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Abstract

HVDC technologies based on fully controlled devices offer numerous technical advantages,
such as flexible active and reactive power control and black-start capability, making them
highly promising for large-scale renewable energy integration and long-distance power
transmission. However, their widespread adoption is constrained by high costs and
significant power losses. Unlike existing hybrid HVDC schemes predominantly based
on LCC-MMC structures, this paper proposes a novel hybrid current source converter-
based HVDC (HCSC-HVDC) topology composed of IGCTs and thyristors, which enables
power decoupling and achieves an approximate 70.5% reduction in high-voltage capacitor
requirements, fundamentally improving system economy and structural efficiency. Firstly,
the topological structure of the HCSC is introduced and a mathematical model is established.
Then, the power operating range of the hybrid converter is quantitatively analyzed, and
an optimization method for AC filter parameters is derived, based on which a power
decoupling control strategy and a reactive power coordination control (RPCC) strategy are
proposed. Finally, PSCAD electromagnetic transient simulations verify the effectiveness
and feasibility of the proposed topology and control methods.

Keywords: hybrid current source converter (HCSC); HVDC; power decoupling control;
reactive power coordination control (RPCC) strategy

1. Introduction

The rapid construction of large-scale clean energy bases has been pivotal in advancing
modern power systems. The increasing capacity and transmission distance of renewable
energy such as wind power are intensifying the demand for large-capacity, highly reliable,
and cost-effective DC transmission channels [1]. Among existing technologies, the thyristor-
based line-commutated converter high-voltage direct-current (LCC-HVDC) system is a
mature and widely deployed solution for long-distance transmission. However, when inte-
grated with grids containing a high share of renewable energy, LCC-HVDC is susceptible
to commutation failure [2,3]. In contrast, insulated-gate bipolar transistor (IGBT)-based
voltage source converter HVDC (VSC-HVDC) technology offers high control flexibility
and complete immunity to commutation failure, but its implementation cost remains sig-
nificantly higher than that of LCC-HVDC systems [4,5]. To mitigate costs, hybrid HVDC
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transmission schemes integrating different converter types have been investigated, leverag-
ing the economic benefits of LCC valves and the control performance of fully controlled
converter valves.

Hybrid HVDC technology combines the economic advantages of LCC with the supe-
rior control performance of fully controlled converter valves. Most existing hybrid HVDC
topologies adopt combinations of LCC and MMC. In a terminal hybrid HVDC system, the
sending side adopts LCC while the receiving side employs MMC, as shown in Figure 1a.
The Wudongde HVDC project in China is a representative engineering application of this
structure [6,7]. In such schemes, the receiving-end system is immune to commutation
failures. However, the DC fault-clearing capability is relatively weak and relies heavily
on full-bridge submodules. Moreover, the power capacity of MMC is relatively limited,
making it difficult to scale toward higher voltage levels and larger transmission capaci-
ties. In 2015, Norway and Denmark implemented the Skagerrak hybrid bipolar HVDC
demonstration project, which adopted a positive-pole LCC and a negative-pole VSC, as
illustrated in Figure 1b [8]. This configuration enabled unipolar operation, black-start capa-
bility, and bidirectional power transfer [9]. Different from this inter-pole heterogeneous
architecture, the Baihetan-Jiangsu HVDC system in China employed a cascaded configu-
ration combining LCC and MMC valves at receiving ends, depicted in Figure 1c [10,11].
Operational results demonstrated that the MMC can provide fast voltage support and
reactive power regulation under weak-grid conditions at the receiving end. In addition,
it can effectively suppress subsequent commutation failures of LCC valves. Furthermore,
the forced commutation capability of LCC facilitated rapid DC fault clearance [12]. Nev-
ertheless, hybrid schemes combining LCC and MMC still suffer from several drawbacks.
LCC stations occupy a large footprint, and the high cost and losses of MMC valves remain
unresolved. In addition, MMC systems require controllable energy dissipation devices to
handle surplus power during faults, which further increases land use, investment, and
maintenance costs [13,14]. Therefore, this cost-performance gap underscores the urgent
need for novel HVDC transmission solutions that combine high operational reliability with
economic feasibility.

