [16]. In 2012, a paradigm shift in
the high-voltage DCCBs area was observed with the introduction of HCBs [17,18]. Later on, in 2014,
another state-of-the-art HCB was introduced with experimental validation [19]. The [19] highlights
the comparative analysis of two important HCBs. Although HCBs possess good features in terms of
response time [17–19], they have limitations in handling large fault currents with increased voltage
ratings. Therefore, different researchers had used the breakers in a combination of FCLs to ensure the
safety, fault isolation capability, and increased fault current handling capacity as well [20,21].

In Reference [22], a compound current limiter and circuit breaker is introduced; likewise in
Reference [23], the new topology for HCBs is explained in detail. In Reference [24], the implantation
of breakers on a small scale is explained. The new designs of breakers placed between negative and
positive terminals of line, and multiterminals are explained in [25–27]. Some miscellaneous protection
schemes to protect the line against L-G faults using HCBs and other approaches are elucidated in [28,29].
In addition, some examples of SFCLs with DCCBs are given in [30,31], whereas the comprehensive
comparison between NSFCL and SFCL is given in [32].

The recent investigations in [20,21] explain the hybridization of NSFCL and DCCB; these two
examples are comprehensively elaborated here, because in the later stages, some results are reproduced
for comparative analysis. In Reference [20], three breakers were used; one was called MCB, and the
other two were named as BCBs. Apart from breakers, three CLIs were also used. The working
principle was explained as follows: during normal operation, the CLIs were connected in parallel
and thus the equivalent impedance was reduced. As a result, the on-state loss was reduced too.
In case of the fault, the CLIs were used in series and had included heavy impedance during the fault
current limitation stage. In this way, the intensity of the fault current was reduced. At the terminal
stage, the MOAs used in the MCB and BCBs were used to absorb the residual current. The BCBs
had ensured the parallel operation of current-limiting inductors during normal operating condition,
and series operation in faulty condition. In Reference [21], a hybrid current-limiting circuit breaker
for DC line was proposed which had two major components: energy-dissipating circuit and isolation
mechanism. The energy-dissipating circuit (contains) inductance, power electronics-based switches
(Thyristors), and energy-dissipating resistor. The working mechanism of the hybrid current-limiting
circuit breaker was simple: in case of a fault, the intensity of the fault current was suppressed by
employing current-limiting inductance, and then the main circuit was isolated using a mechanical
switch. Eventually, the residual current was dissipated by the MOA and resistor.

In this paper, an improved method is developed to limit the quantum of the fault current. Similar
tactics as of [20] are chosen to limit the fault current, but with significant modifications, to solve some
key issues. In the previous study, to achieve the fault-current-limiting operation, two additional
breakers (BCBs) were used to guarantee the series and parallel operation of the CLIs. These additional
breakers had significantly increased the cost. Moreover, the CLIs remained in the circuit during normal
operating condition, and as a result, the large size of inductors could result in more losses. However,
using the proposed FCLC, the CLIs are only used when fault current suppression is required, and this
is considered a major advantage. Thus, the use of large CLIs for high fault current handling is possible,
and parallel operation of CLIs is alleviated. Since no CLI is used during normal operation, power loss
in normal condition due to FCLC is zero. The schematic diagram of the proposed FCLC for DCCB
is shown in Figure 1, whereas Figure 2 contains the schematic diagram of the fault current limiter
discussed in [20]. In Figure 1, S1, S2, S3 . . . . . . Sn represent the bidirectional PE switches and L1, L2, L3
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. . . . . . Ln represent the CLIs. By employing CLIs, the fault current can be reduced effectively; however,
the main branch of the breaker has to tolerate transient overvoltage. To rectify this issue, the concept of
parallel arrester is used, and the details are charted in the subsequent part of this study.

L1

L2

L3

S1

S2

S3

LnSn  
Figure 1. Proposed FCLC for DCCB used in auxiliary branch of breaker.

MCB

BCB

BCB

L1

L2

L3
 

Figure 2. Fault-current-limiting circuit with MCB and BCB.

The working principle of proposed topology, analysis to determine the size of CLIs, current in
different stages, and transient overvoltage analysis are discussed in Section 2 of the paper. In Section 3,
simulation results are presented to verify the theoretical concepts. Section 4 contains the comparative
analysis of proposed solutions with other available topologies. Finally, in Section 5, the conclusions of
the paper are presented.

2. Proposed Topology

2.1. Working Principle

The proposed HCB with FCLC contains three branches: the main branch, auxiliary branch,
and energy transfer branch, as shown in Figure 3. The main branch constitutes a mechanical switch
called UFD, and bidirectional PE switches composed of IGBTs, also known as LCS. The proposed
FCLC to limit the fault current is placed in the auxiliary branch. The third branch of the HCB is called
the energy absorption branch, which consists of an MOA. In Figure 3, the value of CLR is represented
by Lb, which is called the breaker impedance. Although the design of the FCLC is modular in nature,
three CLIs are considered at this stage, namely, L1, L2, and L3, and three bidirectional PE switches
composed of IGBTs are named as S1, S2, and S3. It must be noted that the CLIs are connected in series,
and these are not coupled magnetically.
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Figure 3. Proposed HCB with FCLC.

In order to understand the working principle of the proposed scheme and its contours, it is divided
into four different working periods. The different operating periods with reference of time are shown
in Figure 4. During 0 ≤ t ≤ t1, normal current flows through the whole system including the main
branch of the CB. The path-I indicates the current during this interval (see Figure 5a). Normal current
means the rated current of the system, defined according to design considerations. At t1, the fault in
the system is suspected. After the fault is suspected, it usually takes a few milliseconds to confirm.
During this time, the current continues to flow through the main branch of the CB and switches start to
open gradually. The direction of current flow during this time remains the same as of 0 ≤ t ≤ t1.

t1 t2 t3

t t≤ ≤ t t t≤ ≤ t t t≤ ≤ t t>

t4

 
Figure 4. Different operating periods with fault current handling stages.

Once the fault in the system is confirmed at t2, the switches associated with the main branch of the
CB are opened and the fault current is directed to the FCLC placed in the auxiliary branch of the CB.
At this stage, fault current limitation operation is achieved. Figure 5b explains the current flow during
t2 ≤ t ≤ t3. After t3, the switches in the auxiliary branch are opened and the residual fault current
is shifted to the MOA. At this stage, the fault current is forced to zero and isolated from the system.
The flow of current during this period is elucidated in Figure 5c.

 

 

(a)  (b) 

Figure 5. Cont.
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(c) 
Figure 5. Flow of current through different branches of breakers during different time intervals:
(a) 0 ≤ t ≤ t1 and t1 ≤ t ≤ t2; (b) t2 ≤ t ≤ t3; (c) t > t3.

2.2. Determination of Current and Size of Current-Limiting Inductors

The size of breaker impedance (CLR/Lb) and current-limiting inductances (CLIs, L1, L2, and L3)
depends on design considerations or the desired requirements. The equivalent circuit to estimate the
values of current, CLR, and CLIs is divided into two parts: an equivalent circuit of the system before
the fault and an equivalent circuit of the system after the fault. The equivalent circuits for the time
intervals 0 ≤ t ≤ t1 and t1 ≤ t ≤ t2 are shown in Figure 6a,b, respectively. The internal resistance of UFD
and LCS is minimal, therefore, for simplicity, these are ignored. The second equivalent circuit is drawn
for the fault current limitation stage during the time t2 ≤ t ≤ t3 and is shown in Figure 6c.

+
Vdc

Lb

-

Idc=I1

 

 

+
Vdc

Lb

-

I2

 
(a)  (b) 

+
Vdc

L2

-
I3

Lb L1 L3

FCLC Inductances 

 
(c) 

Figure 6. The simplified equivalent circuits in different working stages: (a) for normal working stage;
(b) for fault suspect/confirmation stage; (c) for fault current limitation stage.

During 0 ≤ t ≤ t1, the value of the current increases from zero to the rated value. This rated value
is considered as the line current which is predefined. The current during this period is defined by
Equation (1). In Equation (1), Idc represents the rated value of the line current.

II = Idc (1)

Once the fault in the system at t2 is detected, it takes a few milliseconds to confirm the existence
of the fault. During this time, the current continues to flow through the main branch of the CB, and the
quantum of the fault current in this interval is calculated using the equivalent circuit in Figure 6b.
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The current during t1 ≤ t ≤ t2 is calculated with the application of KVL and Laplace Transformation.
The final result is given obtained in the time domain, which is given by Equation (2).

I2 = II +

(
Vdc
Lb

)
t (2)

In Equation (2), I1 is the constant which depends on the initial condition, Vdc is the rated line
voltage, and Lb represents the value of CLR. In Equation (2), the constant I1 is accessed by using
Equation (1). From Equation (2), an approximate value of Lb can be calculated, keeping in view the
maximum permissible range of fault current I2, which is the peak value of the current the system
attains after fault detection. Once the fault is confirmed at t2, the FCLC in the auxiliary branch is
activated. For this case, the equivalent circuit diagram is shown in Figure 6c. The following constraints
are considered for calculating the current during this period:

L1 = L2 = L3 = L (3)

Application of KVL for the circuit in Figure 6c results in the following equation:

Vdc = Lb

(
dI3

dt

)
+ 3L

(
dI3

dt

)
(4)

or
Vdc =

dI3

dt
(Lb + 3L) (5)

Solving Equation (5) to get the current during the time t2 ≤ t ≤ t3:

I3 =
I2Lr

Lb + 3L
+

Vdc
Lb + 3L

(t) (6)

or
I3 =

1
Lb + 3L

[I2Lb + Vdc(t)] (7)

In Equation (7), the current I2 depends on the initial conditions. From Equation (3), it is obvious
that I2 is the maximum permitted current after fault detection. Since I3 represents the amount of
suppressed current, Equation (7) is used to estimate the values of inductances (L1 = L2 = L3 = L) used
during the fault current limitation stage. After the time t3, the residual current I3 is transferred to
the energy absorption branch (i.e., MOA) and the fault current at this stage is converged to zero and
isolated from the system. The energy absorbed by the MOA at the final stage is calculated using the
following mathematical relationship [33]:

E =

∫
V(t)I(t)dt (8)

In Equation (8), E represents the energy absorbed by the MOA, V(t) represents the voltage across
the MOA, and I(t) represents the current through the MOA. The graphical illustration of DC current
explaining the behavior of the current in different stages is highlighted in Figure 7. In Figure 7,
tfc represents fault clearance time, which is calculated as:

t f c = t4 − t2 (9)

Based on the above analysis, it can be concluded that the transfer of current from one branch of the
breaker to another branch at the switching instants t1, t2, t3, and t4 depends on two factors: maximum
values of the current and time to attain it. In other words, it depends on rate of change of the current.
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Figure 7. The graphical illustration of estimated DC current with control signals.

2.3. Transient Overvoltage Analysis

By application of FCLC in the auxiliary branch of the proposed HCB, the quantum of the fault
current can be reduced effectively. However, due to the use of FCLC in the auxiliary branch, the main
branch of the breaker has to sustain voltage overshoot for a brief time. To avoid this problem,
the protection scheme for the main branch is essential. In this context, several approaches are discussed
in the literature. For example, in Reference [34], the concept of parallel MOA was used to guard PE
switches against overvoltage; the schematic layout is shown in Figure 8, where Rs and Ls represent
system resistance and inductance, respectively, Lp represents stray inductance that exists between
IGBT switch and main arrester (MOAm), and Vdc represents the terminal DC voltage. The components
with dotted lines are used to protect the IGBT switch against overvoltage. A similar approach as
discussed in [34] was utilized to protect the switches in the main branch against transient overvoltage;
the schematic layout is given in Figure 9.

Rs Ls

Lp MOAm

L`p MOAov

+

-

V
dc

 
Figure 8. A scheme for protection of PE switches against overvoltage.
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Figure 9. Representing the protection approach for switches in main branch of the HCB with FCLC.

3. Results and Discussion

The proposed HCB with FCLC is tested with a three-terminal VSC-HVDC transmission system,
using PSCAD/EMTDC simulation tool. The VSC is based on a two-level converter with the standard
double-loop control scheme for each terminal. The schematic layout of the system with the placement
of HCB is elucidated in Figure 10. The details of parameters for each terminal are given in Table A1 in
the Appendix A [21]. The details of parameters used for the proposed HCB with FCLC for preliminary
simulation analysis are available in Table A2 in the Appendix A. To test the performance of the
proposed HCB with FCLC, the L-G fault on cable 12 is introduced. The proposed breaker to limit and
isolate the fault current is commissioned on either side of the transmission line. The overall response
DC current with the placement of the proposed breaker is shown in Figure 11. It must be noted that
the performance of the proposed HCB is analyzed for 200 kV voltage level. This voltage level is used
in various real-world projects; for example, the Zhoushan five-terminal VSC-HVDC project in China is
designed for 200 kV voltage level. Thus the simulation results provide a good assessment considering
the real-world applications and operating conditions.

AC-Grid I

Phase Reactor 

VSC-I VSC-IILine-12

Line-12
Phase Reactor 

AC Grid II

Bus-I

Bus-II
Bus-III

AC Grid III

Phase Reactor 

Line-13
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Breaker

VSC-III

Rectifier Inverter

Inverter

 
Figure 10. Three-terminal VSC-HVDC system.
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Figure 11. Overall response DC current.
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The details of the events for the particular result are as follows. From 0 to 0.2 s, the system is
allowed to operate in normal or steady-state condition. During this time, the system carries the rated
DC current, which is defined as 0.5 kA. At 0.2 s (say, t1), the L-G fault is introduced on cable 12. It can
be observed from the result in Figure 11 that the fault current increases with a high rate, and at 0.202 s
(say, t2), the fault current reaches the level of approximately 4 kA. During this interval, the fault current
is allowed to flow though the main branch of the breaker.

At 0.202 s, the fault in the system is considered confirmed, and the fault-current-limiting operation
begins, by opening the switches in the main branch and closing the switches in the FCLC (in auxiliary
branch). The FCLC remains alive for 3 milliseconds and the fault current first drops sharply and then
at 0.205 s, it reaches the value of less than 3 kA. In this way, by employing the FCLC, the fault current
is reduced significantly. After 0.205 s (say, t3), the switches in the FCLC are opened and the residual
current is shifted to the MOA, and at the instant t4, the fault current is fully isolated from the system.

The supplementary results include the current though the main branch, auxiliary branch,
and energy absorption branch of the breaker; these results are shown in Figure 12a–c, respectively.
These results segregate the response of the DC current during different intervals. For example,
in Figure 12a, the current through the LCS is outlined, which shows that from 0 to 0.202 s, the current
flows through the main branch, and at 0.202 s, the switches open completely and the current drops
to zero. Likewise, from Figure 12b, it can be observed that the FCLC remains inactive until 0.202 s,
and after that, the fault-current-limiting operation begins, and due to the three CLIs, the current in
this branch is restricted to 1.5 kA (approximately). At 0.205 s, the switches in the FCLC open and the
current in the branch is dropped to zero. Right after 0.205 s, the residual current is shifted to the MOA,
which is shown in Figure 12c.

   
(a) (b) (c) 

Figure 12. Current through different branches of breaker: (a) main branch; (b) FCLC (auxiliary branch);
(c) MOAm.

Furthermore, the result in Figure 13a represents the voltage across the circuit breaker. It is
important to note that all branches in the circuit breaker are connected in parallel, so the voltage across
them is the same. To avoid voltage overshoot across the main branch of the circuit breaker, due to
parasitic inductance and CLIs in the auxiliary branch of the breaker, an MOA of larger size (MOAov)
is used with the main branch of the breaker, as discussed in [34]. This MOA shares some part of the
energy in the fault current limitation stage and also resists the voltage overshoot across the main branch
of the breaker in order to reduce the quantum of the fault current. From Figure 13a, it can be noted
that the voltage overshoot is observed twice, first when the fault-current-limiting operation begins
at 0.202 s, and secondly at 0.205 s, when the residual current is transferred to the MOA. Figure 13b,c
show energy absorbed by overvoltage arrester (MOAov) and main arrester (MOAm), respectively.
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(a) (b) (c) 

Figure 13. Miscellaneous results: (a) voltage across breaker; (b) energy absorbed by MOAov; (c) energy
absorbed by MOAm.

Moving forward, the impact of varying the values of current-limiting inductances (L1 = L2 = L3 = L)
in the FCLC is also observed, keeping all other parameters unchanged, and Figure 14 shows the overall
response of the DC current. It is observed from the results that the larger values of inductances lower
the rate of increase of the current and also improve the fault clearance time (i.e., tfc). In addition,
the peak value of the current during the fault current limitation stage reduces with larger L. Figure 15a,b
show the corresponding energy absorbed by overvoltage arrester (MOAov) and main arrester (MOAm),
respectively. The quantified data of system response under varying values of L is given in Table 1.

Figure 14. The influene of L on overall DC current.

 

 

(a)  (b) 

Figure 15. Energy absorbed by arrester under different values of L: (a) MOAov; (b) MOAm.
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Table 1. Repressing the statistical details of system response under varying values of L.

Size of
L (mH)

Fault
Clearance
Time (ms)

Peak Current in Fault
Current Limitation

Stage (kA)

Energy
Absorbed by
MOAov (MJ)

Energy Absorbed
by MOAm (MJ)

100 3.25 1.40 0.4306 0.052
150 3.15 1.00 0.4558 0.024
200 3.11 0.76 0.4705 0.014
250 3.08 0.62 0.4810 0.009
300 3.05 0.52 0.4881 0.006

4. Comparative Analysis of Proposed Breaker and Other Topologies

So far, the critical results of the proposed HCB with FCLC under various conditions have
been discussed. In this segment of the paper, the performance of the proposed HCB with FCLC is
compared with other solutions to evaluate the effectiveness and competitiveness. For this purpose,
a three-terminal VSC-HVDC model is used, with the same parameters discussed in Table A1 in the
Appendix A. The designs of the proposed FCLC and current-limiting breaker in [20] are modular
in nature, therefore the number of CLIs can be changed according to requirements; for compression
purpose, one CLR and three CLIs are used. The details of breaker parameters used for compression
purpose are the same as in Table A2 in the Appendix A.

The results presented in Figure 16 signify the DC current flowing through the systems for three
different cases. The results in Figure 17 show the response of voltage across the breaker, and Figure 18
shows the power absorbed by the main arrester for different solutions. The details of the results
discussed in Figure 16 are as follows: at 0.2 s, a fault in the system is introduced, and for 2 milliseconds,
the current is allowed to flow through the main branch of breaker discussed in [18,20] and proposed
scheme. It is observable that during this time, the rate of increase of the current and maximum value
of current for [18] and the proposed scheme is the same. However, in the same interval, the rate of
increase of the fault current is less for the solution discussed in [20], and the maximum value of the
current is also a bit lower. Because the CLIs are used in parallel even in normal condition, they resist
the steep increment in the fault current during fault confirmation stage.

Figure 16. The response of DC current flowing through the system under the influence of
different solutions.
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Figure 17. Voltage across the breaker under influence of different solutions.

Figure 18. Power absorbed by main MOA under different solutions.

The fault-current-limiting operation is applied for 3 milliseconds. During the fault current
limitation stage, the current starts to flow through the auxiliary branch of the breaker in [18,20] and the
proposed scheme. Since the design of the breaker in [18] has no capacity to limit the fault current, during
this interval, the current continues to increase and reaches the peak value of 8 kA (approximately).
For [20], during this time, the intensity of the fault current is first reduced and then increased to the
level of 2 kA (approximately). In the proposed scheme, the FCLC is employed in the auxiliary branch,
and thus the fault current is first dropped and then increased to 1.4 kA (approximately).

