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Abstract: The hybrid AC/DC microgrid is an independent and controllable energy system that
connects various types of distributed power sources, energy storage, and loads. It offers advantages
such as a high power quality, flexibility, and cost effectiveness. The operation states of the microgrid
primarily include grid-connected and islanded modes. The smooth switching between these two
states is a key technology for ensuring the flexible and efficient operation of the microgrid. In this
paper, the typical structure of an AC-DC hybrid microgrid and its coordination control strategy
are introduced, and an improved microgrid model is proposed. Secondly, an adaptive current—
voltage—frequency integrated control method based on signal compensation is proposed to solve
the impulse current and voltage generated during the switching between a grid-connected state
and an off-grid state. Finally, in response to unplanned grid-connected scenarios, an improved
pre-synchronization control strategy based on BP neural networks is introduced to rapidly restore
stable operation. The proposed control strategies enhanced the steady-state and transient stability of
the hybrid wind-solar-energy storage AC/DC microgrid, achieving seamless grid-connected and
islanded transitions without disturbances. The simulation and experimental results validated the
correctness and effectiveness of the proposed theories.

Keywords: hybrid AC/DC microgrid; smooth switching between grid-connected and islanded
modes; control strategies; BP neural networks algorithm; stability control

1. Introduction

In recent years, with the aggravation of resource scarcity and environmental pollution
issues, the proportion of distributed generation (DG) represented by photovoltaic and wind
power in the power grid is increasing, which brings many advantages such as protecting
the environment, reducing power generation costs, and improving resource utilization.
It also leads to intermittent output fluctuation, power quality decline, and many other
hazards. Microgrids, especially hybrid AC/DC microgrids, have emerged as intelligent
micro-power systems that maximize the advantages of DG. They integrate various types of
distributed energy sources, energy storage systems, loads, controls, and various protection
measures [1]. Its unique bidirectional AC/DC converter, which enables smooth power flow
between AC and DC sub-microgrids, reduces the power conversion process and improves
power supply reliability [2]. Presently, hybrid AC/DC microgrids are predominantly solar-
storage-based and wind-solar-storage-based. However, at the same time, because of the
intermittent photovoltaic and wind resources, they have a certain instability.

Hybrid AC/DC microgrids operate in two basic states: grid-connected and islanded.
During state transitions, the system structure will change, leading to voltage and frequency
variations, and various issues like current surges, voltage fluctuations, and frequency
mutation. This can jeopardize the stable operation of the microgrid and even affect the
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safety of the main grid. Therefore, ensuring the smooth transition between grid-connected
and islanded states is essential for improving the microgrid’s safety and stability.

Currently, the control strategies for individual AC or DC microgrids during state
transitions are relatively mature [3-8], but there are few studies involving both AC and
DC microgrids [9]. In order to solve the problem of voltage shock during the switching
process, the literature [3] proposed an improved voltage loop controller, which reduces
the surge current, but lacks a solution for addressing current and frequency transients.
Reference [4] put forward a hybrid control method based on master-slave control, com-
bining droop control in the grid-connected mode and V/f control in the islanded mode.
Although this improved the control accuracy, switching between different control methods
can cause instability among the related parameters. In order to ensure smooth switching
between the operating modes and reduce the impact of transient switching, the litera-
ture [5] proposed a new software phase-locked loop (PLL) control, including instantaneous
grid phase detection, off-grid phase-locking technology, and a frequency compensation
phase pre-synchronization algorithm. However, pure software control has high hardware
stability requirements and cannot meet the needs of unplanned grid-connected and is-
landed transitions. In the literature [10], an improved hybrid voltage and current control
mode was proposed to realize smooth switching between inverters and off-grid, but the
control mode needed to be changed during the switching process, and there were devia-
tions in the voltage and frequency under the off-grid operation. In addition to improving
the voltage and current loop control, pre-synchronous control is also an effective control
method for realizing the off-grid state to the grid-connected state. The literature [11] used
pre-synchronization control to pre-adjust the output voltage, frequency, and power of the
inverter before switching, effectively suppressing the problem of the voltage and current
distortion in the traditional switching process. However, due to the functional limitations
of the PI controller itself, the phase difference after several cycles was approximately zero
after the output of the PI controller, resulting in an insufficient adjustment function.