In response, researchers have proposed an actively commutated current source con-
verter (CSC) employing self-turn-off devices [15] and applied them in HVDC transmission
systems. CSCs feature low energy storage capacitor requirements, eliminate the need for
large-capacity AC filters, and offer a compact and lightweight design. They provide control
flexibility comparable to that of VSC-HVDC while eliminating the risk of commutation
failure [16,17]. In addition, CSC can actively reverse the DC voltage polarity to clear DC
fault currents, while the smoothing reactor on the output side effectively suppresses DC
current fluctuations, thereby exhibiting superior DC fault-clearing capability compared
with MMC [18]. However, these topologies require a large number of IGBT or IGCT devices,
and although their cost is lower than that of VSC-HVDC technology, it remains higher than
LCC-HVDC systems [17,19]. Reference [20] applied a hybrid CSC-based HVDC scheme, in
which the receiving-end converter station adopts a cascaded hybrid structure comprising
LCC and CSC valves. This design combines economic advantages with stable wind power
integration. However, the CSC typically employs fundamental frequency modulation and
provides only a single control degree of freedom, which prevents full decoupling of active
and reactive power. At present, most hybrid HVDC systems consisting of thyristor-based
LCC valves and fully controlled devices are operated in parallel configurations. In such
systems, the reactive power compensation of the LCC valve group still follows the tradi-
tional design of LCC-HVDC, relying on passive filters to provide reactive power support
while meeting harmonic suppression requirements. However, passive filters occupy a
large footprint and constitute a major portion of converter station costs, while offering
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only limited fundamental reactive power compensation [21]. Moreover, the reactive power
exchange between the LCC valves and passive AC filters can induce transient overvoltages,
posing serious risks to the safety of converter stations and associated equipment [22]. This
problem is further aggravated in sending-end AC grids with large-scale integration of
renewable energy units, as the reduced grid strength exacerbates the transient overvoltage
challenge [23-25].
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Figure 1. Typical topology types of hybrid HVDC system composed of LCC and VSC: (a) pole hybrid
HVDC system; (b) terminal hybrid HVDC system; (c) series converter hybrid HVDC system.

To address these challenges, this paper proposes a high-voltage direct-current trans-
mission scheme based on a hybrid current source converter (HCSC-HVDC) comprising
both LCC and CSC valves. Moreover, a power decoupling control and reactive power
coordination control (RPCC) strategy are proposed. This paper focuses on HCSC-HVDC,
and the main novelties and contributions of this paper are summarized as follows:

(1) Structural Novelty: Compared with existing hybrid HVDC transmission systems
composed of LCC and MMC, the proposed HCSC-HVDC system based on IGCTs
and thyristors features lower energy storage capacitor requirements, a more compact
and lightweight structure, and higher control flexibility, while also demonstrating
superior DC fault-clearing capability.

(2) Control Framework Novelty: This study reveals the power operating characteristics
of the HCSC system. The power decoupling control and reactive power coordination
control (RPCC) strategy enables real-time compensation of the reactive power demand
of the LCC valve group, facilitates unity power factor operation of the HCSC system,
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minimizes the reactive power demand on passive filter devices, and reduces the
physical footprint of the converter station.

(8 Robust Fault Ride-Through Performance: Particularly, the proposed RPCC strat-
egy based on power decoupling and surplus power tracking not only ensures
robust fault ride-through performance but also effectively mitigates the risk of
transient overvoltages.

The structure of this paper is arranged as follows: in Section 2, the proposed HCSC
transmission system topology and mathematical model are introduced; Section 3 analyzes
the power operating range of the HCSC; in Section 4, the design of ACF parameters are
analyzed and a simulation model is built; in Section 5, the power decoupling control and
reactive power coordination control (RPCC) strategy is proposed; and a simulation model
is built in Section 6 to verify the effectiveness of the proposed method. Section 7 concludes
the study.

2. The HCSC-HVDC System
2.1. Topology of HCSC

The HCSC-HVDC system proposed in this paper adopts a bipolar configuration. The
positive pole consists of two series-connected 6-pulse LCC valve groups, while the negative
pole comprises two series-connected 6-pulse CSC valve groups. The system topology
is shown in Figure 2. On the AC side, the LCC converter is connected to the AC bus
through a converter transformer. The CSC converter is connected to the AC bus via a
filter capacitor C filter reactor Ly and a converter transformer. A small capacity passive
filter is installed at the AC bus to suppress harmonics introduced by the LCC-HVDC
subsystem. The converter transformers for the upper and lower valve groups adopt A-Y
and Y-Y configurations, respectively. A smoothing reactor L4 is connected in series at the
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DC output of each converter. Throughout this paper, the subscripts “r” and
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the rectifier and inverter sides, respectively, while “p” and “n” refer to the positive and
negative poles.
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Figure 2. Topology of bipolar 12-pulse HCSC.