The details of results concerning voltage across the breaker in Figure 17 is as follows. From 0
to 0.2 s, the voltage across the breaker is zero for all cases because during this time, the system is
operating in normal condition. At 0.2 s, a fault in the system is introduced for the proposed HCB,
and [18] the voltage remains zero until 0.202 s, because for 2 ms after the introduction of the fault,
the current continues to flow through the main branch of the breaker. For Reference [20], the voltage
across the breaker is also observed during fault confirmation stage due to the use of parallel CLIs.
At 0.202 s, the fault current limitation starts; the transient voltage overshoot is large for Reference [20],
however, it can be compensated using capacitors in parallel with BCBs. For the proposed HCB with
FCLC, the transient voltage overshoot is controlled using the concept of parallel arresters as mentioned
in [34]. The voltage across the breaker discussed in [18] remains zero during the fault-current-limiting
stage because no fault-current-limiting component is used. The second voltage overshoot is observed
when the current is shifted to the main MOA at the final stage. From Figure 17, it can be observed that
during this stage, voltage across the proposed HCB is better than the other two cases. The results in
Figure 18 show the power absorbed by the main arrester under different causes, and it is clear that
the main arrester in the proposed HCB absorbs the energy less than the others. The performance
evaluation charts in Tables 2 and 3 summarize the details of comparative analysis.
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Table 2. Performance evaluation chart for normal and fault suspect/confirmation stage.

Schemes
Current in Normal Working Stage Current in Fault Suspect/Confirmation Stage

I1 (max) [kA] I2 (max) [kA] Time to Attain [ms]

[18] 0.5 3.8 2
[20] 0.5 3.2 2

Proposed 0.5 3.2 2

Table 3. Performance evaluation chart for fault current limitation and clearance stage.

Schemes

Current in Limitation Stage Clearance Stage

I3 (max) [kA]
Time to

Attain [ms]
Energy Absorbed by

MOA [MJ]
Clearance Attained

[ms]

[18] 8.25 3 1.78 3.8
[20] 2.04 3 0.76 4.8

Proposed 1.40 3 0.05 3.8

From the details of the performance evaluation charts in Tables 2 and 3, it is established that the
proposed HCB with FCLC can prove to be a good alternative to limit and isolate the fault current in
VSC-HVDC transmission systems.

5. Conclusions

A novel topology of HCB is proposed in this paper, with additional characteristics to limit the
fault current. The main branch of the breaker is constituted by using UFD and IGBT switches, as used
in several other topologies discussed in the literature. In the auxiliary branch, a new circuit named
FCLC is introduced. During the fault current suppression stage, the intensity of the fault current is
reduced by using FCLC. The reduction in the fault current can cause transient voltage overshoot, which
is reduced by using a parallel asserter in the main branch. During fault current limitation, a portion of
energy is absorbed by the asserter used for overvoltage protection, thus the requirement for the main
asserter is also reduced. The values of CLR and inductances in FCLC can be designed by considering
the following aspects: cost, the maximum permissible range of fault current, the required level of fault
current suppression, and fault clearance time. A larger size of CLI can reduce the fault current more
quickly, but it also causes transient voltage overshoot; consequently, the requirement for protection
equipment in the main branch of the breaker also increases, thus a smaller size of CLI is recommended.
The simulation results for different case studies and comprehensive comparative analysis indicate that
the proposed HCB with FCLC can prove to be a good alternative to limit and isolate the fault current
with reasonable efficiency.

Author Contributions: The author M.A. presented the core idea of this paper. Furthermore, he had done the
numerical analysis and all simulation-based experiments. W.Z. suggested the pertinent literature for review and
supervised the whole process of write-up.

Funding: Authors would like to acknowledge the following agencies for their support: Project Supported by
National Key R&D Program of China (2018YFB0904600); and Special Funding of Technical Standard of Shanghai
Science and Technology Commission (18DZ2205700).

Conflicts of Interest: The authors declare no conflict of interest.

185



Energies 2019, 12, 2388

Abbreviations

BCCB Branch circuit breaker LCC Line-commutated converters
CLR Current-limiting reactance LCS Load commutation switch
CLIs Current-limiting inductors L-G Line-to-ground
CB Circuit breaker MOA Metal oxide arrester
DC Direct current MCB Main circuit breaker
DCCB Direct current circuit breaker ms Milliseconds
FCLC Fault-current-limiting circuit MJ Megajoule
FCL Fault current limiters NSFCLs Non-superconducting FCL
HVDC High-voltage direct current PE Power electronics
HVAC High-voltage alternating current SFCLs Superconducting FCL
HCB Hybrid circuit breaker VSC Voltage source converter

Appendix A

Table A1. Three-terminal VSC-HVDC parameters.

Parameters Values

DC link parameters
DC voltage Vdn ±200 kV
DC current Idn 0.5 kA

DC link capacitor 300 μF

Active power
Terminal-1 (P1) 0 MW
Terminal-2 (P2) +200 MW
Terminal-3 (P3) −200 MW

DC line parameters

Length of cable 12 200 km
Length of cable 13 100 km

Resistance per unit length (R) 0.035 Ω/kM
Inductance per unit length (L) 0.156 mH/kM

AC grid
Grid-1 voltage 420 kV
Grid-2 voltage 500 kV
Grid-3 voltage 420 kV

Table A2. Proposed HCB with FCLC parameters.

Parameters Values

CLR Lb 38.4 mH

CLIs
Inductor-1 L1 100 mH
Inductor-2 L2 100 mH
Inductor-3 L3 100 mH

Parasitic inductance L’p 2 μH
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Abstract: This paper presents a detailed analysis results of the effect of a thyristor-controlled series
capacitor (TCSC) on subsynchronous resonance (SSR), which was first applied to a Korean power
system. First, the TCSC parameters were calculated, the structure of TCSC with synchronous voltage
reversal (SVR) controller was presented, and the torsional characteristics of Hanul nuclear power
generator rotor were studied to investigate the natural frequency and mode shape. The test signal
method was used to determine the electrical damping in the frequency range of SSR operation
through an electromagnetic transient analysis program in various system configurations. The SSR
phenomenon was analyzed by comparing the electrical and mechanical damping of a conventional
fixed series capacitor (FSC), and the case of a TCSC installed, and the effectiveness of the TCSC without
any risk of SSR was demonstrated. As a result, when installing FSC, SSR occurred under sensitive
operating conditions, but SSR was prevented in the case of TCSC compensation with SVR. The results
obtained in this study can be effectively applied to the installation of TCSC in real power systems.

Keywords: korean power system; subsynchronous resonance (SSR); synchronous voltage reversal
(SVR); thyristor controlled series capacitor (TCSC); test signal method

1. Introduction

Nowadays, electric power transmission lines are under the stress of reaching the thermal limit due
to the increase of the transmission power. A flexible alternating current transmission system (FACTS)
is well known as an effective solution to improve the power transfer capability. One of the FACTS
devices, the thyristor controlled series capacitor (TCSC) not only improves power transfer capability
but also helps mitigate the subsynchronous resonance (SSR) problem [1]. In 1971, the first SSR accident
occurred at the Mohave generator in Arizona, where the generator shaft caused a large vibration and
led to shaft fatigue [2]. Since that problem, the mitigation of the SSR effect into power system become
an important issue.

A number of studies have been conducted so far on SSR mitigation using TCSC [3–7], the authors
in Ref. [8] introduced that TCSC is attractive to SSR mitigation. However, the benefits of TCSC for
SSR mitigation depend heavily on TCSC control methods and power system configurations, and may
also affect the SSR mitigation characteristics when the grid has significant changes. The influence
of control methodology on SSR was also introduced in [9]. The first IEEE benchmark model had
three control methods, consisting of constant impedance, constant current and constant power control.
This indicates that a TCSC device under constant impedance control can stimulate SSR vibrations.
The paper also proposed a solution called synchronous voltage reversal (SVR) control. However,
under the SVR control, the TCSC impedance characteristic has a transition frequency band of electrical
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frequency, and it turns into a negative damping band in the mechanical frequency range and poses a
risk of the SSR problem [10,11]. In Ref. [12], the authors analyzed the SSR induced by TCSC through
a real-time digital simulator (RTDS) in a China power system, and showed that the TCSC system
accessed without SSR damping could have the SSR problem. The Korea Electric Power Corporation
(KEPCO) plans to install TCSC for the first time in a Korean power system by taking advantage of
TCSC [13,14]. However, installing TCSC on an actual power system could threaten system stability,
including SSR issues. Also, many nuclear and thermal power plants were installed in the Korean
grid near the TCSC facility, so detailed analysis of the SSR is needed before installing the TCSC in the
actual grid.

In this paper, the SSR behaviors of the real power network with the TCSC compensations were
analyzed and compared with a fixed series capacitor (FSC) under various system configurations. As the
first step of the study, the configuration of a 345 kV power network with the TCSCs was presented in a
PSCAD/EMTDC (power systems computer aided design/electromagnetic transients in DC) simulation
model which was simplified based on the power system presented in PSS/E (power system simulator
for engineering). All the 345 kV transmission lines were represented by the ‘pi’ equivalent model.
The system with a radial connection as seen from a generator to a compensated line has been identified
as the most vulnerable due to the SSR [15,16]. The units #3 and #4 of the Hanul nuclear power
plant were located at the Hanul station, which can be radial with the compensated transmission line.
Therefore, the units #3 and #4 of Hanul nuclear power plant were selected for this study, they were
presented by a detailed generator model while all other generators were represented by a voltage
source. A TCSC model with the SVR control method was implemented to vary the TCSC capacitance
proportional to the compensated line from 50% to 70%, which was required by the KEPCO. The modal
analysis method was applied to investigate the torsional characteristics of the rotor of the units #3
and #4. Mechanical damping constants corresponding to each natural frequency were also calculated.
For the SSR study, frequency scanning methods were applied. A comparison of different frequency
scanning methods, including the simplified analytical, two-axis analytical, and test signal methods
was performed in [2]. In this study, the test signal method was selected, which was implemented in
the PSCAD/EMTDC program as a time-domain digital simulation. The PSCAD/EMTDC simulation
can build a detailed generator and complex load model for a real power network, which is very
important for the accuracy level of results. The test signal method was used to inject a multi-sine
signal with various frequencies in a range of the SSR behavior into the generator speed, the response of
electrical torque delivered from the generator was recorded, the fast Fourier transform (FFT) analysis
was used to calculate the electrical damping corresponding to the subsynchronous frequency of the
SSR behavior. Finally, the contingencies under different operational conditions in the 345 kV power
network, including normal and sensitive conditions were defined to analyze the SSR behavior. Under
severe conditions such as the loss of some transmission lines, it appears almost radial when looking at
ShinYoungju-Hanul transmission line from the units #3 and #4. These conditions are unlikely to occur;
however, they were defined to highlight any potential issues of the SSR in the real power network.
The conventional FSC compensation was also implemented equal to the compensation levels of the
TCSC to compare the SSR mitigation efficiency. In each simulation case, the responses of electrical
damping at each natural oscillation frequency were used to calculate the net damping of mechanical
and electrical damping.

As a result, under normal operation, both FSC and TCSC compensation did not pose a risk to SSR.
However, in sensitive cases, the electrical damping clearly showed the SSR in the system with the FSC
compensation. In the case of the TCSC with the SVR control at the same compensation level, there was
no SSR in the power network. These results are necessary for the first TCSC installation in Korean
power system.
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2. Configuration of a 345 kV Transmission System Equipped with TCSCs

2.1. Study Model of the 345 kV Transmission System

The single line diagram of the 345 kV power network with the TCSCs compensation is shown in
Figure 1, and the transmission line data are described in Table A1. The power system model provided
by KEPCO was simplified and converted from the PSS/E network model to the PSCAD/EMTDC model.
The Hanul nuclear power plant and Samcheok coal-fired power plant are important to supply the
power for Seoul’s load demand [17]. If TCSCs are installed in two 345 kV transmission lines, including
ShinJecheon-Donghae and ShinYoungju-Hanul, it is expected that the power flow will increase and the
system stability will be improved as well.

Figure 1. Simplified 345 kV transmission system with thyristor-controlled series capacitors (TCSCs) compensation.

2.2. Detailed Design of the TCSCs

The TCSC module has a capacitor bank and a parallel branch, which consists of an inductor
connected to back to back thyristors. The TCSC impedance can be changed according to the conduction
angle of the thyristors when the two thyristors are triggered. Figure 2 describes the design process of
a TCSC.

The design objectives of the TCSCs were determined of 50% compensation level for normal
operation and 70% compensation level for the first swing operation. The terminologies related to the
TCSC design are shown in below equations [18,19]:

k(%) =
XTCSC
XLine

× 100 (1)

kb =
XTCSC

XC
(2)

λ =

√
XC
XL

(3)

where XL and XC are the inductor reactance and the capacitor reactance of TCSC. XLine is the reactance
of the compensated transmission line. The compensation level (k) of TCSC was defined in the project
objectives. Another parameter related to the design is the boost factor (kb) that was selected as 1.05 for
the two TCSCs, and the resonance factors (λ) were selected as 2.6 and 2.68 for ShinYoungju-Hanul and
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ShinJecheon-Donghae, respectively. The results of the TCSCs parameters for two transmission lines
can be seen in Table 1.

. 

Figure 2. The TCSC design flow chart.

Table 1. The TCSCs parameters for ShinYoungju-Hanul and ShinJecheon-Donghae transmission lines.

Items ShinYoungju-Hanul ShinJecheon-Donghae

Inductor [mH] 5.23 5.23
Capacitor [μF] 198.94 186.93

As recommended for the SSR mitigation method [20,21], the SVR control method was selected as
a controller for the TCSCs in the 345-kV power network. The concept of the SVR control is shown in
Figure 3. A phasor measurement was used to measure line current and capacitor voltage. Based on
these measurement values, the appearance impedance of the TCSC was calculated at the fundamental
frequency. This apparent impedance was then divided to the physical impedance of the series capacitor
to get the measured boost level, kbmeas. The boost reference was compared to the measured boost value.

The boost controller uses the PI control, which is based on the error between the reference and
measured boost factor for sending angular displacement ϕC to the SVR trigger pulse generation, and
the outputs are the firing time for forward and reverse thyristors. The strategy of the SVR trigger
pulse generation block is to control the instant when the capacitor voltage becomes zero. The detailed
description of the block is given in the following equations [21]:

uCZ = uCM + X0iLMλωN(tZ − tM) (4)

uCZ = X0iLM[λβ− tan(λβ)] (5)

tF = tZ − βωN
(6)

where:

X0 =
√

L
C , λ = X0

ωNL , and ωN = 2π f ,

tZ: the desired time when the capacitor voltage becomes zero,
tM: the sampling time when the capacitor voltage uCM and line current iLM are measured,
tF: the thyristor firing time,
uCZ: the capacitor voltage at the desired time tZ,
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uCM: the capacitor voltage at the sampling time tM,
iLM: the line current at the sampling time tM,
β: the conduction angle of the thyristor.

Figure 3. The synchronous voltage reversal (SVR) control strategy.

The SVR control modules were implemented in the PSCAD/EMTDC program by the Fortran
codes. The reaction of the SVR control in case of a DC current and a sub-frequency current injected
into the line current was shown in Figures 4 and 5. The first case is illustrated in Figure 4, the TCSC
operates in a steady state when a DC current is injected into the line current. As shown in the second
graph from the top of Figure 4, there is an offset of line current caused by a DC injected current.

 

Figure 4. The TCSC-SVR operation with a DC current injection.
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Figure 5. The TCSC-SVR operation with a sub-frequency sine wave current injection.

The SVR operates depending on the set of Equations (4)–(6) for calculating the different firing
time for two thyristors which can be seen in the third graph of Figure 4. Thus, the TCSC voltage was
kept stable with a DC current added to the line current.

A sine wave with a frequency of 10 Hz was also injected into the line current, as shown in the
upper graph of Figure 5. The second graph from the top shows the total of the line current and the
sub-frequency current. The thyristor currents and the TCSC voltage were shown in the third and
bottom graph of Figure 5, respectively. The SVR control depends on the values of the line current and
capacitor voltage for calculating the next firing time of a thyristor. Therefore, in the third graph of
Figure 5, the conduction angles are different for two thyristors. So, there is a similar result in the case
of a DC current injected, the TCSC voltage was also kept constant with the disturbance (sub-frequency
current) in the system. That means with the SVR control, a disturbance of a DC or a sub-frequency
current cannot affect to the TCSC operation, which is the advantage of the SVR controller.

3. Analysis Method of Subsynchronous Resonance

3.1. Torsional Natural Frequency and Mode Shapes Analysis

The simplified 345 kV transmission system was used to present the Hanul nuclear power plant
and the Samcheok coal-fired power plant. It has been mentioned that, when a generator is a radial
connection with series compensation such as the FSC and TCSC, the generator is the worst case to the
excitation of the SSR at one or more shaft modes. Thus, in this study, the units #3 and #4 of the Hanul
power plant were considered as detail generator model while the voltage sources represented the other
generators. This is a 1219.6 MVA synchronous generator with a rated RMS line to line voltage of 22 kV,
the generator was presented by a synchronous machine component. It included two damper windings
in the q axis, the multi-mass interface was enabled, and the completed generator input data are
presented in Table A2. The multi-mass system shown in Figure 6 configures the shafts of the generator
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units #3 and #4 of Hanul nuclear power plant. A multi-masses system including a high-pressure (HP),
an intermediate pressure (IP) turbine, two low-pressure (LP-A, LP-B) and generator (GEN) turbines
together combined a five-mass spring system with detailed data given in Table 2.

 
Figure 6. Structure of units #3 and #4 multi-mass shaft system model. HP: high-pressure; IP:
intermediate pressure; LP-A, LP-B: low-pressure; GEN: generator.

Table 2. The mechanical data of Hanul nuclear generator units #3 an #4 for shaft model calculation.

Mass
Inertial
[kg.m2]

Shaft
Stiffness

[106 N.m/rad]

1 13,040 1–2 218.51
2 80,860 2–3 356.20
3 81,700 3–4 638.32
4 82,980 4–5 447.23
5 114,800 - -

The relationship between the electrical torque and mechanical torque of a synchronous generator
can be expressed by the motion equation:

J
dωm

dt
=

∑
T = Tm − Te (7)

For a detailed study of a multi-mass model of a steam turbine generator, a set of equations of
individual masses are illustrated in the following equation [22]:

For generator:

J1
dω1

dt
= −Te + k12(δ2 − δ1) −D1ω1 (8)

For LP-B section:
J2

dω2

dt
= T2 + k23(δ3 − δ2) − k12(δ2 − δ1) −D2ω2 (9)

For LP-A section:

J3
dω3

dt
= T3 + k34(δ4 − δ3) − k23(δ3 − δ2) −D3ω3 (10)

For IP section:
J4

dω4

dt
= T4 + k45(δ5 − δ4) − k34(δ4 − δ3) −D4ω4 (11)

For HP section:
J5

dω5

dt
= T5 − k45(δ5 − δ4) −D5ω5 (12)

where, Ji is the moment of inertia, ωi is the angular velocity, δi is the rotor angle, Ti is the mechanical
torque, and Di is the damping torque coefficient with i from 1 to 5 indicates the individual sections of
GEN, LP-B, LP-A, IP, and HP, respectively. kij is the stiffness between two connected shaft sections.
The damping torques between masses are assumed to be negligible in this study.
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An eigenvalue analysis was performed for the generator units #3 and #4 based on the shaft
system equations given above. The eigenvalues and shaft model parameters such as natural frequency
(fm), modal inertial (Hm), and mechanical damping (Dm) are given in Table 3, and the rotor natural
frequencies with mode shaft of the turbine generator are shown in Figure 7. The relative rotational
displacements are shown for one normal operation mode (mode 0) and four oscillation modes which
are presented with natural frequencies at 8.3 Hz, 14.6 Hz, 22.2 Hz, and 23.8 Hz, respectively. For the
first SSR mode, the mass IP has a strong interaction with the mass LP−A, and the mass LP−B has a
strong interaction with the GEN in the second SSR mode. The third SSR mode has three interaction
points, and the strongest point lies between the mass LP−B and GEN. Similarly, the fourth SSR mode
has four interaction points with the strong interaction between the mass HP and IP.

Table 3. The shaft model parameters of Hanul nuclear generator units #3, #4 for the SSR analysis.