Based on the above research results, it can be found that the current AC-DC hybrid
microgrid lacks a microgrid model that can solve its steady-state instability in the process of
stable operation. There is a lack of control methods that can solve the transient fluctuation
of the AC-DC hybrid microgrid in the process of on-grid and off-grid state switching.

On this basis, this paper presents an improved model of a wind-solar storage hybrid
AC-DC microgrid based on a doubly-fed induction generator (DFIG), along with control
methods for smooth transitions between the grid-connected and islanded states, ensuring
transient and steady-state stability. The structure of this paper is as follows. In Section 2,
the typical structure and coordinated control strategy of an AC-DC hybrid microgrid are
introduced, and an improved microgrid model is proposed. The active power control
and doubly-fed technology of the DFIG are used to actively adjust the output of the
generator to reduce the external impact. In Section 3, an adaptive integrated control method
based on the signal compensation for the current, voltage, and frequency is introduced to
mitigate the impact of transient currents and voltages during state transitions. Morever, this
section also addresses unplanned grid-connected scenarios and presents an improved pre-
synchronization control strategy based on BP neural networks to resolve the inadequacies
of traditional pre-synchronization control. In Section 4 presents the improved wind-
wind storage hybrid microgrid model built on the Matlab/Simulink (R2022b) simulation
platform, and the accuracy and effectiveness of the impact-free smooth grid-connected and
off-grid switching control strategy is verified. Finally, Section 5 provides a summary of the
paper and future prospects.

2. Introduction of the Hybrid Wind-Solar-Energy Storage AC/DC Microgrid System
2.1. Typical Topology of the Hybrid Wind—Solar—Energy Storage AC/DC Microgrid System

The hybrid AC/DC microgrid is composed of an AC microgrid, DC microgrid, and
bidirectional AC/DC converter. Compared with the traditional DC microgrid and AC
microgrid, it has stronger flexibility and includes two sub-microgrids, an AC microgrid and
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a DC microgrid, which can not only accept a variety of units, but also provide energy for
different types of loads. In the hybrid AC-DC microgrid, the DC power supply and load
are connected to the DC bus, and the bidirectional AC/DC converter is used to exchange
power with the AC bus, so that the operation control of the AC side can be better carried
out and power can flow between the AC microgrid and the DC microgrid, providing
power support for the other sub-microgrids. It ensures the power quality during the
grid-connected operation, improves energy utilization, and ensures the safe and stable
operation of the whole large system. The typical structure of the hybrid AC-DC microgrid
is shown in Figure 1, which is also known as a Type I AC-DC hybrid microgrid structure.

AC BUS DCBUS
PCC
Distributed
; DC-DC generation
unit
Distributed
gener?tlon DC-AC Bidirectional Energy
unit » DC-DC .
Ac/DC storage unit
converter
Energy
storage unit DC-AC 1«
DC
Load
AC
Load

Figure 1. The topology diagram of a Type I hybrid AC/DC microgrid.

The hybrid AC/DC microgrid model used in this paper, namely, the Type I hybrid
AC/DC microgrid, has a basic structure in which the point of common coupling (PCC)
is connected to both the main grid and the AC/DC microgrid. The AC and DC sub-
microgrids are interconnected through bidirectional AC/DC converters. The AC sub-
microgrid consists of AC distributed generation units and AC loads, while the DC sub-
microgrid comprises DC distributed generation units and DC loads. Due to its connection
method and structural characteristics, the Type I hybrid AC/DC microgrid additionally
benefits from the main grid’s voltage and frequency support for the AC sub-microgrid.
This configuration is suitable for microgrids with a significant proportion of AC renewable
distributed generation units and AC loads, aligning with the increasing role of renewable
energy sources in the power grid. Additionally, it enhances the stability of microgrid
system operation [12].