2.2. Mathematical Model of HCSC

The positive-pole valve group of the HCSC converter adopts the LCC converter valve
and the negative pole valve adopts the CSC converter valve. The basic unit of the positive
LCC valve is the SCR, whose topology is illustrated in Figure 2.
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The voltage, current and power of the positive LCC valve satisfy the following relationship:

3v2 3
udcp = TTpusr COS &rp — EXrIdcp 1
Prp = udcpIclcp 2)
3v2 XelaopTp \ ?
= —Ugl 1-— - — 3
Qrp 7TTp sr dcp\/ (COS Xrp \/Eusr > 3

where ayyp, is the trigger delay angle, i is the phase change overlap angle, X; is the phase
change reactance of each phase, T}, is the ratio of the converter transformer, Py, is the active
power, Qrp is the reactive power, Ugcp, is the dc voltage, I4¢p is the de current, and Us; is the
rms value of the AC bus line voltage.

The basic unit of the negative CSC valve is the RB-IGCT. In Figure 2, U4, denotes the
DC voltage, I3 denotes the DC current, L., denotes the smoothing reactor, Ly denotes
the filter inductor, and C denotes the filter capacitor.

The negative CSC valve can adopt PWM modulation or enhanced fundamental fre-
quency modulation strategy. Among them, the enhanced fundamental frequency modula-
tion has a low switching frequency and is suitable for large-capacity HVDC transmission
converter stations, so this paper subsequently analyzes the enhanced fundamental fre-
quency modulation [26] as an example.

Based on the CSC converter topology, and assuming a zero phase angle for the AC
bus voltage Uy, when the firing angle is a, and the compensation angle is 6, the d- and
g-axis components i;,q and irnq of the grid-connected AC current Iy, in the synchronous
rotating reference frame are given as follows:

. 2AIgcn 0s(&m+6m) (2 cos fin—1)
Iind = Tn (4)
_ Algen sin(&rn+6m) (2cos 0 —1) )

n

. _ (B
lmq_Z(T—%

Furthermore, the expressions for the active power P, and reactive power Q, can

be derived.
Pin = %—fusrAldm cos(am + 0 ) (2cos O — 1)
an — \/gusr [Aldcn Sm(l"rnJrGrn)(ZCOS 9rn*1) __ B :|

Ty 2

(5)

The voltage and current expressions of the negative CSC converter valve can be
expressed, respectively, as

{ Ugern = %Ausr COS((Xm + 9rn)(2 €oS Orn — 1) ©)
Ugcin = %—EAUSi cos(&in + 6in ) (2 cos b, — 1)
u _ )
Idcn _ clcrrll2 udcm (7)
den
— 2\/§XC . 7j\/§usr : .
where A = X% B = xeix)’ and Tp, is the ratio of the converter transformer.

3. The PQ Operating Range of the HCSC

From Equations (1)—(3), it can be seen that the LCC has active-reactive coupling, and a
large amount of reactive power needs to be consumed while active power is transmitted.
The limiting curve of the trigger angle a;p on the operating range of the PQ is a straight
line passing through the origin with a slope of tanj. An increase in DC current leads to an
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increase in active and reactive power demand, and a decrease in trigger angle leads to an
increase in active power consumption and a decrease in reactive power demand.

Figure 3a shows the PQ operating range of the LCC converter valve. In the figure,
circle Cq is the LCC DC current operating limit and straight lines L; and L, are the ap limits
on the LCC power operating range.
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Figure 3. PQ operating range of HCSC.

The CSC controls the active and reactive power independently by two degrees of
freedom, &, and 0. Simplification of Equation (5) yields the limitations of the arn and 6,
on PQ:

V6BU.
an - T,% s

P

From Equation (8), the limitation of the power of the negative system by the trigger

tan(am + 0m) = 8)

angle and the compensation angle is a straight line with a slope of tan(awm + 6rmn).
Similarly, the limitation of power operation range by DC current I3, can be obtained
from Equation (5):

ToPm 2 T B 2
\/gllmB) + (ﬁgrz — ) = (2cos6m — 1" Len ®)
s S n

As can be seen from Equation (9), the limitation of DC current I4., on power is a circle

(

with the center of the circle being Q. To avoid overloading, the maximum DC current is
limited to 1.05 times the rated value; at the same time, to avoid overvoltage of the inductor
caused by intermittent DC current, the minimum DC current value is limited to 0.15 times
the rated value.

In addition, the apparent power rating limits the operating range of PQ as

P24+ Q> < S (10)

Figure 3b shows the PQ operating range of the CSC converter valve. In the figure,
circle C, and circle C3 are the maximum and minimum DC current limits of the CSC,
respectively, circle Cy4 is the apparent power operation range of the CSC, and the straight
lines L3 and L4 are the limits of a, + 6y on the power operation range of the CSC.