Mode Eigenvalues fm [Hz] Hm [s] Dm [p.u]

0 −0.0919 ± j5.2 × 10−7 0 5.44 1.09
1 −0.0412 ± j52.4039 8.3 3.93 0.79
2 −0.0443 ± j92.0062 14.6 7.29 1.46
3 −0.0213 ± j139.596 22.2 92.6 18.52
4 −0.0419 ± j149.387 23.8 86.1 17.22

 

Figure 7. Rotor natural frequencies and mode shapes of the units #3 and #4.

3.2. Frequency Scanning Method for SSR Analysis

The SSR behavior can occur when the electrical power grid is compensated by a series capacitor.
The resonance between electrical synchronous machines shaft and electrical grid can happen at
subsynchronous frequencies, which are lower than the fundamental frequency (60 Hz for the study
power network). Frequency scanning is a method of getting the frequency response of a system.
These techniques determine the total impedance of the system viewed from the studying generator
as a function of frequency. From that, the scanned impedance and the mechanical parameters of
the turbine generator are used for calculating electrical damping of the system [2]. Another type of
frequency scanning is the test signal method, which was used in this paper. As it is a method based on
time domain simulation, it conforms to the detailed model of a real system application for getting the
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electrical damping of the system. There is no risk of the SSR if the total net damping of the system is
positive [23,24], which means that the system satisfies the equation:

D(ω) = De(ω) + Dm(ω) > 0 (13)

where, Dm(ω) and De(ω) are the damping of the mechanical and electrical system, respectively.
The relationship between the mechanical and electrical systems can be described by the closed−loop

diagram shown in Figure 8, with ΔTe is the electrical torque deviation in per unit and Δωr is generator
rotor speed deviation in per unit.

 

Figure 8. Relationship between the electrical and mechanical system.

The electrical dynamic as a function of frequency can be expressed as the following equation:

Ge( jω) = De(ω) + jKe(ω) (14)

where, Ke(ω) is the electrical coefficient.
The transfer function between the electrical torque and the generator rotor speed is Ge(s). Thus,

the damping torque coefficient (electrical damping) is defined as follows:

De(ω) = �
[

ΔTe( jω)
Δωr( jω)

]
(15)

In this method, a multi−sine signal is injected into the synchronous generator rotor as the speed
deviation, and the obtained output is an electrical torque. Thus, the transfer function represents the
electrical damping as the function of frequency as given in Equation (15). The injected multi−signals
are described as the following Equations (16)–(18):

Δωr = Aω
N∑

n=n0

sin[2π( fsub_min + n fsub_gap)t + δn] (16)

δn = − (n− n0)(n− n0 + 1)
(N − n0 + 1)

π (17)

N =
fsub_max − fsub_min

fsub_gap
+ 1 (18)

where, the spectrum injected frequencies range [fsub_min, fsub_max] must cover all the range of
subsynchronous frequency from 5 Hz to 55 Hz, and the fsub_gap is the increment of each injected
frequencies. The amplitude Aω could be chosen to be very small. With the selected Aω, the Schroeder
multi−sine can be applied to choose δn as the function of n in (17) for reducing overall amplitude [25].

Figure 9 shows a simple circuit of a synchronous generator connected with a TCSC through the ‘pi’
model of a transmission line. A multi−sine signal is injected into the speed input of the generator, the
measurement as the output of the electrical torque is for carrying out the electrical torque corresponding
to the injected signal. This multi−sine signal was implemented in the time−domain simulation in
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PSCAD/EMTDC, which is an interesting tool for frequency screening studies where FACTs devices
are located.

 

Figure 9. A model for subsynchronous resonance (SSR) analysis using a multi−sine signal injection.

4. Simulation and the Results

In this section, we analyzed and described the effects of the series compensation for the SSR
behavior in case of using the FSC and TCSC. The FSC compensation was used to confirm the advantages
of the TCSC compensation with the SVR control method. As the requirements from KEPCO, the
compensation levels are 50% and 70% for the normal and dynamic operations, respectively. The signal
injection method was used to obtain the electrical damping De, these values are compared to the
mechanical damping Dm values presented in Table 3. Thus, we can indicate the risks of the SSR in the
system as the equation (13).

As discussed in Section 3.1, the selected generators are the Hanul nuclear units #3 and #4.
The simulation scenarios are shown in Table 4.

Table 4. The simulation scenarios for the subsynchronous resonance analysis.

Simulation Scenarios Bus 5151–Bus 5152 Bus 5151–Bus 5150

Cases Line 1 Line 2 Line 1 Line 2

1 (normal operation) Connected Connected Connected Connected
2 (disconnected one line) Connected Disconnected Connected Connected

3 (worst case) Disconnected Disconnected Disconnected Disconnected

Each case was studied with no compensation, the FSC compensation, and TCSC compensation,
and all results are shown in Figures 10–14. In the figures, the mechanical damping constants of the
nuclear generator units #3 and #4 with the torsional frequencies of modes 1 and mode 2 are given.
The oscillation modes 3 and 4 have large values of the mechanical damping as 18.52 p.u and 17.22 p.u,
respectively, so they were neglected in the figures. These values are negative of the mechanical
damping in range of [fm − 1 Hz, fm + 1 Hz] with each torsional frequency. The risk of the SSR can
be easily seen from the graphs, the SSR occur if any part of the electrical (De) line extends below the
mechanical (Dm) line.

4.1. Normal Operation of the 345 kV Power Network

The simulation results of normal operation for the 345 kV power network are shown in Figure 10a.
The figure shows the normal operation of the system in cases of no compensation and compensated
by the FSC or TCSC. In that case, the FSC and TCSC were set as 50% of the compensation level.
In Figure 10a, it can be seen that the electrical damping in the study power network with the FSC
or TCSC compensations is similar to the no compensation case, and the total of the electrical and
mechanical damping are positive for all cases. These results confirmed that in the normal operation
condition, the system was stable with TCSC installation.
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(a) (b) 

Figure 10. Comparison of De for different types of compensation of no compensation, fixed series
capacitor (FSC), and TCSC compensation: (a) The compensation of De for case 1; (b) The compensation
of De for case 2.

4.2. Sensitive Cases of the 345 kV Power Network

In this section, two sensitive simulation cases (case 2 and case 3) were performed to quantify
the effects of the FSC and TCSC on the SSR behavior. The case 2 disconnected one line between two
buses 5151–5152, and the case 3 disconnected all transmission lines between buses 5151−5152 and
5151−5150. The case 3 (worst case) is unlikely to occur, but it was defined to analyze any potential
issues. In this case, the system becomes radial as seen from the Hanul nuclear power plant #3 and #4
to the compensated transmission line. If the TCSC operation destabilized the torsional mode of the
Hanul nuclear power plant, it would be more likely to occur under this worst case.

Figure 10b shows the first sensitive case of the 345 kV power network. As a result, one transmission
line between two buses 5151−5152 was disconnected but it did not affect the electrical damping. All the
results were also similar to the base case in Figure 10a, there was not any risk of the SSR when one line
between two buses 5151−5152 was disconnected. There is a different electrical damping characteristic
of FSC compensation at 60 Hz due to a result of the electrical torque increased rapidly in case of
disconnecting one transmission line. As compared in Figure 10, the plots of electrical damping in
normal operation and the outage of one line nearby the Hanul nuclear power plant are the same with
no compensation on the line. That means the series compensation cannot affect the SSR problem in the
power network even one−line outage condition.

In the second sensitive simulation case, all transmission lines between buses 5151−5152 and
5151−5150 were disconnected. This is a radial system, as seen from the considered generator to the
compensation line. As shown in Figure 11, in case of without any compensation, the electrical damping
is positive. But in the case of 50% FSC compensation level, there is a negative point of the electrical
damping at 39 Hz. In this case, the impedance Z(jω) of the electrical system is shown in Figure 12.
The system reactance is zero at an electrical resonance frequency of 21 Hz, which corresponds to 39 Hz
at the rotor frame frequency.

The red line in the Figure 11 describes the TCSC compensation level of 50%. It can be seen that at
39 Hz, the electrical damping is also around zero which is the same as without compensation, this shows
the advantage of the SVR control method. In the frequency range [5 Hz, 20 Hz] of the TCSC compensation,
the electrical damping curve has negative points, but this is also higher than the mechanical damping,
that means no risk of the SSR with the TCSC compensation. The simulation results of the system with
different FSC compensation levels are shown in Figure 13. When the compensation levels were increased
from 50% to 70% with the increment of 5%, the electrical damping was deeper more than normal
operation at 50% compensation level. The difference with the FSC compensation, the electrical damping
in case of the TCSC compensation, as shown in Figure 14 has not been affected by the compensation
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levels. As the concept of the SVR control, the TCSC appearance impedance changes to the transient zone
and become inductive impedance in the range from 40 Hz to 60 Hz of electrical frequency. So, it can
be seen in Figure 11, the electrical damping was negative from 6 Hz to 25 Hz of mechanical frequency,
but all of them are higher than mechanical damping curve, i.e., there is no risk of the SSR with the
TCSC compensation. Two sensitive simulation results confirmed that the system was stable with TCSC
compensation. The detailed data of net damping of all different TCSC compensation levels in different
cases were listed in Table 5.

 
Figure 11. Comparison of De for a different type of compensations in case 3.

 

Figure 12. Frequency spectrum of the impedance of network in case of 50% FSC.
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Figure 13. Comparison of De for different FSC compensation levels in case 3.

 

Figure 14. Comparison of De for different TCSC compensation levels in case 3.
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Table 5. Net damping of different TCSC compensation levels in different cases.

Case Mode
Compensation Level [%]

50 55 60 65 70

1

1 1.25528 1.25798 1.25798 1.25845 1.25769
2 1.48328 1.48675 1.48676 1.4879 1.48668
3 18.5972 18.5934 18.59344 18.5906 18.5919
4 17.2500 17.2525 17.25251 17.2539 17.2531

2

1 1.24981 1.2565 1.2565 1.25405 1.25193
2 1.47807 1.48131 1.48131 1.48016 1.47926
3 18.5909 18.5914 18.5914 18.5914 18.5912
4 17.2448 17.2452 17.2452 17.2455 17.2453

3

1 0.57817 0.50929 0.46084 0.67178 0.62506
2 0.96332 0.90498 0.86561 1.19998 1.01243
3 18.4042 18.3814 18.3674 18.4928 18.4364
4 17.1124 17.1001 17.0797 17.2351 17.1368

5. Conclusions

This study analyzed the SSR problem in the case of installing TCSC in a Korean power system.
In order to verify the effect of the TCSC introduced in a 345 kV transmission network for the first
time in Korea, the analysis results of the SSR behavior are presented in the case of FSC and TCSC
compensations. The detailed design of the TCSC was carried out with the calculated capacitor values of
198.94 μF and 186.93 μF for ShinYoungju-Hanul and ShinJecheon-Donghae, respectively. The inductor
was chosen to be equal to 5.23 mH for the two transmission lines. We implemented the TCSC with SVR
controller and confirmed the performance of the controller by injecting DC and sub frequency current.
The Hanul nuclear power plant #3 and #4 were selected as target generators. The torsional frequency
and mode shaft were also analyzed to show the interaction when the oscillation mode was excited.

Based on the time domain simulation software PSCAD/EMTDC, the test signal injection, one of the
frequency scanning methods, has been applied to perform the electrical damping of the system within
the sub−frequency range from 5 Hz to 55 Hz. Simulation of the basic case and two sensitive cases of
the power network were performed with different types of compensation and the compensation level
from 50% to 70%. There was no risk of SSR in normal case and the first sensitive operation. However,
when the Hanul nuclear power plant was radially connected to the compensated transmission line,
an SSR occurred at around 35 Hz to 39 Hz of the rotor frame frequency with the FSC compensation.
Nonetheless, the TCSC with the SVR control method avoided the risk point. The results obtained in
this study can be effectively applied to the TCSC installations in real power networks in the future.
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Appendix A

Table A1. Data of transmission line for the modified Korean power network.

From Bus To Bus Length [km] R [p.u] X [p.u] B [p.u]

5750 5700 67.85 0.00095 0.01728 0.42727
5700 5600 97.50 0.00144 0.02504 0.60843
5700 5500 76.70 0.00113 0.01944 0.48060
5500 5151 91.50 0.00135 0.02348 0.57333
5151 5150 1.16 0.00004 0.02068 0.01701
5150 5350 18.08 0.00027 0.01416 0.11328
5350 5600 6.60 0.00089 0.00079 0.37672

Table A1 shows the per unit quantities converted based on the rating of 345 kV and 100 MVA.

Table A2. Generator impedance and time constant of Hanul nuclear unit #3 and #4.

Description Symbol Value Unit

Unsaturated d-axis synchronous reactance Xd 1.998 [p.u]
Unsaturated d-axis transient reactance X’d 0.49 [p.u]

Unsaturated d-axis transient time T’d0 9.5 [s]
Unsaturated d-axis sub−transient reactance X”d 0.47 [p.u]

Unsaturated d-axis sub−transient time T”d0 0.032 [s]
Unsaturated q-axis synchronous reactance Xq 1.61 [p.u]

Unsaturated q-axis transient reactance X’q 0.617 [p.u]
Unsaturated q-axis transient time T’q0 0.78 [s]

Unsaturated q-axis sub−transient reactance X”q 0.47 [p.u]
Unsaturated q−axis sub−transient time T”q0 0.047 [s]
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Abstract: Reactive power and negative-sequence current generated by inductive unbalanced load
will not only increase line loss, but also cause the malfunction of relay protection devices triggered by
a negative-sequence component in the power grid, which threatens the safe operation of the power
system, so it is particularly important to compensate reactive power and suppress load imbalance.
In this paper, reactive power compensation and imbalance suppression by a three-phase star-connected
Buck-type dynamic capacitor (D-CAP) under an inductive unbalanced load are studied. Firstly, the
relationship between power factor correction and imbalance suppression in a three-phase three-wire
system is discussed, and the principle of D-CAP suppressing load imbalance is analyzed. Next,
its compensation ability for negative-sequence currents is determined, which contains theoretical
and actual compensation ability. Then an improved control strategy to compensate reactive power
and suppress imbalance is proposed. If the load is slightly unbalanced, the D-CAP can completely
compensate the reactive power and negative-sequence currents. If the load is heavily unbalanced, the
D-CAP can only compensate the positive-sequence reactive power and a part of the negative-sequence
currents due to the limit of compensation ability. Finally, a 33 kVar/220 V D-CAP prototype is built
and experimental results verify the theoretical analysis and control strategy.

Keywords: dynamic capacitor; inductive unbalanced load; reactive power compensation; imbalance
suppression; compensation ability

1. Introduction

There are a large number of inductive unbalanced loads in three-phase three-wire power systems
generating reactive power and negative-sequence current, which not only increase line loss, but
also cause malfunctions in overload protection devices triggered by negative-sequence current, thus
threatening the safe operation of the power system. It is particularly important to compensate reactive
power and negative-sequence current [1,2].

Reactive power compensation is an important means to improve power quality. Shunt power
capacitors and shunt reactors have been widely used in power grid [3], but they can only provide
constant reactive power. Different from fixed capacitors, static Var compensator (SVC) has advantages
of adjustable reactive power and rapid response speed. Elements which may be used to make SVC
typically include thyristor-controlled reactor (TCR) and thyristor-switched capacitor (TSC). In [4,5],
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two kinds of reactive power compensation schemes along with harmonic reduction techniques for
unbalanced loads are addressed. Although with novel solutions, harmonic problems produced by TCR
obtain some improvement, while high energy loss and large volume further limit its development.

Compared with SVC, the static synchronous compensator (STATCOM) has higher compensation
accuracy, faster regulation speed, stronger compensation ability, and lower harmonic content based
on a fully-controllable power semiconductor device and high switching frequency [6]. Two control
strategies for star-connected and delta-connected STATCOMs under an unbalanced load are proposed
in [7,8]. However, the ability of a STATCOM compensating negative-sequence current is affected
by its structure. In [9], the compensation ability of STATCOM with star and delta configurations is
indicated and analyzed. The third-harmonic injection method proposed in [10] achieves a significant
improvement in STATCOM ability of simultaneous compensation for reactive and negative-sequence
current. Considering unbalanced grid voltages, an improved regulation scheme with positive and
negative sequence control for modular multilevel converter (MMC) in medium-voltage distribution
static synchronous compensator (DSTATCOM) application is proposed in [11].

Although the compensation characteristic of a STATCOM for reactive and negative-sequence
currents is good, it is complicated to stabilize and balance DC-link electrolytic capacitors’ voltages,
which will influence the reliability of STATCOMs [12,13]. Additionally, the high cost of STATCOMs
affect their application in low-power applications. Although a matrix converter can be designed as
a dynamic compensator without the bulky electrolytic capacitors, large numbers of bi-directional
switches have to be used [14,15].

In [16–18], a magnetic energy recovery switch (MERS) is applied in reactive power compensation
due to its characteristic equivalent to a variable capacitor. However, it will produce some harmonics
because it adopts a phase-shifting control method. Additionally, electrolytic capacitor voltage
fluctuation will further increase the harmonic contents of the output current. Similar to MERS, another
VAr generator is analyzed in [19,20], which can be equivalent to a variable capacitor with a H-bridge
inverter and DC capacitance. The same as with STATCOMs, the voltage fluctuation of the electrolytic
capacitor on the DC side will affect their reliability.

Considering a large number of fixed capacitors in a distribution system, it is economical if power
electronic technology can be used to reconstruct them to achieve better performance. Compared with
the above compensators, the dynamic capacitor (D-CAP) is a simple, reliable, and economical solution
without bulky electrolytic capacitors, which is composed of a power capacitor and a thin AC converter
(TACC) [21–23]. Furthermore, the TACC could be configured with a simple topology, such as a Buck,
Boost, or a Buck-Boost circuit, so the D-CAP has great potential to be used in low-power applications.
Extending cells with a series connection, it is also feasible for the D-CAP to be applied in high-voltage
applications [24]. Considering harmonic contents in the grid voltage, the output currents of the D-CAP
will contain some distortions due to the impacts of self-resonance and on-state voltage drop of the
switches. In order to reduce the harmonic content of the output currents, a waveform shaping strategy
and a resonance damping method are proposed in [25,26], respectively.

Although reactive power compensation has got some focus for D-CAP, load imbalance suppression
has not been discussed. Since the D-CAP is equivalent to a capacitor controlled by the duty ratio,
it is meaningful to study how to suppress the load imbalance by capacitors. Reference [27] shows
that only adopting capacitors cannot compensate for all unbalanced load, but it does not specify its
compensation range. Using a delta-connected D-CAP to compensate the unbalanced load has been
studied in the author’s previous article [28]. Although the voltage in each phase is the same for a
delta-connected D-CAP without the potential deviation at the neutral point, the line voltage of the
delta structure is larger than the phase voltage of the star structure. For a star-connected D-CAP, the
operating voltage of the switching device is lower than a delta-connected D-CAP, and the number of
cascaded units is less, especially in high-voltage applications [24]. Due to the cost advantages, it is also
of great significance to study star-connected D-CAPs. In this paper, reactive power compensation and
imbalance suppression for a three-phase star-connected Buck-type D-CAP are explored.
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The innovations of this paper can be described as follows: In Section 2, the relationship between
power factor correction and load imbalance suppression in three-phase three-wire system is analyzed.
In Section 3, the theoretical compensation ability of the D-CAP for negative-sequence current is derived.
Considering that the rated voltage of the D-CAP is limited, the actual compensation ability of the
D-CAP is also analyzed. In Section 4, an improved control strategy is proposed, which can make
the D-CAP compensate negative-sequence current the best. Finally, experimental results verify the
correctness of the theoretical analysis and the effectiveness of the control strategy.