2.2. The General Control Strategy for a Wind—Solar—Energy Storage Hybrid AC/DC Microgrid

The overall control strategy of the microgrid can be divided into master—slave control,
peer-to-peer control, and hierarchical control.

(a) Master-Slave Control: The controller of each distributed power generation unit in the
microgrid is set up in a subordinate relationship. Typically, the master controller is
chosen to be a unit with high inertia and capacity, responsible for providing voltage
magnitude and frequency support to the distributed generation units within the
microgrid. The slave controllers, benefiting from this support, generally employ direct
P/Q control to adjust the power output. This control strategy offers simplicity and
flexibility during normal microgrid operation but may face control breakdown during
abnormal microgrid operation.



Energies 2023, 16, 7930

(b) Peer-to-Peer Control: In contrast to master—slave control, peer-to-peer control treats
all the units in the microgrid as equals and often employs droop control. All the
micro-sources can adjust their power output by varying the frequency and amplitude
of their output voltage. However, droop control also has the disadvantage of causing
the bus voltage and frequency to drop.

(c) Hierarchical Control: Hierarchical control typically involves a coordinating controller
responsible for harmonizing the operation of local distributed energy sources and
loads, ensuring the secure and stable operation of the microgrid. To maximize the
consumption of distributed energy and ensure the stable operation of the microgrid,
a two-times non-differential voltage regulation and a two-times non-differential fre-
quency regulation of the AC sub-microgrid in the local control layer can be achieved.
Based on these advantages, the wind—solar—energy storage hybrid AC/DC micro-
grid proposed in this paper will employ a hierarchical control approach for overall
microgrid control.

The bidirectional AC/DC converter plays a crucial role in connecting the AC subnet
and the DC subnet and realizing the power flow between the subnets. When there is
a power surplus or power deficit in the AC/DC subnetwork, the bidirectional AC/DC
converter can work in the rectification or inverter mode to transfer or provide power to
another subnetwork. Therefore, researching the control strategy of bidirectional AC/DC
converters is of great significance in the steady-state and transient stability studies of hybrid
AC-DC microgrids. The traditional control methods of a bidirectional AC/DC converter
include V/F control, P/Q control, and droop control.

V/F control [13] means constant voltage and constant frequency control, as shown
in Figure 2. When the AC/DC hybrid microgrid operates in the island mode, the AC sub-
microgrid loses the support of the large power grid, and the bidirectional AC/DC converter
provides constant voltage and frequency support for the bus of the AC sub-microgrid to
maintain the stable operation of the AC-DC hybrid microgrid.

f(Hz) uv)
fmax Umax
fo UO
fmin Umin
> "0 e G
P (W) Q (VAR
(a) (b)

Figure 2. Schematic diagram of V/F control. (a) The P-f curve; (b) the Q-U curve.

The P/Q control, also known as power balance control [14], is depicted in Figure 3.
The voltage of the AC and DC buses is normalized. By using the normalized deviation “n”
between the AC and DC bus voltages, the power balance of the hybrid AC-DC microgrid
is determined, and the PI controller is used to control U, = Uy.. When n > 0, the AC
sub-grid provides power support to the DC sub-grid; when n < 0, the DC sub-grid provides
power support to the AC sub-grid; and when n = 0, the power of the AC-DC microgrid

reaches balance.
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Figure 3. Schematic diagram of P/Q control. (a) The P-f curve; (b) the Q-U curve.

As shown in Figure 4, the droop control strategy employed in the hybrid AC-DC
microgrid is actually a droop control strategy determined by two variables [15], which
adjusts the power of distributed generation according to the droop characteristic P-f.
Specifically, the transmission power of the bidirectional AC/DC converter is obtained
according to the frequency-voltage deviation of the DC sub-grid named P, — f; and
the frequency—voltage deviation of the AC sub-grid named P;. — f;.. When the active
power in the microgrid increases and the frequency decreases, the droop controller adjusts
the active power of distributed generation based on the droop characteristics. When the
reactive power in the microgrid increases and the voltage amplitude decreases, the droop
controller adjusts the reactive power based on the droop characteristics. However, during
grid-connected and off-grid switching, the frequency of the microgrid fluctuates seriously.
Droop control, a control mode guided by frequency power control, has the disadvantage of
causing a drop in the bus voltage and frequency, so it is not suitable for grid-connected and
off-grid switching.

f(Hz) u(v)

P (W) Q Q (VAR)
(a) (b)

Figure 4. Schematic diagram of droop control. (a) The P-f curve; (b) the Q-U curve.