During power transfer, the active power of the hybrid bipolar DC transmission system
is the sum of LCC and CSC, and the reactive power is the difference between the CSC reac-
tive power and the LCC reactive power, and some or all of the reactive power consumption
to satisfy the LCC can be compensated by the CSC, as shown in Figure 3c.

P2+Q2 = (Prn+Prp)2+(Qm_Qrp)2 (11)
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It should be noted that both active and reactive power of the HCSC can be regulated
without changing the positive LCC operating point, and power variations are dynamically
compensated for by the CSC.

Under steady-state conditions, the HCSC can realize part of the operating conditions
unit power factor operation and at the same time reduce the AC filtering capacity; under
fault conditions, the converter’s own control is used to consume surplus reactive power, so
as to suppress AC overvoltage.

4. Parameter Design of the AC Filter

According to the analysis in Figure 3¢, in order to further realize the system full-
condition unit power factor operation, a small-capacity reactive power compensation
device needs to be configured, taking into account the AC filtering demand.

Currently, DC converter stations commonly use double-tuned filters, which can be
equated to two single-tuned filters connected in parallel [27], as shown in Figure 4. Ne-
glecting the filter resistance part, the filter capacitors C, and Cy, and filter inductors L, and
Ly, are obtained by Equations (12) and (13).

N? —1
wN;Ug
1
= — 13
"= e (13)

where Q) is the reactive output of the filter, N1 is the number of harmonics to be suppressed
by the filter, and Us is the bus voltage.

e —

G

G

L
L, Ly
Ly R, R,

Figure 4. Dual-Tuned Filter (left) and Equivalent Single-Tuned Filter (right).

Then the four energy storage elements Cy, L1, C, and L are calculated by Equations (14)—(17),
and the resistor R, parameters can be given based on engineering experience.

Lng
L1 = 15
T LA L (15)
2
Cz _ Cacb(ca + Cb)(La "2‘ Lb) (16)
(CaLa - CbLb)
2

(Ca + Cb>2(La + Lb)

Taking the CIGRE model system parameters as standard, the AC voltage Us is 345 kV,
the number of harmonics to be suppressed is 11 and 13, and the reactive power output

https:/ /doi.org/10.3390/app16041868
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requirement is 60 Mvar. The C and L parameters of the double-tuned filter are calculated as
C1 =1.593 pF, L1 =43.85 mH, Cp =58.18 uF, and L, = 1.23 mH. The impedance-frequency
characteristic of the designed AC filter is illustrated in Figure 5, which demonstrates
excellent filtering performance for the 11th and 13th characteristic harmonics.

100 T

!
sof Il :
O_ -

~50 . [

Magnitude(dB)

90 T T

Phase(deg)

=90 ! '
10 107 550 650 10*
Frequency(Hz)

Figure 5. Dual-Tuned Filter Bode Diagram.

Passive filters and reactive power compensation capacitors are among the most space-
consuming components in conventional DC transmission system converter stations, ac-
counting for approximately one quarter of the converter station’s floor space [28]. The
high-voltage capacitors within reactive power compensation units and passive filter banks
provide local compensation for fundamental frequency reactive power, calculated using
the following formula:

Qo = U2C x 27 f (18)

As shown in Equation (18), an increase in the reactive power compensation capacity
Qcr leads to a corresponding increase in the capacitance C.

In the LCC CIGRE model, the reactive power compensation capacitors, C-type damp-
ing filters, and high-voltage capacitors within the high-pass filters collectively provide
reactive power compensation for the LCC system, with corresponding compensation ca-
pacities of 125 Mvar, 250 Mvar, and 250 Mvar, respectively. The structure and detailed
parameters are shown in Figure A1 in the Appendix A. In the double-tuned filter design
proposed in this section, the high-voltage capacitance requirement has been reduced by
approximately 70.5%, which is shown in Table 1.

Table 1. High-Level Capacitor Parameter Comparison.

Value of LCC Value of HCSC Parameter
Device Device Reduction Amount
High-voltage C1:6.685 uk Cq: 1.593 uF
. Cz: 6.685 },LF 70.5%
capacitors Cs: 3.342 UF C3: 3.342 uF

The frequency spectrum of the AC-side current is shown in Figure 6. After filtering,
the characteristic harmonics of the HCSC-HVDC system, mainly the 12 k & 1 harmonic
components, are effectively suppressed. As a result, the grid-side AC current exhibits a
nearly sinusoidal waveform, with a total harmonic distortion (THD) of only 0.59%. These
results demonstrate that the proposed HCSC-HVDC system achieves satisfactory AC
harmonic performance under the adopted filter configuration.
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Figure 6. Frequency spectrum diagram of the AC current.