2. Principle of the D-CAP Compensating for Reactive Power and Suppressing the
Load Imbalance

2.1. Relationship between Power Factor Correction and Imbalance Suppression

For the system of a three-phase star-connected Buck-type D-CAP and inductive unbalanced load,
shown in Figure 1, in order to simplify the analysis, only fundamental components are considered.
The load is linear and the three-phase voltages on the grid side [uTa uTb uTc] are balanced and
symmetrical, where: ⎧⎪⎪⎪⎨⎪⎪⎪⎩

uTa = Um sin(ωt)
uTb = Um sin(ωt− 120◦)
uTc = Um sin(ωt + 120◦)

(1)

Inductive 
unbalanced  

load

PSa+jQSauTa iSa
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iSc

iLa
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PLa+jQLa
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Da Ca Dc CcDb Cb

Equivalent circuit of 
three phase D-CAP

uTb
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PSc+jQSc
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Figure 1. (a) Three phase star-connected Buck-type D-CAP compensating for inductive unbalanced
load; and (b) the structure diagram of the three-phase star-connected Buck-type D-CAP.

As shown in Figure 2, according to the symmetric component method, the three-phase grid
side currents [iSa iSb iSc] can be decomposed into positive-sequence components [i+Sa i+Sb i+Sc] and
negative-sequence components [i−Sa i−Sb i−Sc], where:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
iSa = i+Sa + i−Sa
i+Sa = I+Sm sin(ωt−ϕ+)
i−Sa = I−Sm sin(ωt−ϕ−)

(2)
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Figure 2. Grid currents phasor decomposition into positive and negative sequence currents.

Reactive power QSa of phase A can be decomposed into reactive power generated by i+Sa acting on
uTa and reactive power generated by i−Sa acting on uTa. Similarly, QSb and QSc can be decomposed in
this way. Reactive power at the grid side can be expressed as:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

QSa = Um(I+Sm sinϕ+ + I−Sm sinϕ−)/2
QSb = Um[I+Sm sinϕ+ + I−Sm sin(120◦ + ϕ−)]/2
QSc = Um[I+Sm sinϕ+ − I−Sm sin(120◦ −ϕ−)]/2

(3)

In Equation (3), ϕ+ is the phase angle of i+Sa lagging behind uTa, ϕ− is the phase angle of i−Sa lagging
behind uTa. If power factors of phases A, B, and C on the grid side are 1 under the effects of the D-CAP,
which means QSa = 0, QSb = 0, QSc = 0, then:{

I+Sm sinϕ+ = 0
I−Sm = 0

(4)

Equation (4) shows that both positive-sequence reactive components and negative-sequence
components of the three-phase grid side currents are 0 at this time, and only positive-sequence active
components are left at the grid side.

Consequently, in three-phase three-wire system with unbalanced load, if three-phase power
factors at the grid side are equal to 1 under the effects of the D-CAP, then the D-CAP can compensate
the reactive power and suppress load imbalance.

2.2. Principle of the D-CAP Suppressing the Load Imbalance

The D-CAP is equivalent to the capacitance of D2
kCk under the control of the constant duty

ratio [21,22]. Considering that the neutral potential drift of the star-connected D-CAP will bring more
complexity and trouble to the analysis, the equivalent capacitance of the D-CAP can be transformed
into delta-connected capacitors, shown in Figure 3a, if delta-connected capacitors meet Equation (5):⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

Cab = D2
aD2

bCaCb/(D2
aCa + D2

bCb + D2
c Cc)

Cbc = D2
bD2

c CbCc/(D2
aCa + D2

bCb + D2
c Cc)

Cca = D2
c D2

aCcCa/(D2
aCa + D2

bCb + D2
c Cc)

(5)
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Figure 3. The principle of the D-CAP suppressing load imbalance: (a) Transformation from the
star-connected D-CAP equivalent circuit to delta-connected capacitors; and (b) the phasor decomposition
of iCab, and iCac.

Shown in Figure 3b, iCab can be decomposed into active component ipCab parallel with uTa, and
reactive component iqCab, perpendicular to uTa. Similarly, iCac can be decomposed into ipCac and iqCac. Then
the reactive and active components of iCa can be expressed with iqCab + iqCac and ipCab + ipCac. Similarly, iCb
and iCc also contain active and reactive components. The total active power absorbed by the three-phase
D-CAP is 0, which provides feasibility for the D-CAP to suppress load imbalance by transferring active
power and compensating reactive power if the duty ratio can be controlled reasonably.

From Figure 3b, reactive powers absorbed by the D-CAP can be calculated:

⎧⎪⎪⎪⎨⎪⎪⎪⎩
QCa = −3U2

mω(Cab + Cca)/4
QCb = −3U2

mω(Cab + Cbc)/4
QCc = −3U2

mω(Cca + Cbc)/4
(6)

Supposing iLa can be decomposed into the positive-sequence component i+La and negative-sequence
component i−La: ⎧⎪⎪⎪⎨⎪⎪⎪⎩

iLa = i+La + i−La
i+La = I+Lm sin(ωt− θ+)
i−La = I−Lm sin(ωt− θ−)

(7)

In Equation (7), θ+ is the phase angle of i+La lagging behind uTa, and θ− is the phase angle of i−La
lagging behind uTa. Three-phase reactive powers at the grid side after the D-CAP put into operation
can be deduced:⎧⎪⎪⎪⎨⎪⎪⎪⎩

QSa = QCa + QLa = Um(I+Lm sinθ+ + I−Lm sinθ−)/2− 3U2
mω(Cab + Cca)/4

QSb = QCb + QLb = Um[I+Lm sinθ+ + I−Lm sin(120◦ + θ−)]/2− 3U2
mω(Cab + Cbc)/4

QSc = QCc + QLc = Um[I+Lm sinθ+ − I−Lm sin(120◦ − θ−)]/2− 3U2
mω(Cca + Cbc)/4

(8)

Assuming QSa = 0, QSb = 0 and QSc = 0, then:

⎧⎪⎪⎪⎨⎪⎪⎪⎩
Cab = [I+Lm sinθ+ + 2I−Lm sin(120◦ − θ−)]/(3ωUm)

Cbc = (I+Lm sinθ+ − 2I−Lm sinθ−)/(3ωUm)

Cca = [I+Lm sinθ+ − 2I−Lm sin(120◦ + θ−)]/(3ωUm)

(9)

If three-phase equivalent capacitances of the D-CAP meet Equation (9), the power factors of
the three-phase grid side will be corrected to 1. According to the relationship between power factor
correction and imbalance suppression in Section 2.1, reactive power will be compensated and load
imbalance will be suppressed absolutely.
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3. Compensation Ability of a Star-Connected D-CAP for Negative-Sequence Currents

3.1. Theoretical Compensation Ability of a Star-Connected D-CAP

In Equation (9), we can find I+Lmsinθ+ is the positive-sequence reactive component amplitude
of the load currents, and I−Lmsinθ−, I−Lmsin(120◦ + θ−), −I−Lmsin(120◦ − θ−) are the negative-sequence
reactive components amplitude of the load currents. For example, under some load conditions, the
positive-sequence reactive components’ amplitude is smaller than two times of negative-sequence
reactive components amplitude. Then the value of Cbc is negative according to Equation (9), which is
unachievable for the D-CAP. Therefore, the compensation ability of the D-CAP is limited.

Take phase A as another example shown in Figure 4. Draw vertical line relative to uTa from the
end point of i+La and dividing line 1 parallel to uTa at the midpoint of vertical line. The value of Cab
is positive if i−La is in the zone 1 which is above dividing line 1. Similarly, the values of Cca and Cbc
are positive if i−Lb and i−Lc are in zone 2 and zone 3, respectively. Considering that i−La, i−Lb, and i−Lc are
symmetrical, the value of Cab, Cbc, and Cca are all greater than 0 if and only if i−La, i−Lb, and i−Lc are all in
the ΔRST.

Zone 1

Dividing 
line 1 R S

T

uTa

uTb

uTc

iLc+

iLa+
iLb+

iLa-

iLb-

iLc-

Actual 
compensation 
ability

Theoretical 
compensation 
ability

/ 4Lqr i

Figure 4. Theoretical and actual compensation ability of the D-CAP for negative-sequence currents.

Consequently, in the three-phase three-wire system, if the negative-sequence components of the
load currents are located in the ΔRST, shown in Figure 4, meaning the value of equivalent capacitances
calculated by Equation (9) are positive, the D-CAP can completely compensate the reactive power
and suppress the load imbalance. Otherwise, the D-CAP can only compensate the positive-sequence
reactive components and a part of the negative-sequence components of the load currents lying in the
scope of ΔRST.

Additionally, the circle with radius i+Lq/4 in Figure 4 refers to the actual compensation ability of the
D-CAP, which will be illustrated in Section 3.2.

3.2. Actual Compensation Ability of a Star-Connected D-CAP

Deviation of potential at the neutral point will occur when the star-connected D-CAP suppresses
the load imbalance, which will make one of the voltages between the grid side and the D-CAP neutral
point higher. In practice, the rated voltage of each phase D-CAP is generally 1.1–1.3 times higher than
the grid voltage in order to maintain a safety margin, so the actual compensation ability of the D-CAP
under an unbalanced load will be limited by the rated voltage.

210



Energies 2019, 12, 1914

Shown in Figure 5, the coordinate expressions of three phase grid voltages are:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
.

UTa = (Um, 0)
.

UTb = (−Um/2,−√3Um/2)
.

UTc = (−Um/2,
√

3Um/2)

(10)

In order to compensate reactive power and negative-sequence currents, the coordinate expressions
of [iCa iCb iCc] can be described as:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

.
ICa = (−I−Lm cosθ−, I−Lm sinθ−) + (0, I+Lm sinθ+)
.
ICb = [−I−Lm cos(120◦ − θ−),−I−Lm sin(120◦ − θ−)] + [

√
3(I+Lm sinθ+)/2,−I+Lm sinθ+/2]

.
ICc = [−I−Lm cos(120◦ + θ−), I−Lm sin(120◦ + θ−)] + [−√3(I+Lm sinθ+)/2,−I+Lm sinθ+/2]

(11)

uTa

uTb

uTc

iCa

iCb

iCc uaN

ubN

ucN

x

y

Figure 5. Voltage and current phasor of the star-connected D-CAP with the deviation of the potential
at the neutral point for load imbalance suppression.

If the coordinate of the D-CAP neutral point potential is (x, y), then:⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
[(Um, 0) − (x, y)]⊥ .

ICa

[(−Um/2,−√3Um/2) − (x, y)]⊥ .
ICb

[(−Um/2,
√

3Um/2) − (x, y)]⊥ .
ICc

(12)

According to the mathematical condition that two phasors are mutually orthogonal, it can
be solved: ⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

x = Um[1− k sinθ− − 2(sinθ−)2]/(1− k2)

y = Um cosθ−(−2 sinθ− + k)/(1− k2)

k � I+Lm sinθ+/I−Lm

(13)

Therefore, if the D-CAP can absolutely compensate the reactive power and negative-sequence
currents of the load, the neutral point potential of the D-CAP will be affected by the phase angle θ−
and the reactive/imbalance index k, where k is the ratio of the positive-sequence reactive components’
amplitude I+Lmsinθ+ to the negative-sequence components amplitude I−Lm.

With the coordinate of uT and N1, the amplitudes of [uaN1 ubN1 ucN1] can be calculated. Here,
drift factor d is introduced and defined as max(uaN1 ubN1 ucN1)/uTa. Figure 6 presents the relationship
between drift factor d and reactive/imbalance index k, θ−. Because the rated voltage of the D-CAP is
generally 1.1–1.3 times as high as the grid voltage, the ratio of positive-sequence reactive components
amplitude to negative-sequence components amplitude of the D-CAP compensation currents is limited.
In Figure 6b, we can find if reactive/imbalance index k is greater than 4, the effect of θ− to drift factor d
is small. To simplify analysis and make the voltages at both ends of the D-CAP not exceed the rated
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voltage, θ− is assumed to be kept at a value producing the maximal potential deviation at the neutral
point. Therefore, for D-CAP currents, the positive-sequence reactive components’ amplitude should be
greater than four times the negative-sequence components amplitude to ensure the voltages at both
ends of the D-CAP do not exceed its rated voltage.

Rated voltage 
limit line

C
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ty
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it 
lin

e

(a) (b) 
Figure 6. Relationship between drift factor d and reactive/imbalance index k, θ−: (a) Three-dimensional
graphics of d(k, θ−) =max (uaN1 ubN1 ucN1)/uTa; and (b) projection of the curved surface on the k-d plane.

As shown in Figure 6b, Point A is the intersection of the rated voltage limit line (d = 1.3) and the
compensation ability limit line (k = 4). Area 1 is below the rated voltage limit line (d = 1.3) and on the
right of the compensation ability limit line (k = 4). Here, area 1 is equivalent to the circle whose radius
is i+Lq/4 in Figure 4. If the negative-sequence components of the load currents are in the scope of the
circle, that means θ− and the reactive/imbalance index k are in area 1, and D-CAP can compensate the
reactive power and suppress the load imbalance without exceeding the rated voltage limit.

4. Proposed Control Strategy of the D-CAP to Compensate the Reactive Power and Suppress
Load Imbalance

For the three-phase star-connected Buck-type D-CAP, the proposed control strategy to compensate
the reactive power and suppress load imbalance is shown in Figure 7.

Firstly, we transform the load currents [iLa iLb iLc] with Equations (14) and (15), respectively. Then
passing through a low-pass filter, the positive-sequence active and reactive components [i+Ld i+Lq], and
negative-sequence active and reactive components [i−Ld i−Lq] are obtained:

⎛⎜⎜⎜⎜⎝ i+Ld
i+Lq

⎞⎟⎟⎟⎟⎠ = 2/3
(

sinωt sin(ωt− 120◦) sin(ωt + 120◦)
cosωt cos(ωt− 120◦) cos(ωt + 120◦)

)⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
I+Lm sin(ωt−ϕ+)

I+Lm sin(ωt−ϕ+ − 120◦)
I+Lm sin(ωt−ϕ+ + 120◦)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ =
(

I+Lm cosϕ+

−I+Lm sinϕ+

)
(14)

⎛⎜⎜⎜⎜⎝ i−Ld
i−Lq

⎞⎟⎟⎟⎟⎠ = 2/3
( − sin(ωt) − sin(ωt + 120◦) − sin(ωt− 120◦)

cos(ωt) cos(ωt + 120◦) cos(ωt− 120◦)

)⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
I−Lm sin(ωt−ϕ−)

I−Lm sin(ωt−ϕ− + 120◦)
I−Lm sin(ωt−ϕ− − 120◦)

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ =
( −I−Lm cosϕ−
−I−Lm sinϕ−

)
(15)
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Since the actual compensation ability of the D-CAP for negative-sequence currents is limited by
its rated voltage, it is necessary to add an amplitude limit on the negative-sequence currents. The
processing method of the negative sequence currents is derived as follows:

i∗−Lq =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
i−Lq, i f k

√
(i−Ld)

2 + (i−Lq)
2 < i+Lq

i−Lqi+Lq/[k
√
(i−Ld)

2 + (i−Lq)
2], i f k

√
(i−Ld)

2 + (i−Lq)
2 > i+Lq

(16)

i∗−Ld =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
i−Ld, i f k

√
(i−Ld)

2 + (i−Lq)
2 < i+Lq

i−Ldi+Lq/[k
√
(i−Ld)

2 + (i−Lq)
2], i f k

√
(i−Ld)

2 + (i−Lq)
2 > i+Lq

(17)

If the D-CAP can compensate the reactive power and negative-sequence currents to the utmost,
the amplitudes of [iCa iCb iCc] are uniquely determined. Command current amplitudes of the D-CAP
can be obtained with i∗+Lq , i∗−Ld, and i∗−Lq as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∣∣∣i∗Ca

∣∣∣ = √
(i∗−Ld)

2 + (i+Lq + i∗−Lq)
2

∣∣∣i∗Cb

∣∣∣ = √
(i∗−Ld/2− √3i∗−Lq/2)

2
+ (−√3i∗−Ld/2− i∗−Lq/2 + i+Lq)

2

∣∣∣i∗Cc

∣∣∣ = √
(i∗−Ld/2 +

√
3i∗−Lq/2)

2
+ (
√

3i∗−Ld/2− i∗−Lq/2 + i+Lq)
2

(18)

We compare the command currents amplitudes calculated by Equation (18) with the actual current
amplitudes of [iCa iCb iCc], which can be extracted and calculated with the RDFT method [29]. Then we
regulate the error through a PI controller to control the duty ratio of the D-CAP. Finally, the switches of
the Buck-type AC-AC converter are driven through the modulated output signal. By adjusting the
duty ratio, the positive-sequence reactive power and negative-sequence currents of the load can be
effectively compensated.
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A Re
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Figure 7. Proposed control strategy of a star-connected D-CAP compensating the reactive power and
suppressing the load imbalance.

5. Experiment Verification

In order to verify the effectiveness of the control strategy, experimental tests with a 33 kVar/220 V
three-phase Buck-type D-CAP are carried out. Figure 1b shows the system configuration. The D-CAP
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parameters are given in Table 1, which can be determined by the methods in [30]. The experimental
prototype is shown in Figure 8. In the front view of Figure 8a, the three-phase main circuits of the
prototype are divided into three layers, where the A-phase, B-phase, and C-phase circuits are arranged
from the top to the bottom layers, respectively. The A-phase circuit is shown in the top view of
Figure 8b.

Table 1. Parameters of the D-CAP.

Grid
Voltage uT

Grid
Frequency f T

Filtering
Inductance LF

Filtering
Capacitor CF

Buffer
Inductance LB

Power
Capacitor C

Switching
Frequency fw

220 V 50 Hz 160 μH 80 μF 180 μH 660 μF 9.6 kHz

C-phase

B-phase

A-phase

Sensor 
board

 

Buffer inductance LB

Buffer board
Driver 
board

IGBTs

Power 
capacitor C

Filtering 
capacitor CF

Filtering 
inductance LF

(a) (b) 
Figure 8. Three-phase Buck-type D-CAP prototype: (a) front view; and (b) top view.

Experiments are implemented with three different cases in which the load is star-connected with
the resistor and inductor in series, as shown as Table 2. Case 1 is implemented under a balanced load,
which only needs reactive power compensation. Case 2 is used to verify the feasibility of the D-CAP to
compensate the negative-sequence currents, so an unbalanced load is adopted, which corresponds to a
reactive/imbalance index k > 4. To verify the compensation ability of the D-CAP, Case 3 is operated
under a heavily unbalanced load, whose negative-sequence currents are beyond the compensation
ability of the D-CAP, which corresponds to a reactive/imbalance index k < 4. Only the inductive part
of the load is unbalanced in this experiment; it is also effective for the proposed control strategy if the
resistive part is unbalanced even if both of the resistive and inductive parts are unbalanced.

Table 2. Parameters of the load.

Load Type
(Case 1) Inductive

Balanced Load
(Case 2) Slightly

Unbalanced Load

(Case 3) Heavily
Unbalanced Load

Phase A 6 Ω/21.64 mH 6 Ω/21.64 mH 6 Ω/21.64 mH
Phase B 6 Ω/21.64 mH 6 Ω/11.64 mH 6 Ω
Phase C 6 Ω/21.64 mH 6 Ω/21.64 mH 6 Ω/21.64 mH

5.1. Case 1: D-CAP for Inductive Balanced Load

Only reactive power is needed if the load is inductive and balanced. Shown in Figure 9a,b, currents
at the load side can be considered balanced with values 23.0 A, 23.2 A, and 22.3 A, respectively and lag
behind grid voltages. Figure 9c shows the three-phase power factors are 0.74, 0.74, and 0.76. In this case,
the reactive/imbalance index k is toward positive infinity, represented as Point 1 in Figure 6b. When the
D-CAP is used to compensate the reactive power with the proposed control strategy, shown in Figure 7,
the phase angle of the currents and voltages at the grid side become the same (Figure 9d,e) and the
three-phase power factors are regulated to 1 (Figure 9f). In Figure 9h, the D-CAP currents’ lead voltages
by 86◦, but not 90◦, because of active power loss when the D-CAP operates. The three-phase duty
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ratios of the D-CAP are 0.51, 0.47, and 0.47, respectively. Therefore, the reactive power compensation
can be achieved under the effects of the D-CAP if the load is balanced and inductive.