Based on the above analysis, the overall control of the wind—wind storage AC-DC
hybrid microgrid proposed in this paper adopted the hierarchical control mode. The
bidirectional AC/DC converter adopted the P/Q control mode and V/F control mode, and
switches the control mode according to the grid-connected and off-grid real-time signals.
Specifically, when the microgrid is grid-connected, the bidirectional AC/DC converter
operates in P/Q control mode. When the microgrid is in an off-grid state, the bidirectional
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AC/DC converter switches to the V/F control mode. The selection of the control mode
maximizes the stability of the steady-state and transient operation of the microgrid.

2.3. Improved Hybrid Wind-Solar—Energy Storage AC/DC Microgrid System Model

In order to achieve a greater degree of clean energy utilization, this paper selected
the Type I hybrid AC/DC microgrid and made improvements to its specific topology, as
illustrated in Figure 5 The enhanced hybrid AC/DC microgrid comprises a DC sub-grid,
an AC sub-grid, and a control center.

DC subnet Bidirectional AC/DC Converter AC subnet

MPPT

LPTC —. DC bus AC bus

DC
PV —
T V/F P/Q
I
I
I
I
I
L | i
I
I
i i\q
DC| |
Battery DC ‘ AC
! DC
¥ |
| ! DFIG
| | }
DCload | | |
I
.
Lo Lo
| L

************** Coordination controller

N

‘ Dispatching center ‘

Figure 5. The topology diagram of the improved hybrid wind-solar-energy storage AC/DC micro-
grid system.

The DC sub-grid consists of photovoltaic generation units, a battery bank, DC loads,
power converters, and a DC bus. The photovoltaic generation units and the battery bank
are connected in series with power converters and then connected in parallel to the DC bus.

The AC sub-grid includes a DFIG, AC loads, inverters, rectifiers, an AC bus, and a
PCC. The DFIG, inverters, and rectifiers are connected in series to the AC bus. The PCC is
used to link the main grid and the hybrid AC/DC microgrid, while the AC loads and wind
power generation units are connected in parallel to the AC bus.

The control system comprises bidirectional AC/DC converters, a coordinating con-
troller, and a dispatch center. The coordinating controller includes a pre-synchronization
controller, a phase-locked loop (PLL), and current-voltage—frequency control loops for
stabilizing the relevant parameters of the microgrid.

In order to improve the steady-state stability of the system, the traditional simple
wind power module was modified into a DFIG. As shown in Figure 6, the DFIG employs a
vector control method, where the g-axis component (i;) of the rotor current controls active
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power, and the d-axis component (i) controls reactive power, achieving decoupled control
of active and reactive power. The DFIG utilizes fundamental control modes, including
maximum power point tracking (MPPT) and load power tracking control (LPTC), and
issues different current reference commands (iyyef, igrer) to control the real-time active and
reactive power output. Due to its advantages in the structure and control mode, the DFIG
has partial power transfer capability. When the power grid fails or sudden load fluctuation
occurs, the DFIG can provide additional reactive power by adjusting the rotor speed and
magnetic field to reduce the risk of power failure [16].

P i
W Pref ‘id ¢ Pﬂld
— > MPPT/LPTC-— »4 54— Pl >
Bidirectional
AC/DC N
DFIG
Converter

Qrof

iqrof Pl qu
Q .

1y

v

Figure 6. The block diagram of the DFIG.