5. Reactive Power Coordination Control Strategy Based on
Power Decoupling

5.1. Power Decoupling Control Strategy of the HCSC System
5.1.1. LCC Control Strategy

The rectifier-side LCC converter station gets the trigger angle a,, from the constant
current control, where the DC current reference value I, is given by the inverter side.
The constant current control includes two parts: low-voltage current limiting control and
constant minimum trigger angle a;pmin, and the VDCOL device reduces the rectifier side
DC voltage by increasing the rectifier-side trigger angle to suppress the growth of the
DC current.

The LCC converter station at the receiving end adopts constant current control, and
constant extinction angle control is introduced to avoid continuous commutation failure;
current deviation control is introduced to ensure that the constant current control and
constant extinction angle control links are switched smoothly and the controlled current
does not oscillate.

5.1.2. CSC Control Strategy

As indicated by Equation (5), Prn and Qr, are decoupled and are controlled by two
degrees of freedom: the firing angle a, and the compensation angle 6,,. The CSC at the
rectifier station employs constant active and reactive power control, while the CSC at the
inverter station adopts constant voltage control to ensure DC voltage stability and enhance
power transmission efficiency. However, under low-load conditions, DC smoothing reactors
can result in current discontinuities, which may induce DC overvoltage. To address this, a
constant current control mode is implemented as a backup control mechanism. When the
output power drops below 0.1 p.u., the control strategy automatically switches from fixed
voltage control to a fixed minimum current control mode. The other degree of freedom
governs the system’s reactive power, using a control strategy identical to that employed on
the rectifier side.

In the dq rotating coordinate system, the control strategy of the CSC converter station
consists of a power outer loop, a current inner loop and a trigger angle inversion link.
Among these, the power control stage compares the measured active and reactive power on
the AC bus, Prn and Qrn, with their respective reference values, Py, ref and Qpy ref. The PI
controller is used to generate the reference values of the dg-axis components of the grid-side
current, imd_ref and irng_ref-

The inner-loop current controller compares the measured grid-side current with its
reference and, through the PI control loop, generates the d- and g-axis components, i;yq ref
and irnyq_ref, of the equivalent valve outlet current reference.

https:/ /doi.org/10.3390/app16041868
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The control objective of the trigger angle calculation process is to calculate the ay, and
6 based on the equivalent valve outlet current component. This mathematical relationship
has been derived in reference [25], as shown in Equation (19).

TR\ [124 ref T2 ref
0 — ar vd_re vq_re l
n CCOS BT + 5

—1. £
i arctan(ﬁ) — 0
Lyd_ref

(19)

where iyq_ref and iyq_ref denote the d- and g-axis current command values at the outlet of
the 12-pulse CSC valve, which are derived from the inner-loop current control strategy.
Since & and 8 are fundamentally derived from the switching function, and the
reference currents iyq_ref and iyq_ref are produced by the control strategy, the control strategy
remains effective during the transient process. The control loop is shown in Figure 7.

5.2. Ideology of RPCC Strategy

In conventional LCC-HVDC systems, the reactive power demand of the LCC valve
group is supplied exclusively by the AC filter, as illustrated in Figure 8a. During fault
conditions, the limited switching speed of the AC filter prolongs disconnection delays,
resulting in an excessive influx of reactive power, which may induce transient overvoltages
on the AC bus and hinder the recovery of the LCC system. The hybrid current source
converter (HCSC) proposed in this study incorporates a novel reactive power compensation
scheme. Under steady-state conditions, the reactive power demand of the LCC valves
is met jointly by the CSC and the AC filter (ACF), with the CSC supplying the majority
share, as illustrated in Figure 8b. Under fault conditions, to avoid excessive reactive power
injection into the AC system, the control strategy decreases the reactive power output of
the CSC, potentially reducing it to zero, as illustrated in Figure 8c.

Lo G Lorger

TR = “ Min | oD G| Usp
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K150 5 A Ity
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Figure 7. Control strategy of the HCSC-HVDC system.
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Figure 8. Reactive power flow path: (a) LCC; (b) steady state of HCSC; (c) transcient state of HCSC.

The hybrid current source converter (HCSC) proposed in this study incorporates a
novel reactive power compensation scheme. The reactive power demand of the LCC is
supplied by two sources, namely, the CSC and the AC filter. The reactive power interaction
is expressed by the following equation:

Qrp = Qm + Qcr (20)

where Qp, is the reactive demand of LCC, Q, is the reactive power output of CSC, and Qcr
is the reactive power output of AC filter.