  

duty ratio=0.51

 
(a) (d) (g) (j) 

  

duty ratio=0.47

 
(b) (e) (h) (k) 

  

duty ratio=0.47

 
(c) (f) (i) (l) 

Figure 9. D-CAP for inductive balanced load: (a) A-phase voltage and current at the load side;
(b) voltage and current phasor at the load side; (c) power and energy at the load side; (d) A-phase
voltage and current at the grid side after compensation; (e) voltage and current phasor at the grid side
after compensation; (f) power and energy at the grid side after compensation; (g) D-CAP currents;
(h) voltage and current phasor at the D-CAP side; (i) grid voltages; (j) A-phase duty ratio; (k) B-phase
duty ratio; and (l) C-phase duty ratio.

5.2. Case 2: D-CAP for Slightly Unbalanced Inductive Load

Comprehensive control of reactive power compensation and imbalance suppression are
implemented under a slightly unbalanced load in this case. Calculated by Equation (13), the
reactive/imbalance index k is equal to 5.4, which corresponds to Point 2 in Figure 6b. Shown in
Figure 10, currents at the grid side are unbalanced (Figure 10a) and lag behind grid voltages (Figure 10b)
when the D-CAP is not put into operation with power factors 0.81, 0.85, and 0.72, respectively
(Figure 10c). Currents at the grid side become balanced (Figure 10d,e) and the three-phase power
factors are regulated to 1 (Figure 10f) after the D-CAP is put into operation. The three-phase equivalent
capacitances can be regulated properly under different duty ratios, whose values are, respectively, 0.38,
0.47, and 0.62. In the Figure 10g,h, the output currents of the D-CAP are unbalanced due to different
equivalent capacitances. Since the negative-sequence components’ amplitude is smaller than one
quarter of the positive-sequence reactive components’ amplitude in this case, which is not constrained
by the negative-sequence components’ amplitude limit shown in Equations (16) and (17), the greatest
voltage at both ends of the three-phase D-CAP is 262.7 V in Figure 10i.
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duty ratio=0.38

 
(a) (d) (g) (j) 

   

duty ratio=0.47

 
(b) (e) (h) (k) 

   

duty ratio=0.62

 
(c) (f) (i) (l) 

Figure 10. D-CAP for slightly unbalanced inductive load: (a) currents at the load side; (b) voltage and
current phasor at the load side; (c) power and energy at the load side; (d) currents at the grid side after
compensation; (e) voltage and current phasor at the grid side after compensation; (f) power and energy
at the grid side after compensation; (g) currents at the D-CAP side; (h) voltage and current phasor at
the D-CAP side after compensation; (i) voltages [uaN1 ubN1 ucN1) after compensation; (j) A-phase duty
ratio (k) B-phase duty ratio; and (l) C-phase duty ratio.

5.3. Case 3: D-CAP for Heavily Unbalanced Inductive Load

This case is implemented under a heavily unbalanced load. Calculated by Equation (13), the
reactive/imbalance index k is equal to 1.7, which corresponds to Point 3 in Figure 6b. Shown in Figure 11,
currents at the load side are unbalanced (Figure 11a) and lag behind grid voltages (Figure 11b) with
power factors 0.89, 0.95, and 0.76, respectively (Figure 11c). After the D-CAP is put into operation, the
positive-sequence reactive power and a part of the negative-sequence currents are compensated. We can
find that the amplitude of the three-phase currents at the grid side become more balanced (Figure 11d)
and the phase angle difference between grid voltages and currents become smaller (Figure 11e). Power
factors are regulated to 0.99, 0.99, and 1, respectively (Figure 11f). In Figure 11i, the greatest voltage
at both ends of the three phase D-CAP is 274.8 V, which is constrained in the range of the rated
voltage by the negative-sequence components’ amplitude limit shown in Equations (16) and (17).
Comparing with Case 2, we can find if the ratio of the negative-sequence components’ amplitude
to the positive-sequence reactive components’ amplitude of the load currents is smaller than 0.25,
then the D-CAP can compensate its positive-sequence reactive components and negative-sequence
components. If not, the D-CAP can only compensate the positive-sequence reactive power and a part
of the negative-sequence currents due to the limit of its compensation ability.
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duty ratio=0.33

 
(a) (d) (g) (j) 

   

duty ratio=0.44

 
(b) (e) (h) (k) 

   

duty ratio=0.66

 
(c) (f) (i) (l) 

Figure 11. The D-CAP for heavily unbalanced load: (a) Currents at the load side; (b) voltage and
current phasor at the load side; (c) power and energy at the load side; (d) currents at the grid side after
compensation; (e) voltage and current phasor at the grid side after compensation; (f) power and energy
at the grid side after compensation; (g) currents at the D-CAP side; (h) voltage and current phasor at
the D-CAP side after compensation; (i) voltages [uaN1 ubN1 ucN1] after compensation; (j) A-phase duty
ratio; (k) B-phase duty ratio; and (l) C-phase duty ratio.

5.4. Summarization and Comparison of Three-Phase Power Factors and the Unbalanced Degree

A summary of the experimental results of the above three cases are shown in Table 3.

Table 3. Three-phase power factors and the unbalanced degree of grid currents under three types of
the load.

Load Type
Inductive Balanced

Load (Case 1)
Slightly Unbalanced

Load (Case 2)

Heavily Unbalanced
Load (Case 3)

Phase A power factor at the grid
side before/after compensation 0.74/1 0.81/1 0.89/0.99

Phase B power factor at the grid
side before/after compensation 0.74/1 0.85/1 0.95/0.99

Phase C power factor at the grid
side before/after compensation 0.76/1 0.72/1 0.76/1

Unbalanced degree of currents
at the grid side before/after

compensation
0.023/0.039 0.098/0.029 0.279/0.126
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In Case 1, it can be found that three-phase power factors are corrected to 1 with the inductive
balanced load. The parameters of the load are not exactly the same, so the unbalanced degree of the
load current is 2.3%. Additionally, there are some active power loss and sampling errors when the
D-CAP operates, so there is still a slight imbalance on the grid currents after compensation. Although
the unbalanced degree increases from 2.3% to 3.9%, we can think the grid currents are balanced and
reactive power compensation is achieved under the inductive balanced load. In Case 2, the load is
slightly unbalanced with reactive/imbalance index k = 5.4, the three-phase power factors are corrected
from 0.81, 0.85, and 0.72 to 1, and the unbalanced degree drops from 9.8% to 2.9%. Reactive power
compensation and imbalance suppression are realized. In Case 3, the load is heavily unbalanced with
reactive/imbalance index k = 1.7, and negative-sequence currents cannot be compensated completely
due to the amplitude limit of i∗−Ld and i∗−Ld. Only positive-sequence reactive components and a part of
the negative-sequence components of the load currents are compensated, so the unbalanced degree
decreases from 27.9% to 12.6%, power factors increase from 0.89, 0.95, and 0.76 to 0.99, 0.99, and 1.

6. Conclusions

In this paper, reactive power compensation and imbalance suppression by a 33 kVar/220 V
star-connected Buck-type D-CAP in a three-phase three-wire system are studied. An improved control
strategy is proposed, which can make full use of the rated voltage margin of the D-CAP to compensate
the negative-sequence currents of the load. The following conclusions are obtained through theoretical
analysis and experimental verification:

(1) In the three-phase three-wire system, if three-phase power factors at the grid side are equal to
1 under the effects of the D-CAP, then the D-CAP can suppress load imbalance.

(2) If the negative-sequence currents of the load are located in the ΔRST shown in Figure 4, the
D-CAP can theoretically completely compensate the reactive power and suppress load imbalance.
However, the actual compensation ability is limited by its rated voltage.

(3) If the load is inductive balanced, only reactive power compensation is needed. Under the
effect of the D-CAP, three-phase power factors can be corrected to 1.

(4) If the load is slightly unbalanced, whose negative-sequence currents’ amplitude is less than 1/4
of the positive-sequence reactive currents’ amplitude, the D-CAP can compensate the reactive power
and suppress load imbalance.

(5) If the load is heavily unbalanced, whose negative-sequence currents’ amplitude is greater
than 1/4 of the positive-sequence reactive currents’ amplitude, the D-CAP can only compensate
the positive-sequence reactive power and a part of the negative-sequence currents due to the rated
voltage limit.
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Abstract: The variable and unpredictable behavior of renewable energies impacts the performance of
power systems negatively, threatening their stability and hindering their efficient operation. Flexible
ac transmission systems (FACTS) devices are able to emulate the connection of parallel and series
impedances in the transmission system, which improves the regulation of power systems with a high
share of renewables, avoiding congestions, enhancing their response in front of contingencies and,
in summary, increasing their utilization and reliability. Proper control of voltage and current under
distorted and unbalanced transient grid conditions is one of the most critical issues in the control of
FACTS devices to emulate such apparent impedances. This paper describes how the synchronous
power controller (SPC) can be used to implement virtually synchronous FACTS. It presents the SPC
functionalities, emphasizing in particular the importance of virtual admittance emulation by FACTS
devices in order to control transient unbalanced currents during faults and attenuate harmonics.
Finally, the results demonstrate the effectiveness of SPC-based FACTS devices in improving power
quality of electrical networks. This is a result of their contribution to voltage balancing at point of
connection during asymmetrical faults and the improvement of grid voltage quality by controlling
harmonics flow.

Keywords: FACTS; virtual synchronous machine; synchronous power controller; power quality;
harmonics

1. Introduction

The continuously increasing penetration of renewable energies (REN), particularly wind and PV
generation, is gradually reducing the conventional synchronous generation share from the energy
mix. As a result, the overall power system performance degrades, since REN plants do not perform
as conventional synchronous generation in terms of regulation and grid support [1]. Hence, the grid
codes require modern REN plants to integrate certain grid-interactive functionalities in order to make
their response compatible with the natural behavior of the electrical grid in case of grid events [2,3].
In this regard, the power converters used in modern REN plants need additional functionalities,
specifically, to provide voltage and frequency support during faults by remaining connected to the
grid, known as low-voltage ride-through (LVRT), and to inject instantaneous reactive power. Even so,
these functionalities improve the interaction of REN power plants with the electrical grid only at the
point of common coupling (PCC). Therefore, other mechanisms are necessary for improving power
system performance in the area level. These mechanisms should address issues related to congestion,
contingencies, oscillations, inefficiencies and instabilities resulting from the inherent intermittence and
lack of inertia of REN power plants. In this regard, flexible ac transmission systems (FACTS) have
demonstrated to be an effective approach that enhances controllability and increases utilization of
power systems.
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2. FACTS Based on Virtually Synchronous Power Converters

The FACTS concept was introduced in the late 1980s [4] and since then the relevant technologies
have experienced significant advancements, both in hardware components and control methods.
FACTS and High-voltage dc (HVDC) systems possess fundamental differences with respect to their
operating principle. However, both are presented together as active solutions based on high-power
electronics to enhance regulation and flexibility of transmission systems, and thereby to increase the
capacity of power systems [5].

Depending on their configuration and application, different types of FATCS devices are described in
the literature [6–8]. In general, they can be classified into two main categories, namely, series-connected
and shunt-connected FACTS devices. The series-connected FACTS are installed between two buses of
the power system by connecting them in series with a transmission line. Therefore, by regulating the
voltage provided through the series-connected FACTS, it is possible to modify the apparent impedance
of the power line; in other words, to increase/reduce its capacity and to regulate the power flow in
the system. Moreover, proper control of the output voltage from the series-connected FACTS allows
the improvement of the systems response against voltage distortions or sudden events, such as grid
faults. The thyristor controlled series capacitor (TCSC) [9], the static synchronous series compensator
(SSSC) [10], the dynamic voltage restorer (DVR) [11], and the fault current limiter (FCL) [12], among
others, can be mentioned as the most popular series-connected FACTS. The shunt-connected FACTS
are usually implemented through power converters that are able to control the current injected into
a given bus of the system. Through appropriate controllers, the current injected in the grid can be
formed by positive- and negative-sequence components at the fundamental frequency as well as
harmonic components. This not only makes possible to control the magnitude of the voltage at the
bus where the shunt-connected FACTS is connected, but also to compensate for unbalances and
distortion. Commonly used shunt-connected FACTS devices are the static synchronous compensator
(STATCOM) [13], the static var compensator (SVC) [14], the thyristor controlled reactor (TCR) [15], the
thyristor switched capacitor [16], and the shunt active filter (SAF) [17]. The combination of series- and
shunt-connected FACTS gives rise to cost-effective devices, which combine features from both FACTS
categories. The unified power flow controller (UPFC) [18], the convertible static compensator (CSC) [19]
and the unified power quality conditioner (UPQC) [20] are examples of such hybrid FACTS devices.

The majority of existing shunt-connected FACTS devices are based on detecting characteristic
parameters of the grid voltage, i.e., amplitude, frequency and phase-angle, and, accordingly, to inject
an appropriate current for emulating a given shunt-connected impedance. Series-connected FATCS
follow the same rational where the power converter imposes a given voltage in series with the line
to emulate a series-connected impedance. Nevertheless, in both cases a synchronization system,
such as the well-known phase-locked loop (PLL) [21], is used to detect the grid voltage parameters.
However, the conventional PLL does not perform properly under unbalanced and distorted conditions.
This necessitates the use of other sophisticated implementations that can accurately detect the grid
components even during these demanding operating conditions [22]. Note that the PLL is a non-linear
system with a particular dynamic response, which strongly affects the grid-connected power converters
response. This is particularly significant during grid faults and transients that can even give rise to
hazardous interactions with other controllers in the grid.

For this reason, a new approach to design power converters controllers was proposed around
one decade ago. Specifically, this approach demands the equations that define the operation of a
synchronous machine to be integrated in the power converter controller [23]. It is worth mentioning that
a synchronous machine can synchronize with the electrical grid or even regulate its operation without
using a PLL. Recently, the aforementioned approach has materialized in several implementations.
For instance, the synchronous power controller (SPC) [24] that has exhibited good performance in both
HVDC [25,26] and FACTS systems [27,28] under generic operating conditions.

In this paper, we present the SPC operating principle and set of equations. Special attention
is given to the configuration of its virtual output admittance to improve the power quality of the
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electrical grid when it is affected by harmonics and transient balance and unbalanced faults. Finally,
we demonstrate the effectiveness of the SPC when used within the power converter controller of a
shunt-connected FACTS device through validation by both simulations and experiments.

3. Synchronous Power Controller

The SPC has been widely used to enable electronics power converter to behave as a synchronous
machine [29–32], being an interesting control solution to implement virtually synchronous FACTS.
In contrast to PLL-based conventional control schemes, the SPC relies on a power balancing mechanism
to maintain its synchronism with the electrical grid. As illustrated in Figure 1, where a generic dc
source has been connected at the power converter dc-bus, the SPC consists of a power controller, a
virtual admittance emulator, and a current controller. For the stable operation of the power converter,
the parameters of these control blocks should be tuned properly. Due to the fact that these control
loops have different bandwidth, they can be separately tuned to meet stability requirements as well as
to conform to grid codes. Practically, the current control loop, the virtual admittance loop and the
power control loop have very different bandwidth and settling time; therefore, they are decoupled and
can be tuned separately.

+
-

Figure 1. Block diagram of a synchronous power controller (SPC)-based flexible ac transmission
systems (FACTS) power converter.

The current controller is the most inner loop of the SPC. The main requirements for this controller
are to track the current reference generated by the virtual admittance block and to tolerate the inherently
resonant characteristic of the LCL filter. To properly tune the current controller, the LCL filter is
modeled on the stationary reference frame as follows:
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where ic, v f and ig denote converter-side current, capacitor voltage and grid-side current, respectively,
Rc, R f and Rg represent filter resistances, Lc and Lg represent filter inductances, and Rth, Lth and vth are
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the grid equivalent parameters which can be calculated from the grid short-circuit ratio (SCR) and the
quality factor (q = X/R) ratio as:

Rth =
V2

SCR · Pn
√

1 + q2
and Lth =

V2q

SCR · Pn ·ωg
√

1 + q2
(2)

The LCL filter model can be concisely expressed as:

.
xlclc(t) = Alclcxlclc(t) + Blclcu(t) + Glclcw(t) (3)

ylcl(t) = Clclxlclc(t) (4)

where Clcl = [ 0 0 1 ] is the output matrix.
Taking into account the digital implementation of the current controller, the filter model is

discretized as:
xlcl(k + 1) = Alclxlcl(k) + Blclu(k) + Glclw(k) (5)

ylcl(k) = Clclxlcl(k) (6)

The delay originated by the digital implementation can also be considered in the controller design
by the dummy variable xd as follows:[
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To asymptotically track the reference current, the internal model principle is employed to model a
proportional resonant (PR) as:

.
xprc(t) =

[
0 1
−ω2

g 0

]
︸���������︷︷���������︸
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where wg denotes fundamental grid frequency, and ei = i∗ − ig represents tracking error with i∗ being
reference current. The controller model can also be discretized as:

xpr(k + 1) = Aprxpr(k) + Bprei(k) (10)

The inverter model and the current controller model can be augmented as:[
xin(k + 1)
xpr(k + 1)

]
=

[
Ain 0
−BprC A

][
xin(k)
xpr(k)

]
+

[
Bin
0

]
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[
Bd
0

]
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[
0

Bpr

]
r(k) (11)

or:
x(k + 1) = Ax(k) + Bu(k) + Bdw(k) + Brr(k) (12)
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Asymptotic tracking of current controller can be achieved by stabilizing the augmented system in
(12) using the following feedback controller:

u(k) = Kx(k) (13)

The feedback controller can be optimally calculated by minimizing the following quadratic cost
function:

J∞ =
∞∑

k=0

{
xT(k)Qx(k) + uT(k)Ru(k)

}
(14)

where Q and R are tunable parameters to adjust performance of the current controller. It is worth
noting that the choice of Q and R is based on the relative importance of system states and control
signals, which is not always a straightforward process. To simplify the selection of Q and R, one may
select R as an identity matrix i.e., R = 1 and Q as Q = ρI. Then, ρ can be altered to achieve a desired
response. For instance, the higher the value of ρ, the faster the transient response and smaller the
stability margin.

The virtual impedance shown in Figure 2 is usually chosen according to voltage support
requirement by the grid codes. The state space equation for the virtual impedance can be given as:

.
i
∗
g(t) = −Rv

Lv
i∗g(t) +

1
Lv

e(t) − 1
Lv

vg(t) (15)

where Rv is the virtual resistance, Lv is the virtual inductance, i∗g is the reference current for current
controller, and e is the reference voltage coming from power control loop.

Figure 2. Simplified model of a current-controlled grid-connected power converter with
virtual admittance.

The power controllers consisting of an active power and a reactive power controller are the main
elements of the SPC scheme. The active power controller is based on the electromechanical swing
equation to synchronize the power converter with the electrical grid. The transfer function of swing
equation is given by:

ωspc =
1

ωs(Js + D)
(Pm − Pe) +ωs (16)

where Pm and Pe are the mechanical and the electrical power, respectively, ωspc and ωs are the SPC
and synchronous angular speed, respectively, J is the virtual polar moment of inertia and D is the
damping factor.

The reactive power controller is based on a proportional integral (PI) controller defined as follows:

E =
kps + ki

s
(Qm −Qe) + Er (17)

where E is the amplitude reference for the virtual electromotive force (emf) voltage of the virtually
synchronous FACTS, Er is a feed-forward reference for such emf voltage and kp and ki are the
proportional and the integral gains of the controller.
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To simplify the analysis of the power controller loop, the dynamics of inner control loop are
neglected and replaced by static gains. To calculate these gains, the powers exchanged between the
SPC-based virtually synchronous FACTS and the electrical grid can be written as:

Pe =
EV
Z

cos(φ− δ) − V2

Z
cos(φ) (18)

Qe =
EV
Z

sin(φ− δ) − V2

Z
sin(φ) (19)

where Z =
√

R2
v + X2

v is the magnitude of the virtual impedance, φ is the phase-angle of such an
impedance, V denotes the rms value of the grid line voltage, E the rms value of the virtual emf and δ is
the grid load angle, i.e., the angle between E and V phasors.