3. Smooth Switching Control Strategy of the Hybrid Wind-Solar-Energy Storage
AC/DC Microgrid System in Grid-Connected and Off-Grid States

In order to achieve smooth transitions between the grid-connected and islanded
operation modes of the microgrid and enhance its transient stability, it was necessary to
devise a rational control logic. Based on the hierarchical control strategy of microgrids, a set
of state switch control logic was designed in this paper, which included two components:

(a) An adaptive integrated control method for the current, voltage, and frequency based
on signal compensation.
(b) Animproved pre-synchronization control strategy based on a BP neural network.

3.1. The Adaptive Integrated Control Method for the Current, Voltage, and Frequency Based on
Signal Compensation

When the AC/DC hybrid microgrid switches between the on-grid state and off-grid
state, the control mode of the bidirectional AC/DC converters toggles between the P/Q
control and V/F control modes. However, with sudden changes in the outer loop, the
voltage and current of the PCC will produce shock and large overshoot, and the frequency
will have a large fluctuation, which pose a threat to the safe operation of other renewable
energy units and the hybrid AC/DC microgrid.

The voltage loop of the microgrid is a control component within the microgrid system
responsible for controlling and maintaining the internal voltage stability. It monitors the
voltage level within the microgrid and takes necessary control measures to keep the voltage
within an appropriate range. If the voltage inside the microgrid deviates from the set
standards or safety levels, the voltage loop employs control strategies such as adjusting
the output of the distributed energy resources or scheduling energy storage devices to
ensure voltage restoration to normal levels. Similar to the voltage loop, the current loop
and frequency loop are utilized to maintain the stability of the current and frequency within
the microgrid system, respectively.

This paper adopted an adaptive integrated control method based on signal compensa-
tion, as depicted in Figure 7, which included a current loop, voltage loop, and frequency
loop, all of which were interconnected and mutually compensated within the three loops.
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In this figure, “dq” represents the coordinate transformation section, with “d” and “q
denoting the dg-axis component of the control quantity, respectively, and the subscript
“ref” represents the reference value of the control quantity. The switches in the current
loop and the voltage loop are configured similarly, where switch state 1 corresponds to the
grid-connected state of the microgrid and switch state 2 corresponds to the off-grid state of
the microgrid.

|
3 i
! 1 |
|
Zl |
i . \ chom }
! lea ———> . !
| i i —® |
| labe dq > + |2 !
! |
i — transformation| j, |
~ sinB_cosO : + |y !
! lgd . —0\ i
|
I G }
| .
i 14. ldcom i
! |
i Current loop |
} thom d 1 i
} ——F—.\ |
| |
| |
} ref 0——»& Udref i
} Id pqctel 1 id 2 }
|
! |
- | ) |
! dref_ongrid —® |
; @n |
‘ |
i q pqctel i }
| Uq Iy }
| |
T e U e |
! Ugref_ongrid ) —® 1 ‘
| Nznd W %ﬂ S
|
i com_q B }
| 0 5> ' o |
! Voltage loop 2 |
| |
T |
| |
i Udref i
|
‘ 5ind % P/ 3
e[ :
! cos6 1
‘ SVPWM !
| |
| |
| %”I > |
! |
| |
| Frequency loop |
| |

Figure 7. Structure diagram of the signal compensation-based adaptive integrated control method
for the current, voltage, and frequency.

In the current loop, during the grid-connected state, the input was the three-phase
current signal of the bus. After passing through the dq transformer, it produced separate
current signals for the d-axis I; and g-axis I;. These signals, first added to the grid current
signal Io; and Iy, and then changed to Ijco, and Iycom after being adjusted by the PI
controller, became the input signal for the voltage outer loop. In the off-grid state, in order
to maintain the stable operation of the system, a delay was applied to I .., and Icom, SO
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that the current signal in the off-grid state remains the current value in the grid-connected
state until the system is stable.