Based on the idea of reactive power coordination control and considering the reac-
tive power output capability of the CSC, a reactive power feedback closed-loop control
system is designed, as shown in Figure 9. This control structure incorporates the reactive
power supplied by the sending-end AC system, the reactive power consumption of the
LCC, and the reactive power output of the AC filter and uses the reactive power deficit
during transient states as the command value for the CSC. By employing feedback of
measured values, closed-loop control of reactive power is achieved. This control strat-
egy facilitates steady-state operation of the HCSC at unity power factor, reducing line
losses and improving power transmission efficiency. Under fault conditions, it balances
reactive power across all components of the HCSC system, thereby preventing surplus
reactive power from flowing into the AC system and causing transient overvoltage on
the feeder AC bus, while enabling fault ride-through capability.

5.3. Comparative Analysis of Converter Characteristics

Table 2 provides a benchmark comparison among CSC-HVDC, LCC-MMC hybrid
HVDC, and the proposed HCSC-HVDC system. Although the LCC-MMC hybrid HVDC
exhibits the strongest reactive power support due to the fully decoupled control capability
of MMC, this advantage is accompanied by weak DC fault-clearing capability, high con-
verter cost, and increased system volume. In contrast, CSC-HVDC features strong DC fault
self-clearing capability and compact structure but lacks the capability to compensate the
reactive power demand of LCC converters.

https:/ /doi.org/10.3390/app16041868


https://doi.org/10.3390/app16041868

Appl. Sci. 2026, 16, 1868 12 0f 19
==y
U. | —l—(l:|
_acr__ () A
| N | T |
He=H | |‘ ﬁ | i |
-——=—- !
I
Y (=7
=
. ===y
g Zli :
I I
T TS_W I ZE L
Q(‘S(Iref l_ —_—— ]
Fault occur
40y —>y :_l_/#_: TOV risk
Feedback
control
Figure 9. Reactive power coordination control (RPCC) strategy scheme.
Table 2. Comparison of Converter Characteristics.
Topology Solution CSC [17,18] LCC-MMC [6-9] LCC-CSC
Device Type IGCT Thyristor + IGBT Thyristor + IGCT
DC Fault-Clearing Capability Strong Weak Strong
AC Filter Size Small Large Medium
Reactive Power Support Achievable Achievable Achievable
DC Fault Ride-Through Strong Weak Strong
Volume and Weight Small Large Medium
Harmonic Filtering Scheme LC low-pass filters Passive AC filters Passive AC filters with LC filters

The proposed HCSC-HVDC system achieves a balanced compromise between these
two approaches. By exploiting the partial power decoupling capability of CSC and the
proposed RPCC strategy, the CSC provides dynamic reactive power support to the LCC,
which significantly reduces the reactive power burden on AC filters and enables downsizing
of high-voltage capacitors. Meanwhile, the inherent DC fault self-clearing capability and
compact structure of CSC are preserved. Therefore, the proposed HCSC-HVDC offers a
cost-effective hybrid topology with coordinated reactive power compensation, enhanced
fault tolerance, and reduced filter size.

6. Simulation Analysis

In this paper, the control of HCSC system shown in Figure 7 and the RPCC strategy
shown in Figure 9 are modeled in the PSCAD/EMTDC simulation platform to verify the
feasibility of the proposed method. In the model, the positive pole is configured as an
LCC converter valve and the negative pole as a CSC converter valve. The LCC adopts
the CIGRE standard control [23]. The CSC has the same capacity as the LCC and employs
a dual closed-loop control strategy combined with an improved fundamental frequency
modulation strategy. The system parameters are listed in Table 3, and simulation conditions
for the HCSC-HVDC system are listed in Table 4.
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Table 3. Parameters of HCSC-HVDC System.

Patameter of LCC Value
Rated DC voltage (kV) 500
Rated DC current (kA) 2
Converter transformer ratio 345/213
Smoothing inductor on the DC side of LCC (H) 0.5968
Smoothing inductor on the DC side of CSC (H) 1.5968
Capacitor on the DC side (Ohm) 25
Ground capacitor (mF) 26
Filter inductor Ly on the AC side 0.05
Filter capacitor C on the AC side 15
SCR of AC system 2.5

Table 4. Operation conditions of HCSC-HVDC system.

Case No. Operation Condition
I Steady-state operating conditions
1I Characteristics of DC blocking fault
11 Characteristics of inverter-side AC fault
v Characteristics of rectifier-side AC fault

6.1. A. Case I: Steady-State Operating Conditions

Figure 10 illustrates the dynamic response of the system during the power variation
process. Specifically, Figure 10a,c,d presents the active and reactive power waveforms of the
overall system, the positive-pole LCC, and the negative-pole CSC, respectively. Figure 10b
depicts the trigger signal waveform. Figure 10e,f displays the DC current and DC voltage
waveforms of the positive LCC and negative CSC. Finally, Figure 10g,h shows the AC
voltage and AC current waveforms of the entire system, respectively.