The above equations can be rewritten for small-signal analysis as:

Pe0 + ΔPe =
(E0 + ΔE)V

Z
(cosφ cos(δ0 + Δδ) + sinφ sin(δ0 + Δδ)) − V2

Z
cos(φ) (20)

Qe0 + ΔQe =
(E0 + ΔE)V

Z
(sinφ cos(δ0 + Δδ) − cosφ sin(δ0 + Δδ)) − V2

Z
sin(φ) (21)

In steady-state, when synchronism takes place, δ0 = 0, and also Δδ ≈ 0, then cos(Δδ) ≈ 1 and
sin(Δδ) ≈ Δδ. Therefore:

Pe0 + ΔPe =
E0V cos(φ)

Z
− V2 cos(φ)

Z
+

E0V sin(φ)
Z

Δδ+
V cos(φ)

Z
ΔE +

V sin(φ)
Z

ΔEΔδ (22)
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Z
− V2 sin(φ)

Z
− E0V cos(φ)

Z
Δδ+

V sin(φ)
Z

ΔE− V cos(φ)
Z

ΔEΔδ (23)

Omitting the zero- and second-order terms, the small-signal component of the electrical power
can be written as:

ΔPe =
E0V sin(φ)

Z
Δδ+

V cos(φ)
Z

ΔE (24)

ΔQe = −E0V cos(φ)
Z

Δδ+
V sin(φ)

Z
ΔE (25)

From Equations (16), (17), (24) and (25), the state-space representation of the power control loop is
given by:
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where kp1 =
E0V sin(φ)

Z , kp2 =
V cos(φ)

Z , kq1 =
E0V cos(φ)

Z , kq2 =
V sin(φ)

Z , and δ is the grid load angle, as
previously defined.

Due to the fact that the three control loops have very different bandwidths, their dynamics are
nearly decoupled. Thus, these control loops can be designed separately. The stability of the current
control loop can be ensured by choosing a proper value of ρ. Since the current control loop is stable, the
voltage control loop is also stable, as the virtual admittance is in a form of a low-pass filter. The same
analogy is applied to the power control loop.
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Even though the dc-bus voltage level of SPC-based FACTS is naturally regulated thanks to the
inherent power balance-based principle of the SPC controller, the dc-bus voltage level might experience
dramatic changes due to unexpected events, such as line trips. To prevent the dc-bus voltage of
SPC-based FACTS from surpassing safe operational limits, the control loop shown in Figure 3 is added
to the SPC schema already shown in Figure 1. This protection loop has two PI controllers devoted to
directly change the phase-angle of the virtual emf of the SPC, and thereby its output power, to keep
the dc-bus voltage level within given limits. In this way, the protection range for the dc-bus voltage
can be adjusted by just setting the vlim

min and vlim
max parameters. In addition, a saturation block is

added at the output of each PI controller to ensure the protection loop only acts in case the dc-bus
voltage level is out of the safe operational range, and to limit the maximum power reference in case of
activation. This control loop has a very fast response, since it directly changes the phase-angle of the
virtual emf, being its dynamics set by the parameter kphase.

Figure 3. Proportional integral (PI) strategy for dc voltage protection.

4. Simulation Results

The setup structure for the simulation results is presented in Figure 4. It is composed by a 100 kVA
power converter, a harmonic load and a voltage sag generator. The devices will be connected and
disconnected from the PCC during the different simulation tests. In a first simulation case, voltage
support results under balanced and unbalanced voltage dips will be presented, where the harmonic
load is not connected to the PCC, thus not generating any harmonic disturbances in the grid voltage.
In a second simulation case, the voltage sag generator will be disconnected from the system, and the
harmonic load will be connected. This load will consume harmonic current which will distort the
grid voltage.

+
-

Figure 4. Simulation results setup. PCC: point of common coupling.

The parameters of the 100 kVA power converter and the grid connection are presented in Table 1,
which specifies the inductance parameters of the grid and the voltage sag generator.
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Table 1. Of the SPC-based FACTS power converter, the voltage sag generator and the grid.

Inverter Parameters

Total output power 100 kVA

Filter Parameters

Converter Inductor 777 μH
Grid Inductor 294 μH

Damping resistor 0.5 ohm
Capacitor 66 μF

Voltage sag Gen. Inductance 400 μH

Grid Parameters

Grid Inductor 400 Uh
Grid Resistor 0.152 ohm

In the upcoming subsections, the balanced and unbalanced low voltage ride through (LVRT)
simulation results are presented, as well as the harmonic compensation results during harmonic
distortions at the grid voltage.

4.1. Balanced LVRT

To simulate the performance of an actual voltage sag generator, which is composed by inductors
and contactors changing their connection, the voltage sag has two voltage steps during the connection
and disconnection of contactors. Figure 5 presents the voltage dip generated at the PCC of the
SPC-based FACTS connected to the grid. On the left side, Figure 5a presents the voltage dip at the PCC
without the interaction of the SPC-based FACTS. It is possible to see how the voltage drops to zero at
the PCC when the SPC-based FACTS does not support the grid voltage. On the right side, Figure 5b
presents the voltage dip at the PCC when the SPC-based FACTS interacts with the electrical grid by
injecting reactive currents during the voltage disturbance. In this case, once the voltage dip is detected
by the control system, the power converter starts injecting reactive currents thanks to the effect of
the virtual admittance controller. This allows the power converter to support the grid voltage during
voltage sags. The third plot in Figure 5b shows the injected current in the synchronous reference
frame, evidencing the injection of reactive current iq during the voltage sag. Once the grid fault is
released, the power converter stops injecting reactive current to the grid, and returns to the steady
state operation set-point.

Figure 5. Balanced low-voltage ride-through (LVRT) test. Voltage sag to 0% of the voltage (a) LVRT
without SPC-based FACTS compensation. (b) LVRT with the compensating current injected by the
SPC-based FACTS.
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4.2. Unbalanced LVRT

The unbalanced voltage sag is one of the most common voltage disturbances affecting the grid
voltage, as it appears when one or two phases of the grid are faulted. This perturbation generates
negative-sequence voltages along the grid, which can be observed as unbalanced voltages at the PCC.
Figure 6 presents an unbalanced voltage dip at the PCC. On the left, Figure 6a presents the PCC
voltage when the SPC-based FACTS does not provide any support to the grid voltage. In this case, the
negative-sequence component of the gird voltage reached 70 V. Figure 6b displays the PCC voltage
when the SPC-based FACTS supports the grid voltage in front of unbalances. In this case, the SPC-based
FACTS injects negative-sequence currents to keep the grid voltage balanced. Comparing Figure 6a
and Figure 6b, it is possible to appreciate that there is a significant reduction of the negative-sequence
component of the grid voltage, which is reflected in reducing the imbalance degree among phases at
the PCC.

Figure 6. Unbalanced LVRT test. (a) LVRT without SPC-based FACTS. (b) LVRT with the compensating
current injected by the SPC-based FACTS.

4.3. Harmonic Compensation

Harmonics can be generated by a large amount of systems, commonly the ones using power
converters to process power. Systems such as diode rectifiers, charging systems or even computers
produce harmonics that flow through the grid and distort the grid voltage. In addition to hazardous grid
resonances, such distorted voltages can damage to the equipment connected to the grid. By enabling
several parallel virtual admittances in a SPC-based FACTS, it is possible to control harmonics flow
and to minimize their impact on the grid. Figure 7 presents the PCC voltage resulting from the
connection of a harmonic load to the grid, and the effect of the SPC-based FACTS in conditioning such a
voltage. Figure 7a displays the PCC voltage waveform resulted from the connection of a harmonic load.
The amplitude for the 5th and the 7th voltage harmonic arises to 14 V and 16 V, respectively. Once the
harmonic admittances of the SPC-based FACTS are enabled, the power converter starts injecting
compensating currents. Figure 7b, shows the compensating currents injected by the SPC-based FACTS
and how they dramatically reduce the grid voltage distortion. A comparison between Figure 7a and
Figure 7b shows the significant reduction of 5th and 7th harmonic components of the grid voltage.

The simulation results shown in this section have demonstrated how SPC-based FACTS can
improve the power quality of the electrical grid in front of voltage transients and distortions. In the
following section, some experimental results are presented to validate such simulation results. In this
manner, the same tests shown in simulation are now conducted in the lab by using real equipment.
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Figure 7. Harmonic control simulation result. (a) Harmonic load without SPC-based FACTS
compensation. (b) Harmonic load with SPC-based FACTS injecting harmonic current to the PCC.

5. Experimental Results

The experimental setup used for obtaining experimental results consists of two 100 kVA power
converters connected to the PCC, a dc-voltage generator, a voltage sag generator and a harmonic load
to absorb harmonic currents from the grid, as shown in Figure 8.

 

PCC

Harmonic 
Load

100kVA 
Inverter

dc voltage 
source

SAG 
Generator

100kVA 
Inverter

Figure 8. Experimental setup.

By following the sequence as in simulations, the first test to be conducted will deal with the
grid support provided by the SPC-based FACTS when a balanced voltage sags happens in the grid,
i.e., when the three phases of the grid are affected equally by the voltage sag. In a second test, the
response of the SPC-based FACTS in front of unbalanced voltage sags will be shown. After that, the
impact of the SPC-based FACTS when conditioning a distorted grid voltage due to harmonic currents
will be evaluated experimentally. These test will show how the SPC-based FACTS perfectly withstand
voltage transients and distortions, inject reactive currents and harmonics to improve the quality of the
voltage waveform.

5.1. Balance LVRT

In this experiment, voltage sags are generated through a voltage sag generator, which consists of
several inductances and tap switches to generate different voltage levels at the PCC. In the case of a
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balanced voltage sag, the three phases decease the voltage amplitude to a certain value during the sag
time. In this experiment, the SPC-based FACTS will inject reactive current to restore the voltage level
at the PCC. Figure 9 presents the scheme of the experimental setup used for this experiment.

+
-

Figure 9. Scheme of the SPC-based FACTS connected to the grid for the balance LVRT test.

As shown in simulations, the SPC-based FACTS presents an inherit capability to inject reactive
current in the electrical grid during voltage sags thanks to the effect of the virtual admittance. Once the
virtual admittance controller detects a significant difference between the measured gird voltage, v1(t),
and the virtual emf, e(t), it generates an instantaneous reference current to counteract such a difference
by injecting reactive current into the electrical grid. Figure 10a shows the beginning of the voltage
sag. During this transient, the SPC-based FACTS detects the grid voltage reduction at the PCC and
start increasing the reactive current injected into the grid. Later, once the voltage sag is released, the
SPC-based FACTS stops providing reactive current and returns to its regular state. Figure 10b presents
the end of the voltage sag, when the SPC-based FACTS returns to steady-state operation set-point.

Figure 10. Response of the SPC-based FACTS to a balanced sag. Voltage sag to 0% (a) Beginning of the
voltage sag. (b) End of the voltage sag.

Analyzed the system on the synchronous reference frame, it can be appreciated how the SPC-based
FACTS inject reactive current iq during the grid fault to contribute to restore the voltage at the PCC.
In Figure 11, the dq current components idq are plotted. It can be appreciated in this figure how the
current iq is triggered at t = 2.18 s, when the voltage sag is detected by the SPC-based FACTS controller.
The system remains injecting reactive current to the grid until the voltage sag is cleared at t = 2.7 s.
Once the voltage dip is cleared, the current iq goes to zero.
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Figure 11. SPC-based FACTS dq currents during a balanced LVRT test.

5.2. Unbalanced LVRT

Single-phase and phase-to-phase faults generate unbalanced voltages, which gives rise to
negative-sequences components in the grid voltage, which affects negatively to all the connected
elements. The control algorithm of the SPC-based FACTS is able to detect the negative-sequence
component of the grid voltage and provides a negative-sequence reference current aimed to restore the
unbalanced grid voltage. This response in front of unbalanced voltage sags due to the action of the
virtual admittance controller, which, after calculating the negative-sequence component of the grid
voltage, sets such a voltage component as an input for a virtual admittance block, which generates
a negative-sequence reference current addressed to reduce the negative-sequence component of the
gird voltage at the PCC. Figure 12 shows the scheme of the setup used for conducting the unbalanced
LVRT test. In this case, two SPC-based FACTS are connected to the PCC, which will experience the
unbalanced voltage sag created through the sag generator. During the fault, the SPC-based FACTS
will inject reactive currents to contribute to balance the grid voltage. Additionally, both SPC-based
FACTS will share the amount of negative sequence current injected into the grid as a function of the
parameters set for the virtual admittance in each SPC-based FACTS.

+
-

+
-

Figure 12. Electrical schematic for two SPC-based FACTS affected by an unbalanced voltage sag.

In this experiment, a voltage sag generator is used to generate the unbalanced grid voltage. In a
first test, the SPC-based FACTS does not inject any reactive current into the grid when the unbalanced

232



Energies 2019, 12, 3292

sag happens. Plots for this test are shown in Figure 13a, where unbalanced voltages can be seen at
the PCC when the SPC-based FACTS do not provide any support. In Figure 13b, the two SPC-based
FACTS are enabled to provide support to the electrical grid. In this test, once the sag is detected by the
virtual admittance controller, the SPC-based FACTS starts injecting negative-sequence current into the
grid in order contribute to balance the grid voltage at the PCC.

(a) (b) 

Figure 13. Response of the SPC-based FACTS to an unbalanced sag. (a) Unbalanced voltage sag
without SPC-based FACTS (b) Two SPC-based FACTS inject reactive current to balance the gird voltage
at the PCC.

The positive- and negative-sequence components of the voltage and current resulting from this
experiment can be analyzed to assess the support provided to the electrical grid by the SPC-based
FACTS. Figure 14a presents the voltage sag components when no reactive current is injected by the
SPC-based FACTS. In this case, the positive-sequence component of the grid voltage decreases to 81%
of its rated value, whereas the amplitude for the negative-sequence component grows until 20% of
the rated grid voltage. As shown Figure 14b, once the SPC-based FACTS controllers are enabled to
compensate unbalanced grid voltages, the positive-sequence component of the grid voltage at the
PCC during the unbalanced sag decreases to the 92% of its rated value, while the negative-sequence
component of the unbalanced voltage at the PCC just increases to the 5% of the rated grid voltage.
Those effects can be seen in the difference between the sinusoidal waveforms from Figure 14. In this
experiment, both SPC-based FACTS inject the same amount of reactive current since both of them set
the same values for the virtual impedance used for processing the negative-sequence component of the
PCC voltage.

5.3. Harmonic Compensation

The SPC-based FACTS can integrate multiple virtual admittances, each of them tuned to a given
frequency, which can generate compensating currents addressed to the minimize distortion of the grid
voltage at the PCC. To do that, the frequency components of the grid voltage should be measured,
e.g., using band-pass filters tuned to the frequencies of interest, and provided as inputs to corresponding
harmonic admittances in order to generate the compensating harmonic currents to be injected into
the grid.

In this experiment, a non-linear load connected to the PCC, which will generate some harmonic
components at the PCC voltage. The admittance controller of the SPC-based FACTS is enabled to
detect such a voltage distortion at the PCC, and to inject compensating currents to attenuate the
distortion of the grid voltage at the PCC. Figure 15 presents the setup used in this experiment, where a
harmonic load is connected to the PCC in parallel to the SPC-based FATCS. Additionally, a 400 μH line
inductance has been added to increase distortion at the PCC voltage.
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Figure 14. Response of the SPC-based FACTS to an unbalanced voltage sag. (a) Positive- and
negative-sequence components of the PCC voltage and current when the SPC-based FACTS is disabled.
(b) Positive- and negative-sequence components of the PCC voltage and current when the SPC-based
FACTS is enabled.

 

+
-

Figure 15. Electrical schematic for harmonic compensation control test.

In this experiment, a non-linear load is connected, giving rise to a notable amount of 5th and 7th
harmonic in the current absorbed form the electrical grid. The SPC-based FACTS is able to detect the
harmonic components at the PCC voltage, e.g., using multiple band-pass filters, and to inject proper
currents reduce the voltage distortion at the PCC. Figure 16, from top to bottom, shows the grid voltage
at the PCC, the current injected by the SPC-based FATCS and the current absorbed by the non-linear
load. As appreciated in this figure, the current injected by the SPC-based FACTS compensates the one
demanded by the load and the quality of the voltage at the PCC is improved. This is evidenced when
the SPC-based FACTS is disabled at t = −0.73 s. From that time on, the harmonic load currents flow
through the line impedance, instead through the SPC-based FACTS, which notably increases the grid
voltage distortion.

A more detailed analysis of the grid voltage, paying special attention to the 5th and 7th harmonic
components, allows assessing the effectiveness of the SPC-based FACTS in improving power quality.
Figure 17a,b show the PCC voltage spectrum in case the SPC-based is disabled and enabled, respectively.
As Figure 17a shows, when the harmonics control of the SPC-based FACTS is disabled, the grid voltage
at the PCC presents remarkable levels for the 5th and 7th harmonic components, namely, 12 V and
7 V, respectively. However, once the harmonics compensation function is enabled in the SPC-based
FATCS, the quality of the PCC voltage improves significantly. In such a case, Figure 17b shows how
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the amplitude levels for the 5th and 7th harmonic components has been reduced to 6 V and 2.5 V,
respectively, which can be also appreciated on the sinusoidal waveform shape.

 

Figure 16. Grid voltage distortion reduction by the SPC-based FATCS.

(a) (b) 

Figure 17. Effect of the SPC-based FACTS in grid voltage reduction (a) Harmonics compensation
disabled. (b) Harmonics compensation enabled.

6. Conclusions

This paper has presented the application of the synchronous power controller (SPC) to FACTS
with the aim of improving power quality in electrical grids. This paper has conducted an overview on
FACTS devices and has highlighted that the virtual synchronous power has gained notable popularity
among engineers and researchers in the last years to interface power converters to ac synchronous
electrical grid. The control scheme and the main equations governing the SPC, which are essential
to implement simulation models and analyses, have been presented in the paper. Based on such
models, the paper has presented some simulations results addressed to evaluate the performance
of a SPC-based FACTS when improving power quality in the electrical grid. In such an evaluation,
the positive impact of the SPC-based FACTS to improve the grid voltage quality during balanced
and unbalanced voltage sags, as well as in case of current harmonics flowing along the grid, has
been illustrated by representative simulations. Moreover, such simulation results have been validated
through experiments in the lab, obtaining satisfactory results. As a conclusion, this paper has presented

235



Energies 2019, 12, 3292

the SPC formulation and has evidenced the interest of the SPC-based FACTS for improving power
quality in electrical grids.

7. Patents

The Synchronous Power Controller technology is protected by the following patents:

• WO 2012/117131 A1. “Synchronous controller for a generating system based on static power
converters”, Priority date: 18/02/2011 Licensed by: Abengoa Solar NT, S.A.

• WO 2012/117132 A1 “Controller of the electro-mechanical characteristic of a static power converter”,
Priority date: 18/02/2011 Licensed by: Abengoa Solar NT, S.A.

• WO 2012/117133 A1 “Virtual admittance controller for a static power converter”, Priority date:
18/02/2011 Licensed by: Abengoa Solar NT, S.A.
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Abstract: The severe power quality problems aroused by the single-phase 25-kV traction power
supply system (TPSS), especially for the voltage unbalance (VU) and high-frequency harmonic
resonance, have attracted increasing attention nowadays. In this paper, a novel hybrid power quality
compensation system, including a power flow controller (PFC) and thyristor-controlled L and C-type
filter (TCL-CTF), is proposed. The PFC can be used for VU compensation, and the TCL-CTF can be
designed to filter out harmonics as well as compensate reactive power. Furthermore, an optimized
compensation strategy is proposed, and the power quality of the TPSS can meet the requirements of
the technology standard. Compared with the conventional scheme, the compensation capacity of the
PFC can be reduced by 12%, as well as the cost. Finally, the effectiveness of the proposed system is
verified by the simulation and experimental results.