As shown in Figure 10, before ¢; = 3 s, the positive and negative converter stations
each transmit 700 MW active power, maintaining system reactive power balance. At ¢,
the reactive power command steps to —300 Mvar, with active power unchanged and
reactive power re-balanced. DC current and voltage remain stable despite trigger signal
adjustments, demonstrating the HCSC-HVDC system’s reactive power regulation capability.
At t; = 6 s, the active power command jumps to 1000 MW, causing a corresponding rise
in system active power and increased reactive demand at the positive pole. Reactive
power balance between poles is re-established, and DC current increases from 1.4 kA to
2 kA, while DC voltage holds at 500 kV. These results confirm that the proposed system
achieves fast tracking of active and reactive power commands with good dynamic response.
This enhances the operating flexibility of the LCC system and expands the overall power
operation range. Furthermore, the RPCC strategy enables the HCSC-HVDC system to
operate at unity power factor.

6.2. B. Case II: Characteristics of Inverter-Side AC Fault

The system operates under rated conditions before the fault. At ¢, =2 s, a single-phase
short circuit with a grounding resistance of 0.01 () occurs on the AC bus at the inverter side
of the HCSC-HVDC system, causing commutation failure. The fault lasts for 0.1 s. The
simulation waveforms are shown in Figure 11.

Before t, = 2 s, the system operates stably. During ¢,—t}, (2-2.1 s), a commutation failure
occurs at the inverter side of the hybrid HVDC system. Under VDCOL control, the LCC
rectifier station rapidly shifts phase, increasing the trigger angle and gradually reducing
DC current. Consequently, the active and reactive power consumption of the LCC decrease
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rapidly. The HCSC adopts the RPCC strategy, reducing reactive power output during the
fault to adapt to power changes and suppress transient overvoltage at the sending-end AC
system. After fault clearance, the system returns to rated operation as the trigger angle and
power consumption are gradually restored, with reactive power supplied by the negative
pole and AC filter. As shown in Figure 11h, the AC bus peak transient overvoltage of the
LCC-HVDC system under inverter-side AC fault reaches 1.34 p.u., whereas it is only 1.1 p.u.
for the proposed HCSC-HVDC system. For a fair comparison, both systems are evaluated
under identical grid strength conditions, with the same short-circuit ratio (SCR = 2.5). These
results demonstrate that the HCSC-HVDC system has strong ride-through capability and
fast recovery under commutation failure, with RPCC effectively mitigating the risk of AC
transient overvoltage.
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Figure 10. Steady-state operation condition of HCSC-HVDC: (a) active power and reactive power of
LCGC; (b) trigger signal; (c) active power and reactive power of CSC; (d) active power and reactive
power of HCSC; (e) DC current; (f) DC voltage; (g) AC current; (h) AC voltage.
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Figure 11. Response characteristics of inverter-side AC fault: (a) DC current; (b) DC voltage;
(c) reactive power of LCC; (d) reactive power of CSC; (e) AC current; (f) AC voltage; (g) active
and reactive power of HCSC; (h) voltage comparison between LCC and HCSC.

6.3. C. Case III: Characteristics of DC Blocking Fault

The system operates under rated operating conditions before the fault. Atf. =55, a
short circuit with zero resistance occurs on the DC line of the positive LCC-HVDC system,
lasting 0.02 s. The simulated waveforms are shown in Figure 12.

Before t. = 5 s, the system operates stably. During t.—t4 (5-5.02 s), a DC blocking
fault occurs in the positive LCC system. The LCC rectifier station rapidly shifts phase,
increasing the trigger angle and entering inverter mode, causing DC current to gradually
shut off. Consequently, active and reactive power consumption of the LCC decrease rapidly.
The HCSC employs the RPCC strategy, reducing reactive power output during the fault
to adapt to power changes and suppress transient overvoltage on the sending-end AC
system. After fault clearance, the system returns to rated operation, with the positive
LCC’s reactive power demand supplied by the negative CSC and AC filter. As shown in
Figure 12d, the AC bus peak transient overvoltage under DC blocking fault reaches 1.4 p.u.
for the LCC-HVDC system but only 1.12 p.u. for the proposed hybrid current source HVDC
system. These results demonstrate that the proposed HCSC-HVDC system possesses DC
fault ride-through capability, fast self-recovery, and effectively mitigates AC bus transient
overvoltage caused by DC blocking faults.
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Figure 12. Response characteristics of HCSC-HVDC DC faults: (a) DC current; (b) DC voltage;
(c) active and reactive power of HCSC; (d) voltage comparison between LCC and HCSC.

6.4. D. Case IV: Characteristics of Rectifier-Side AC Fault

The system is operated at rated operating condition before the fault. Att. =8s, a
single-phase ground fault occurs on the rectifier side of the HCSC-HVDC system, the
grounding resistance is 0.01 (), and the fault lasts for 0.1 s. The simulation waveform is
shown in Figure 13.
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Figure 13. Response characteristics of rectifier-side AC fault: (a) DC current; (b) DC voltage; (c) active
and reactive power of HCSC; (d) voltage comparison between LCC and HCSC.

The system operates stably until . = 8 s, when a near-area AC fault occurs at the
rectifier side during t.—t; (8-8.1 s). This causes a rapid voltage drop at the rectifier AC bus
and a sharp decrease in DC current between the LCC and CSC systems, limiting power
transfer capability. After fault clearance, the system gradually returns to rated operation,
with the positive LCC’s reactive power demand supplied by the negative CSC and AC
filters. Surplus reactive power from the sending-end AC system decreases, suppressing
system-wide transient overvoltage. As shown in Figure 13d, the AC bus peak transient
overvoltage of LCC-HVDC system under the near-area AC fault reaches 1.4 p.u., while it is
only 1.06 p.u. for the proposed HCSC-HVDC system. Simulation results demonstrate that
the proposed system has near-area AC fault ride-through capability, fast self-recovery, with
RPCC effectively mitigating the risk of AC bus transient overvoltage.
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7. Conclusions

This paper proposes a HCSC-HVDC system topology, in which the reactive power
output capability of the CSC is utilized to compensate for the reactive power demand of the
LCC, thereby further reducing the size of the AC filter. By developing and implementing
the RPCC control strategy based on power decoupling control and surplus power dynamic
tracking, the proposed topology demonstrates excellent dynamic response and fault ride-
through capability.

(1) The HCSC-HVDC system exhibits low reactive power compensation requirements and
does not necessitate large-capacity reactive power compensation capacitors, thereby
further reducing the high-voltage capacitor parameters by about 70.5% and enabling
more compact and lightweight converter stations.

(2) Under steady-state operating conditions, the proposed HCSC-HVDC system, com-
bined with the RPCC strategy, enables partial decoupling of active and reactive power,
while ensuring unity power factor operation at both the sending- and receiving-
end converters.

(8) The RPCC strategy based on power decoupling control provides fault ride-through ca-
pability under DC blocking faults and AC faults at both ends, and effectively mitigates
the risk of transient overvoltage that conventional LCC-HVDC cannot withstand.
Future Developments: Although the proposed HCSC-HVDC system demonstrates

significant technical advantages, some issues remain to be investigated. Future research will

focus on suppressing subsequent commutation failures in hybrid current source converter
systems, exploring HCSCs' role in grid-forming operation, and developing HCSC-based
offshore wind power integration strategies.
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Abbreviations

The following abbreviations are used in this manuscript:

HCSC Hybrid current source converter

RPCC Reactive power coordination control

CsC Actively commutated current source converter (CSC)
LCC Line commutated converter

MMC Modular multilevel converter

SCR Silicon controlled rectifier

IGBT Insulated gate bipolar transistor
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IGCT Integrated gate commutated thyristor
Nomenclature

ap Firing angle of the LCC valve group

U Commutation overlap angle of LCC

Xr Commutation reactance per phase of LCC
Tp Transformer ratio of LCC converter

Usr RMS value of AC bus line voltage

Liep DC current of LCC

Udcep DC current of LCC

Prp/Qrp Active power/Reactive powe of LCC

On Firing angle of CSC

Bn Compensation angle of CSC

ind /g d/qg-axis components of CSC AC-side current
Pin/Qm Active power /Reactive powe of CSC

Lden DC smoothing reactor of CSC

Loy AC-side filter inductor of CSC

C AC-side filter capacitor of CSC

Tn Transformer ratio of CSC converter
Appendix A

CIGRE model filter, HCSC topology filter and reactive power compensation capacitor

configuration and parameters, as shown in Figure Al and Table A1.
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Figure A1. AC Filter Configuration of CIGRE Benchmark Model and HCSC Topology.

Table Al. CIGRE Benchmark Model AC Filter Component Parameters.

Device Parameter Device Parameter
C 6.685 uF Cy 74.28 uF
Cy 6.685 uF Lq 136.4 mH
Cs 3.342 uF Ly 13.6 mH
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