Keywords: power quality; hybrid power quality compensation system; the thyristor-controlled L
and C-type filter (TCL-CTF)

1. Introduction

The Chinese government is rapidly constructing massive electrical railways to promote economic
prosperity [1,2], which are mainly represented by their high speed and heavy load. According to the
government’s report [3], the railway mileage will exceed 150,000 km, including 30,000 km high-speed
railway, and the proportion of electrified railway will rise to 70% by 2020. As a result, the serious power
quality problem aroused by the single-phase 25-kV traction power supply system (TPSS) has drawn
increasing attention [4,5], especially for the voltage unbalance (VU) and the high-order harmonic
problem in the weak power grid.

FACTS technology has increasingly drawn wide attention regarding the power quality of the
government [6,7]. The power flow controller (PFC) scheme has been adopted to the TPSS [8],
for example, by way of the railway static power conditioner (RPC) and co-phase TPSS. Mochinaga
proposed the RPC [9]; different control strategies and structures have also been proposed [10–12].
On the other hand, Li proposed the co-phase TPSS configuration [13], which was applied to engineering
in 2011 [14]; various other structures have also been proposed [15–17]. Compared with the co-phase
TPSS, the apparent drawback of RPC is that it cannot eliminate the neutral zones. The super slope
region—such as the length of the slope—has risen to 70 km in the Sichuan–Tibet railway, which will
cause serious speed losses for electric multiple units (EMUs) and energy loss for the TPSS. Thus,
the co-phase TPSS is a trend for the next-generation TPSS. However, the high-order harmonic resonance
problem and the investment cost of high voltage and kVA power electronic devices are still obstructing
its application in the TPSS.
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The alternating current/direct current/alternating current (AC/DC/AC) traction converters are
widely adopted to CRHs series of EMUs, and the HXD series of AC electric locomotives benefit from
their excellent control performance and high power factor (PF). Nevertheless, a series of harmonic
resonance accidents have been aroused by the high-frequency harmonic in recent years, which interferes
with the safety and efficient operation of the TPSS [18,19]. Note that the PFC used in the TPSS possesses
poor performance on compensating harmonic [20]. The passive power filter (PPF) and active power
compensation device are frequently used for solving this problem. Nevertheless, the PPF is more
available in terms of the cost and reliability. In this regard, the C-type filter has drawn attention to
the railway field in recent years, as it not only filters out the particular high-order harmonic region,
but also compensates for the reactive power to improve system performance [21]. Unfortunately,
the over-compensation caused by the fixed Var capacity of C-type filters leads to the PF deterioration;
it is unaccepted that the railway operator will pay a high fine to the power grid. Hence, how to greatly
offset harmonic as well as PF is the main challenge. Fortunately, the power semiconductor switches,
such as the thyristor, metal-oxide-semiconductor field-effect transistor (MOSFET), and insulated gate
bipolar transistor (IGBT), have been adopted to control the inductance to achieve the reactive power
compensation since the 1960s; most of the time, the thyristor will be involved when handling high
voltage and simple AC circuit [22]. Thus, a thyristor-controlled LC-coupling (TCLC) structure has been
introduced to govern the distortion and PF of the three-phase load in the power grid [23]. Furthermore,
the different structure has been proposed, which combines the TCLCs in series/parallel with the active
power filters (APFs), such as the TCLC + APF in [24], and the static var compensator (SVC)/APF
in [25]. In other words, a novel hybrid compensation structure combined with the PPF and TCL can be
designed to handle the above problem in railways. However, the relevant research in the railway field
still lacks study.

Alternatively, the PFC of the TPSS is initially designed to compensate for VU and PF problems.
However, due to the fluctuation of the traction load, the instant power demand has attached to
50 MVA, whereas the normal power demand has arrived 20 MVA; the PFC cannot provide a satisfactory
compensation performance if the actual demand exceeds the designed capacity. Moreover, the cost
also should be considered; the cost of a PFC is about $60/kVA according to the cost study in [24].
Therefore, a high-efficiency PFC is required to design the hybrid compensation system. On the one
hand, the different multilevel constructs of PFC have been presented in recent years, which can reduce
the switching frequency, power loss, and harmonic distortion [17,26]. In [17], a cascaded H-bridge
multilevel construct is used for the PFC device. In [27], a novel PFC with a modular multilevel converter
(MMC) construct has been adopted to the railway. On the other hand, an optimized compensation
technique compensating for the power quality of load to satisfy the national standard is introduced to
reduce the rating kVA. In [16], a hybrid compensation is proposed to reduce the capacity of PFC in the
TPSS. Furthermore, a clear relationship between the power quality standard and the reference current
is established in [17]. However, the capacity of a PFC is associated with not only the reactive power
compensation, but also the active power balance. Therefore, a feasible method is using the PPF + TCL
to compensate for reactive power, as they cost just 1/12th of the PFC, using PFC to compensate for the
VU. Simultaneously, the control strategy of PFC should be redesigned to fit this hybrid power quality
compensation system.

The rest of this paper is structured as follows: Section 2 introduces the circuit configuration of
the proposed system. Furthermore, the power flow is analyzed in Section 3. In Section 4, the control
strategy is proposed. The parameters of the TCL-CTF are designed in Section 5. The effectiveness is
testified by simulation and experiment in Section 6. Finally, the conclusions are reached in Section 7.

2. Circuit Configuration of the Proposed Hybrid Compensation System

Figure 1 shows the circuit configuration of the novel hybrid power quality compensation system
for the TPSS. The proposed system consists of a TCL-CTF part, a traction transformer (TT) part, and
a PFC part. The TCL-CTF part is composed of a thyristor-controlled reactor with an L1 and C-type
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filter (CTF). The CTF is constituted by a capacitor C1, an auxiliary capacitor C2, a damping resistor R,
and an inductor L2. The TCL and capacitor C1 are responsible for supporting the fundamental reactive
power to improve PF, which are controlled by triggering the firing angles α of the thyristor T1 and
T2. The CTF is designed to filter high-order harmonics. The TT is a balance transformer in which the
negative-sequence current (NSC) is eliminated if the power of two ports is equal, which comprise a
single-phase transformer (SPT) and a Y/D transformer. The PFC part consists of a DC-link capacitor Cdc
and two voltage source converters. It is employed to transfer the partial active power and selectively
compensate for VU.

Figure 1. Circuit configuration of the hybrid power quality compensation system.

In Figure 1, isx, and icx are the source currents and the compensating currents where the x stands
for phases a, b, and c in the following analysis. itt1 and itt2 are the primary and secondary side currents
of the single-phase transformer, respectively. ig and it are the grid and traction-side port currents of the
PFC, respectively. itc is the current of the TCL-CTF part.

3. Power Analysis of the Proposed Hybrid Compensation System

According to the research [28,29], there is some coupling power between the different components,
not just the positive-sequence or negative-sequence power. Thus, the excited power calculation
approach of load, based on the sequence component or vector method, could become invalid under
the non-sinusoidal and asymmetrical conditions. To cope with this problem, the IEEE Standards
Association (IEEE-SA) released IEEE Std. 1459 in 2010, which introduced the ‘effective’ value of
voltage, current, and apparent power. Furthermore, the total effective apparent load power (SL) can be
defined as:

S2
L = S2

L1 + S2
Lh

=
(
S+

L1

)2
+ (SLu1)

2 + (SLh)
2 (1)

where SL1 and SLh are the fundamental and harmonic-component of the load apparent power,
respectively. S+

L1 and SLu1 are fundamental positive-sequence and unbalanced component of the load
apparent power, respectively.
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Moreover, the fundamental positive-sequence component of the load apparent power (S+
L1) can be

divided into two terms: active power and reactive power.

(
S+

L1

)2
=

(
P+

L1

)2
+

(
Q+

L1

)2
(2)

where P+
L1 and Q+

L1 are the load active power and load reactive power, respectively.
On the basis of Figure 1, the fundamental load active power (P+

L1) comes from the single-phase
transformer (SPT) and PFC branches.

(
P+

L1

)2
=

(
P+

SPT

)2
+

(
P+

PFC

)2
(3)

where P+
SPT and P+

PFC are the active power through the SPT and PFC branches, respectively.
The fundamental load reactive power (Q+

L1) is mainly supported by the TCL-CTF branch, and the
rest is provided by the SPT and PFC branches. The Q+

L1 can be fully or partly compensated via
the TCL-CTF. (

Q+
L1

)2
=

(
Q+

SPT

)2
+

(
Q+

PFC

)2
+

(
KQ ·Q+

TCL−CTF

)2
(4)

where Q+
SPT, Q+

PFC, and Q+
TCL-CTF are the active power through the SPT, PFC, and TCL-CTF branches,

respectively. KQ is a compensation coefficient, depending on the reference PF.
The fundamental load unbalanced component of the apparent power (SLu1) can be divided into

the SPT and PFC branches.

(SLu1)
2 = (SLu1_SPT)

2 + (kU · SLu1_PFC)
2 (5)

where Q+
SPT, Q+

PFC, and Q+
TCL-CTF are the active power through the SPT, PFC, and TCL-CTF branches,

respectively. KU is a compensation coefficient, depending on the reference voltage unbalance
factor (VUF).

In addition, the fundamental system unbalanced component of the apparent power (SSu1) that
discharge into the power grid can be less than or equal to SLu1 with the different compensation
targets. After being compensated by PFC, the VU problem could be thoroughly eliminated if
SLu1_SPT = KU·SLu1_PFC; otherwise, the VU can be selectively compensated based on the national power
quality standard.

(SSu1)
2 ≤ (SLu1_SPT)

2 − (kU · SLu1_PFC)
2 (6)

4. Control Strategy of the Proposed Hybrid Compensation System

The proposed hybrid compensation system consists of a TCL-CTF part, a traction transformer
(TT) part, and a PFC part. The TCL-CTF part is controlled to offset high-order harmonic (SLh) and
selectively compensate the load reactive power (Q+

L1) to improve the PF. The PFC part is used for
transferring the partial active power and selectively compensating for the VU (SLu1). In the following,
the control strategy will be discussed.

4.1. PFC Part Control

At present, the instantaneous power theory is widely adopted to detect the reactive,
negative-sequence, and harmonic currents to provide an accurate reference for the power quality
conditioner. Therefore, the positive and negative sequence components for each branch should be
obtained before calculating the reference current, which can utilize the notch filter as [30]:

[y+zx]x=a,b,c = M2 · [yzx]x=a,b,c −M1 · [Sπ/4yzx]x=a,b,c (7)

[y−zx]x=a,b,c = M2 · [yzx]x=a,b,c + M1 · [Sπ/4yzx]x=a,b,c (8)
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where Sπ/4 stands for a π/4 phase-shift operator in the time domain, x stands for phases a, b, and c, y
stands for current i or voltage u in the following analysis, z stands for the SPT part, PFC part, and so
on. M1 and M2 are 3× 3 matrices given by:

M1 =
1

2
√

3

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
0 1 −1
−1 0 1
1 −1 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ (9)

M2 =
1
3

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣
1 −0.5 −0.5
−0.5 1 −0.5
−0.5 −0.5 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ (10)

Then, the positive-sequence and negative-sequence component in the α-β frame are transformed
from the a-b-c frame, which can be expressed as:

⎡⎢⎢⎢⎢⎣ y+zα(t)
y+zβ(t)

⎤⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣ 1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

y+za
y+zb
y+zc

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ (11)

⎡⎢⎢⎢⎢⎣ y−zα(t)
y−zβ(t)

⎤⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣ 1 − 1

2 − 1
2

0
√

3
2 −

√
3

2

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

y−za
y−zb
y−zc

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ (12)

Furthermore, based on the instantaneous power theory, the positive and negative-sequence
components of instantaneous power can be obtained by Equations (13) and (14):

[
p+z
q+z

]
=

⎡⎢⎢⎢⎢⎢⎣ u+
zα u+

zβ
−u+

zβ u+
zα

⎤⎥⎥⎥⎥⎥⎦ ·
⎡⎢⎢⎢⎢⎣ i+zα

i+zβ

⎤⎥⎥⎥⎥⎦ (13)

[
p−z
q−z

]
=

⎡⎢⎢⎢⎢⎢⎣ u+
zβ u+

zα

−u+
zα u+

zβ

⎤⎥⎥⎥⎥⎥⎦ ·
⎡⎢⎢⎢⎢⎣ i−zα

i−zβ

⎤⎥⎥⎥⎥⎦ (14)

where p+z and q+z are positive-sequence components of the active and reactive instantaneous power,
respectively. p−z and q−z are negative-sequence components of the active and reactive instantaneous
power, respectively.

Under the non-sinusoidal and asymmetrical conditions, it should be noticed that the
negative-sequence component of the instantaneous power calculated from Equations (13) and (14)
includes two parts: DC composition and AC composition. To raise compensation performance, a
low-pass filter (LPF) is added to obtain the DC component, due to AC composition including an
almost harmonic element. Further, the unbalanced power (p−PFC and q−PFC) is partly compensated by a
compensation coefficient KU.

⎡⎢⎢⎢⎢⎣ i+
α_PFC
i+
β_PFC

⎤⎥⎥⎥⎥⎦ = 1(
u+
α_PFC

)2
+

(
u+
β_PFC

)2

⎡⎢⎢⎢⎢⎢⎣ u+
α_PFC −u+

β_PFC
u+
β_PFC u+

α_PFC

⎤⎥⎥⎥⎥⎥⎦
[

p+PFC
q+PFC

]
(15)

⎡⎢⎢⎢⎢⎣ i−α_PFC
i−β_PFC

⎤⎥⎥⎥⎥⎦ = 1(
u+
α_PFC

)2
+

(
u+
β_PFC

)2

⎡⎢⎢⎢⎢⎢⎣ u+
β_PFC −u+

α_PFC
u+
α_PFC u+

β_PFC

⎤⎥⎥⎥⎥⎥⎦
[

kU · p−PFC
kU · q−PFC

]
(16)
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The final reference currents of the grid side for PFC in a p–q frame are transformed from the
α–β frame: [

i∗p_g
i∗q_g

]
=

[
sinωt − cosωt
− cosωt sinωt

]
·
⎡⎢⎢⎢⎢⎣ i+
α_PFC + i−α_PFC
i+
β_PFC + i−β_PFC

⎤⎥⎥⎥⎥⎦ (17)

where ω is a rated angular frequency of the power grid, which can be calculated from the PLL.
On the other hand, the operating characteristics of PFC can use the power balance principle to

express as:
uTip_tt2 + ugip_g = uTip_L (18)

uTiq_tt2 + ugiq_g = uTiq_L (19)

The reference currents of the traction side for PFC in a p–q frame can be expressed as:⎡⎢⎢⎢⎢⎣ i∗p_t
i∗q_t

⎤⎥⎥⎥⎥⎦ = N1 ·
([

ip_L

iq_L

]
−

[
ip_tt2

iq_tt2

])
(20)

where ip_L and iq_L are the load active and reactive current, respectively, which can be expressed as:

ip_L = iL cosϕL, iq_L = iL sinϕL, (21)

where ϕL is the power factor angle of the traction load.
The compensation current of PFC tracks with its reference value i∗p_g, i∗q_g, and i∗p_t, while i∗q_t is

calculated by above proposed method.
Furthermore, the capacity of PFC is calculated in the following equation based on [16,17]:

SPFC = SPFC_g + SPFC_t = UPFC_gIPFC_g + UPFC_tIPFC_t (22)

4.2. TCL-CTF Part Control

The TCL achieves the dynamic adjustment of the inductive reactive power through changing the
current’s amplitude, which is controlled by the firing delay angle of the thyristor. Afterward, it is
combined with the fixed capacitive reactive power to compensate for the given PF. The equivalent
fundamental impedance of the TCL and the capacitor C1 can be expressed as:

XTCL−CTF(α) = −
XTCL(α) ·XC1

XTCL(α) −XC1

(23)

where XTCL(α) is the equivalent fundamental impendence of the TCL, which can be expressed as:

XTCL(α) =
π

2π− 2α+ sin 2α
·XL1 (24)

where α is a firing angle of thyristor.
The compensating reactive power Q+

TCL−CTF is associated with the equivalent fundamental
impendence of the TCL-CTF, which can be expressed as shown in Equation (23):

Q+
TCL_CTF =

UL
2

XTCL-CTF(α)
(25)

In other words, the Q+
TCL-CTF is coupled with the capacitor C1, reactor L1, and firing angle α. Thus,

the relationships among these paraments are shown in Figure 2.
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(a) (b)

Figure 2. Relationship between the Q+
TCL_CTF, C1, L1, and α. In (a), the varying between the C1 and α,

L1 is fixed; in (b), the varying between the L1, α, and C1 is fixed.

As can be observed in Figure 2a, the firing angle α increases from 90◦ to 180◦, and the reactive
power increases from 0 to 2 MVar with the C1= 8.4 μF, which means that the compensating inductive
reactive power is decreasing and controlled by the thyristor. Similarly, the reactive power is totally
offset when L1= 1.2 H, α = 90◦; then, the compensating capacitive reactive power increases when the
firing angle α changes from 90◦ to 180◦ in Figure 2b.

To control the TCL, the equivalent fundamental susceptance of the TCL can be expressed as:

BTCL(α) =
1

XL1

·
(
2− 2α
π

+ sin 2α
)
=

1
XL1

· δ− sin δ
π

(26)

where δ is a conduction angle, δ = 2(π-α).
However, the relationship between the BTCL(α), δ and α is nonlinear, which means that it should

add a linearization between the input and output of trigger pulse. In this paper, a look-up table (LUT)
is adopted to address this obstruct [24].

4.3. Compensation Parameters Calculation between KU and KQ

4.3.1. Compensation Coefficient of VU KU

Associating with Equations (5) and (6), the compensation coefficient of VU (KU) can be expressed as:

KU =
SLu1 − S∗Su1

SLu1_PFC
(27)

where SLu1 and SLu1_PFC can be obtained as:

SLu1_PFC =

√(
p−PFC

)2
+

(
q−PFC

)2
, SLu1 =

√(
p−L

)2
+

(
q−L

)2
(28)

Simultaneously, the reference fundamental unbalanced component of the system apparent power
(S∗Su1) can be represented by a function containing VUF.

S∗Su1 = u+
s i−s + u−s i+s + u−s i−s

= S+
S1(CUF + VUF) + S−S1

= S+
S1 ·

[
Z+

TPSS
Z−TPSS

(
VUF + VUF2

)
+ VUF

] (29)
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where S+
S1 is the fundamental positive-sequence component of the system apparent power, while Z+

TPSS
and Z−TPSS are the positive and negative sequence impedance of the TPSS.

The VUF values are dependent on the compensating target, which is restricted by the national
power quality standard. The comparison of VU limits between the various countries is shown in Table 1.

Table 1. The comparison of voltage unbalance (VU) limits between the various countries.

EN 50160
EDF Emeraude

Contract A.2
Grid Code

GB/T
15543-2008

Country/Organizations EU France Britain China

VU limit in low-voltage,
medium-voltage power system 2% 2% 2% (<150 kV) 2%

VU limit in high-voltage,
extra-high-voltage power system / 2% 1.5% 2%

4.3.2. Compensation Coefficient of PF KQ

According to the compensation target, the compensation coefficient of PF (KQ) can be expressed as:

KQ =
S+

L sin
(
cos−1 PF∗

)
Q+

L

(30)

where, PF* is an expected power factor after compensating.
Furthermore, the equivalent fundamental susceptance of the TCL can be obtained as:

BTCL(α) =
Q∗L1

U2
L

=
KQQ+

L −QC1

U2
L

(31)

4.4. Control Block of the Proposed System

Figure 3 shows the overall control block with the proposed optimized compensation control
approach. The control block includes two parts, which are the PFC controller and TCL-CTF controller.
The compensation currents of the grid side for the PFC follow their reference currents, which controlled
by KU to achieve the VU compensation target. Note that the KU is a dynastic variable that depends
on the traction load power and system condition reflected by the impedance variation. Similarly,
the trigger signals of the TCL can be generated based on its equivalent fundamental susceptance,
which associates with the capacitive reactive power depending on the traction net voltage, traction load
power, and PF compensation target.
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Figure 3. Control block of the optimized compensation strategy.

5. Designing Parameters of the TCL-CTF

5.1. Resonance Damping Analysis

To research the characteristics of the proposed TCL-CTF, the equivalent impedance of the CTF is
given as a function of the angular frequency and the parameters as follows:

ZTCL-CTF(ω) = − jXC1(ω)// jXL1(ω) + R//
[
jXL2(ω) − jXC2(ω)

]
=

1
jωC1
· jωL1

1
jωC1

+ jωL1
+

(
jωL2+

1
jωC2

)
·R

R+ jωL2+
1

jωC2

=
jωL1

1−ω2L1C1
+

R(1−ω2L2C2)
1−ω2L2C2+ jωRC2

(32)
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Figure 4 shows the impedance-frequency response of the TCL-CTF between the various parameters
changing. In Figure 4a, when Q+

L1 varies from 1 Mvar to 3 MVar, the resonance point increase from 36 Hz
to 63 Hz. Note that the resonance point at the fundamental frequency if Q+

L1 = Q+
C1, which means that

it is so dangerous that it should be avoided. However, the impedance characteristics of CTF maintain
a stable status, the TCL-CTF obtains a minimum impedance when the frequency at the designated
turning point ht is 1000 Hz, and the impedance is close to 1 when the frequency is close to infinite. It is
well known that the impedance-frequency characteristic of CTF is between the single-tuned filter and
high-pass filter. In Figure 4b, when increasing the value of R, the minimum impedance is decreasing,
and the character is more similar to that of a single-tuned filter, and vice versa. In Figure 4c, the turning
point moves to a low-frequency area while increasing the value of Q+

C1.

Figure 4. Resonance Damping Analysis. (a) Impedance-frequency response determined by different
L1; (b) Impedance-frequency response determined by different R; (c) Impedance-frequency response
determined by different C1.

Based on the above discussion, the parameters of the TCL-CTF can be divided into two independent
parts: the TCL part and the CTF part. Meanwhile, the impedance of L1 should be less than C1 to avoid
the parallel resonance at the fundamental frequency.

Furthermore, the impedance model has been constructed as shown in Figure 5. It includes three
parts: system equivalent impedance, TCL-CTF impedance, and traction network impedance using the
π equivalent model. The traction load is a harmonic source, and the point of evaluation (POE) 1 and
POE2 are set to assess the performance of the TCL-CTF.
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1T
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2 netC

Li
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Figure 5. Impedance model of the system, thyristor-controlled L and C-type filter (TCL-CTF), and
traction net.

The impedance equation at the POE2 can be expressed as:

Zeq(ω) = Znet(ω) + [Zs(ω)//ZTCL−CTF(ω)]

= Znet(ω) +
Zs(ω)·ZTCL−CTF(ω)

Zs(ω)+ZTCL−CTF(ω)

(33)

where, Zs(ω) = Rs+ jωLs, Znet(ω) = Rnet + jXnet, and the Znet(ω) can be simplified from the π

equivalent model.

5.2. Designing Parameters of CTF

The capacitor C1 is designed to compensate the reactive power at the fundamental frequency as
well as improve the PF. Therefore, the value of Q+

C1 is determined by the expected PF and actual PF,
which can be expressed as:

Q+
C1

= P+
L1

⎡⎢⎢⎢⎢⎢⎢⎢⎣
√(

1
cosϕL

)2

− 1−
√(

1
cosϕ∗

)2

− 1

⎤⎥⎥⎥⎥⎥⎥⎥⎦ (34)

On the other hand, the function of improving PF can be seen as a particular solution for adjusting
the voltage of the system. Thus, the ability of compensating voltage can be expressed as:

ΔUL = 1− Q+
c

Ssc
(35)

Furthermore, the value of C1 can be calculated by Equation (35):

C1 =
Q+

C1

ω1U2
L

(36)

After selecting a turning point (ht), the value of C2 is restricted by ht and C1.

(
h2

t − 1
)
C1 > C2 ≥

⎛⎜⎜⎜⎜⎝h2
t − 1

h2
t

⎞⎟⎟⎟⎟⎠C1 (37)
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Moreover, the value of C2 is limited by a relationship ω1L2= 1/(ω1C2), which is why the C2 is
not used for compensating reactive power, but rather is used for reducing the fundamental loss of R.

L2 =
1
ω2

1C2
(38)

Finally, the filter reactance R can be obtained as shown in Equation (38). Note that the R should
equal zero when the frequency is at ht.

R =
1

ω1ht

√(
h2

t − 1
)
C1C2 −C2

2

(39)

6. Simulation and Experimental Validation

6.1. Field Testing and Designing Parameter of TCL-CTF

As an illustration, a field testing of a typical railway has been implemented in China, in which
the sampling frequency of power-quality monitor is 10 KHz, and the testing cycle is 24 h. The main
circuit of the traction substation (TSS) and the monitoring points are shown in Figure 6a, the CT1 to
CT4 are the high-voltage current transformers of the single-phase traction side, which was utilized
for accurately measuring the currents for different feeding sections; PT1 and PT2 are the voltage
transformers of the single-phase traction side, which are used for accurately measuring the busbar
voltage; the CT5 and PT3 are the current and voltage transformer for the three-phase power grid
side, respectively. The monitoring points are installed on these transformers’ low-voltage side.
The equipment’s connection and layout are shown in Figure 6b. Take CT1 and PT1 as examples;
the voltage can be measured by using the probe to connect the voltage port, and the current can be
detected by warping the Rogowski coils around the current wire. The current sensor uses a Fluke i5s
current clamp and Rogowski coils. The rated parameters of the current sensor and current transformer
are shown in Table 2. The power quality monitor satisfies the requirements of IEC61000-4-5 and IEC
61000-4-7, which can be used for measuring the harmonic. Alternatively, the various algorithms are
presented to improve the accuracy of harmonic detection, such as the adaptive Kaiser self-convolution
window in [31], which is an adaptive variational mode decomposition in [32].

T2
T1

V

V
TT1#

ACB
110kV
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Current Sensor
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Power Quality 
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(a) (b)
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. 

Figure 6. Power quality test in a traction substation (TSS). (a) Main circuit of TSS and monitoring points
(� is the monitoring point); (b) Equipment’s connection and layout in the field.
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Table 2. The key parameters of the current sensor and current transformer.

Parameters Values Parameters Values

Current
Transformer

Rated current of primary side (A) 1500
Current
Sensor

Nominal current range (A) 5 A
Rated current of second side (A) 5 Basic Accuracy 1%

Useable frequency (Hz) 40~5 K

An integral load current process is shown in Figure 7a. Since the train is an impact load, the load
current of the feeding section could rapidly increase from 0 to 2500 A in a short time when multiple
trains accelerated simultaneously. Moreover, the 95% probability value of the load current is 972 A,
although the 50% probability value of the load current is 223 A. In Figure 7b, the voltage of the feeding
section is associated with the current process; the 25.44 kV and 27.93 kV are the lowest and highest
voltage during a day, respectively, which means that the voltage fluctuation has arrived at 2.49 kV due
to the intense load change. Furthermore, the 50% probability value of voltage and the 95% probability
value of voltage are 27.5 kV and 27.7 kV, respectively. In Figure 7c, the load current is mainly distributed
in [392 A 416.5 A], [220 A 245 A], and [784 A 808.5 A] based on the mathematical statistics. In Figure 7d,
the voltage of the feeding section is stale in [27.75 27.78] most of the time, which benefits from the
strong ability of the power supply. As shown in Figure 8, the instantaneous PF can reach 1 when the
trains are running on the railway line, but the avenge PF of the feeding section is equal to 0.86 for the
whole day.

On the other hand, the fundamental current variation and harmonic ratio of current (HRI) variation
are shown in Figure 9a,b, respectively. When a train is running on the railway line, it not only emits
the low-frequency harmonics, such as the third, fifth, and seventh harmonics, but also issues the
high-frequency harmonics, especially for 25th, 35th, and 40th harmonics. In recent years, the threat
that the high-frequency harmonic variation problem poses to the security of trains has drawn wide
attention [18,19]; it is an important influencing factor on traction network resonance. According to the
field testing result and published academic research studies [18], the 20th harmonic is an appropriate
turning point (ht) of the TCL-CTF.

Figure 7. The measurements and statistical results of the α feeding section. (a) The current variation
during a day; (b) the voltage variation during a day; (c) the histogram of current in (a); (d) the histogram
of voltage in (b).
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Figure 8. Power factor (PF) distribution and power consumption of the α feeding section.

.

Figure 9. Harmonic ratio of current (HRI) variation. (a) Current process of traction load; (b) HRI
process of traction load between the second and 50th harmonic order.

Based on Section 5.2 and field testing results, the key parameters of the TCL-CTF are shown in
Table 3. Moreover, the positive sequence of active power P+

L is calculated by the 95% probability value
of load current and the 95% probability value of voltage UL.

Table 3. The key parameters of the TCL-CTF.

Input Parameters Values Output Parameters Values

cosϕ∗L 0.90 C1 (μF) 10
cosϕL 0.86 L1 (H) 1.2

P+
L (MW) 22 C2 (mF) 3.5

UL (kV) 27.7 L2 (mH) 2.9
Q+

C1
(MVar) 2.45 R (Ω) 27.12
ht 20

It should be emphasized that the impact of the impedance frequency of the TPSS should also
be considered; an ideal TCL-CTF can not only filter the high-order harmonic, but also move the
resonance points of the TPSS to a specific region, which can reduce the probability of resonance.
Therefore, based on the field parameters, the simulation model including the TSS and traction net is
established by MATLAB/SIMULINK, and then the frequency-scanning module is used to obtain the
impedance-frequency response of the TPSS; the impedance-frequency response seen from the train
side is shown in Figure 10.
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Figure 10. Bode diagram of the traction power supply system (TPSS) with the TCL-CTF.

As shown in Figure 10, before the TCL-CTF connects to the TPSS, the resonance points are 1720 Hz
(34th) and 2354 Hz (47th); after it connected, one point moves to a low-frequency area (586 Hz, 11th),
while the other point moves to the high-frequency area (2616 Hz, 52th). However, the value of the
capacitor will decrease as time goes by, the resonance points will also move to the high-frequency
area. For example, the resonance points at the 11th can transfer to the 12th or 13th, which possess
poor harmonic content relative to another harmonic region, as shown in Figure 9b. Consequently,
the TCL-CTF is completely designed via the theoretical calculation; then, it still needs to test its filtering
performance by simulation and experiment.

6.2. Vaildation of Filtering Performance

6.2.1. Simulation Results

To simulate the filtering characteristic of the TCL-CTF, a simulation model of the TPSS is
established with MATLAB/SIMULINK, as shown in Figure 11. The simulation model assumes the
system parameters Ssc= 2000 MVA, X/R = 7; the basic parameters of traction net and TT come from
the field TSS in Section 6.1; the typical harmonic current model of the train comes from the field
testing result.

Traction Net(20km) TrainSystem

TCL-
CTF

TT TCL-CTF

Li

sysi

. 

Figure 11. Diagram of filtering characteristic simulation.

In Figure 12, the equal amplitude’s currents with the different harmonic order iL are injected to
the model respectively, the currents flowing into power system isys are measured at the same time.
On the one hand, when the ninth and 11th harmonic currents are injected, the isys is larger than iL for
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each frequency, which means that the resonance point of the TPSS is correctly portrayed. On the other
hand, it can be seen that the amplitude of isys is less than iL when the currents of frequency arrived at
the 17th, 19th, 23rd and 37th harmonic currents. Furthermore, the amplitude of isys is smaller with the
harmonic order increasing. Thus, it can be concluded that the filtering characteristic of the TCL-CTF
meets the design requirements, which can filter out the high-frequency harmonic current.

Figure 12. Simulation result of filtering characteristic for the TCL-CTF.

In Figure 13, the real harmonic currents are injected into the model. It can be seen that
the high-frequency harmonic components can be effectively diminished by the TCL-CTF. Thus,
the designed parameter of the TCL-CTF can effectively filter out the high-frequency harmonics. On the
other hand, compared with bode diagram of the TPSS with the TCL-CTF in Figure 10, the resonance
point at 586 Hz is accurately portrayed, which verifies that Equation (33) can be used to study the
impedance-frequency response.

Figure 13. Waveforms and fast Fourier transform (FFT) spectrum of iL and isys.

6.2.2. Experimental Results

To test the actual filtering characteristic of the TCL-CTF, an experimental prototype of the TCL-CTF
is constructed in the laboratory, as shown in Figure 14. Constrained by the voltage level and actual
condition, it is difficult to establish a high-voltage system, TT, and actual traction net in the laboratory.
Thus, a passive RL series component can be adopted to portray the impedance-frequency response of
these components, and the equivalent impedance can be obtained by scanning the simulation model
via using the frequency-scanning module in MATLAB/SIMULINK. The relative values are shown
in Table 4. Finally, a passive simplified equivalent circuit is built, as shown in Figure 5. The traction
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load can be simplified as a harmonic current source. The waveforms are acquired by a DSO-7014A
scope recorder.

 
Figure 14. Experimental system of the TCL-CTF.

Table 4. The impedance parameter of an equivalent system and simplified traction network.

Parameters Values

RS 0.122 Ω
LS 6.27 mH

Rnet 3.5 Ω
Lnet 39.01 mH

Figure 15 shows the experimental results of harmonic voltage at the POE1 and POE2, with ninth
and 11th harmonics. In Figure 15, the system resonance point around 586 Hz has been verified.
The system causes a severe oscillation, causing the scope recorder to not correctly identify the frequency
when injecting an 11th harmonic current at POE2. Furthermore, the experimental platform can be used
to demonstrate the effectiveness of the TCL-CTF.
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Figure 15. Experimental results of harmonic voltage at the point of evaluation 1 (POE1) and POE2 (9th,
11th harmonic).

Figure 16 shows the experimental results of harmonic voltage at the POE1 and POE2, with the
17th, 19th, 23th, and 37th harmonics. In Figure 16, the harmonic voltage of POE1 is less than 100 mV
when the harmonic voltage of POE2 is approximately equal to 2 V, which means that the harmonic
current can be effectively filtered out after 19th harmonic. Thus, it can be concluded that the proposed
TCL-CTF structure is available to impair the influence of high-frequency harmonics on the TPSS.
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Figure 16. Experimental results of harmonic voltage at the POE1 and POE2 (17th, 19th, 23rd, and 37th
harmonic).

6.3. Vaildation of Compensation Performance

To testify the compensation performance of the hybrid power quality compensation system, a
simulation model is established with MATLAB/SIMULINK, as shown in Figure 17. In the simulation
model, a cascaded H-bridge multilevel construct is adopted to the PFC; the related parameters are
shown in Table 5. Moreover, the constant power source is used for simulating the trains.
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N3=2:27.5

dcC

dcC
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gL

tL

tL

tL

 

Figure 17. Diagram of compensation controlling simulation.
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Table 5. The parameters of the power flow controller (PFC).

Parameters Values

Lg 20 mH
Cdc 4000 μF
Udc 3 kV
Lt 3 mH

Number of H-bridges 5

Figure 18 shows the simulation results of unbalanced compensation performance. When VU
compensation is disabled, the SSp is approximately equal to the SSu1, and the VUF of the system
arrives at 2.8%. After the VU compensation is enabled at 1 s, the SSu1 is apparently decreased to
20 MVA, and the VUF of the system is controlled to the VU compensation target 2%. On the other
hand, the compensation performance can be still stably maintained, even though the traction load
fluctuates from 30 MVA to 40 MVA at 1.5 s. Thus, the proposed control strategy for VU compensation
is available, even when the load changes rapidly.

Figure 18. Simulation results of unbalanced compensation performance.

Figure 19 shows the simulation results of the PFC working process with unbalanced compensation.
It can be seen that the negative sequence current aroused by traction load is almost injected to the
system via the SPT branch when the VU compensation is disabled. After the VU compensation is
enabled, the negative sequence current flowing through the SPT branch dramatically decreases with the
increase of the PFC branch current, which means that the PFC block is working for VU compensation.
Simultaneously, the instantaneous current can respond to the reference current change timely between
the grid side and traction side of the PFC.

With regard to reducing the kVA rating of the converter, we compare the strategy proposed in
this paper and [17]. The calculation results are shown in Table 6, which are based on Equation (22).
After adopting the PFC to transfer the partial active power and optimize and compensate for the VU,
12% of the capacity of PFC can be released, to 29.84 MVA. Furthermore, the proposed control strategy
and scheme can save $261,000, at least according to the cost investigate result.
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Figure 19. Simulation results of the power flow controller (PFC) working process with
unbalanced compensation.

Table 6. Comparisons between improved strategy and strategy proposed in [17].

Strategy SL (MVA) VUF* (%) uPFC_g, uPFC_t (kV) iPFC_g (A) iPFC_t (A) SPFC (MVA) ΔSPFC (p.u.)

Case in [17] 30 2 27.5 1054 179 33.91 1
Case in this paper 30 2 27.5 981 104 29.84 0.88

Figure 20 shows the simulation results of reactive power compensation by using the TCL-CTF;
the TCL-CTF can compensate for the reactive power of the traction load to 10 MVar via the original
15 MVar, and the PF has been increased to 0.9 from the original 0.8, even when the load changes rapidly.
Thus, the proposed control strategy of the TCL-CTF can effectively compensate for the PF.

Figure 20. Simulation results of reactive power compensation by using the TCL-CTF.

7. Conclusions

In this paper, a novel hybrid power quality compensation system was proposed to compensate
for the VU, reactive power, and filter out the high-frequency harmonics. Furthermore, an optimized
compensation strategy was presented to offset the power quality of the TPSS, which meets the
requirement of the technology standard. Moreover, the resonance damping and design method of
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the TCL-CTF were analyzed and discussed. Finally, the effectiveness of the proposed configuration
and control approach was demonstrated by the simulation and experiment. Due to adopting the
novel hybrid power quality compensation system, the PFC capacity can be apparently reduced by 12%
compared with the conventional scheme.
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Abbreviations

AC Alternating current
APF Active power filter
DC Direct current
EMU Electric multiple unit
IGBT Insulated gate bipolar transistor
LUT Look-up table
MMC Modular multilevel converter
MOSFET Metal-oxide-semiconductor field-effect transistor
NSC Negative-sequence current
PF Power factor
PFC Power flow converter
POE Point of evaluation
PPF Passive power filter
RPC Railway static power conditioner
SPT Single-phase transformer
SVC Static var compensator
TCLC Thyristor-controlled LC-coupling
TCL-CTF Thyristor-controlled L and C-type filter
TPSS Traction power supply system
TT Traction transformer
VU Voltage unbalance
VUF Voltage unbalance factor
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28. Kukačka, L.; Kraus, J.; Kolář, M.; Dupuis, P.; Zissis, G. Review of AC power theories under stationary and
non-stationary, clean and distorted conditions. IET Gener. Transm. Distrib. 2016, 10, 221–231. [CrossRef]

29. Emanuel, E.A. Summary of IEEE standard 1459: Definitions for the measurement of electric power quantities
under sinusoidal, nonsinusoidal, balanced, or unbalanced conditions. IEEE Trans. Ind. Appl. 2004, 40,
869–876. [CrossRef]

30. Yazdani, D.; Mojiri, M.; Bakhshai, A.; JoÓs, G. A Fast and Accurate Synchronization Technique for Extraction
of Symmetrical Components. IEEE Trans. Power Electron. 2009, 24, 674–684. [CrossRef]

31. Yao, W.; Teng, Z.; Tang, Q.; Gao, Y. Measurement of power system harmonic based on adaptive Kaiser
self-convolution window. IET Gener. Transm. Distrib. 2016, 10, 390–398. [CrossRef]

32. Cai, G.; Wang, L.; Yang, D.; Sun, Z.; Wang, B. Harmonic detection for power grids using adaptive variational
mode decomposition. Energies 2019, 12, 232. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

261





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Energies Editorial Office
E-mail: energies@mdpi.com

www.mdpi.com/journal/energies





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-03928-377-4 


	Blank Page
	Blank Page
	Blank Page