In the voltage loop during the grid-connected state, the difference between the external
reference currents [ d_pqctel™ and Iqipqctel“’f on the d and q axes and the internal current
signals I; and I; on the d and q axes was taken. This difference was then transformed
into voltage signals through the current transformation function Gp; ;(s). Finally, along
with the constant voltage reference values Vjcon_g and Vo g on the d and q axes, it
served as the input signals to obtain the output values Uy, s and Uy, s of the voltage loop.
During the islanded state, the voltage loop underwent a more complex signal processing
procedure. The real-time voltage signals U; and U, on the d and q axes were compared
to the reference voltages Uyref ongrid and Ugref ongria during the grid-connected operation,
resulting in differences. These differences were then transformed into current signals
through the voltage transformation function Gp; v (s). After combining with the current
signals I ¢y, and Igcom from the current loop, the calculated current values were obtained.
The differences between these calculated current values and the current signals I; and
I; on the d and q axes were then transformed into voltage signals through the current
transformation function Gpj ;(s). Simultaneously, the voltage reference values were set to
zero, directly yielding the output values U,y and Uy s of the voltage loop.

In the frequency loop, the input was the voltage phase angle signal, which was trans-
formed into a frequency signal. This frequency signal was then combined and transformed
with the output signal of the voltage outer loop, resulting in U, and Ug. These, along with
the DC voltage Uy output from the DC subnet, served as the input signals for the space
vector pulse width modulation (SVPWM) inverter. Through mutual signal compensation,
this approach more accurately maintained the voltage, current, and frequency stability
within the microgrid, enhancing the reliability and power quality of the microgrid.

In the voltage outer loop, when switch = 1, the microgrid was in the grid-connected
mode, the output voltage values were Vicop_g1 and Vieom_g1, and the output current values
were igrer1 and ig. 1. When switch = 2, it was in the islanded mode, the output voltage val-
ues were Viyeon_g2 and Vieom_g2, and the output current values are iy, r> and igye 2. To avoid
voltage deviations and current impacts during the transition between the grid-connected
and islanded states, the voltage loop was improved by incorporating current feedback
information. In the grid-connected mode, the values were set to iz = 0, igrer2 = 0,
Vicom_a2 = 0, and Viyeom_g2 = 0, and the integral initial value in the PI controller always
tracked i;. At the moment of switching to the islanded mode, the current reference value
compensation was introduced and i; was assigned to the integral initial value, causing
it to start changing from the i; point at the switching moment. This ensured that the
output of the voltage loop remained unchanged at the switching moment. Finally, the
compensated current reference value was transformed through the G(s) function, superim-
posed with Vijeo g and Vieom_g, and input into the dq transformation. This completed the
current superimposition for the voltage loop input value, with the compensation equation
as follows.

{fdref = laref1 + laref2 1)
Lgref = lgref1 + Lgref2

It was assumed that the output power of the bidirectional AC/DC converter was
Pyepr and Qy 2 during the off-grid operation and Py, 1 and Q. r1 during the grid-connected
operation, with the objective of making Pr.r1 = Pep and Qep1 = Qpepo, resulting in
lgref1 = ldref2 and igrer1 = igrefr. This approach followed the provided Prer and Qef,
thereby reducing current disturbances to the microgrid and the main grid.

Based on the analysis presented above, the signal compensation-based adaptive inte-
grated control method proposed in this paper offers the following advantages. The AC/DC
hybrid microgrid does not need to use any state following device when transferring from
grid-connected to off-grid, and the input quantity of the outer loop of the microgrid does
not change at the moment of off-grid. Moreover, the change in the control mode during
the transition between the grid-connected and islanded operations only affects the outer
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loops, without impacting the inner loops. This greatly enhances the microgrid’s transient
stability and achieves a smooth, non-impactful transition between the grid-connected and
islanded modes.

3.2. Improved Pre-Synchronization Control Method Based on a BP Neural Network

When the operation mode of the microgrid is switched directly from off-grid to
grid-connected, due to the inconsistency between the PCC point voltage and the voltage
amplitude, frequency, and phase angle of the grid, a large impulse current may be generated,
which may damage the power electronic devices and cause the system to crash in serious
cases. Therefore, pre-synchronization should be added during the transition from an
off-grid state to a grid-connected state.

3.2.1. Details of BP Neural Network

This paper proposes an improved pre-synchronization control method based on BP
neural networks, as illustrated in Figure 8. The control deviation of the PID controller
is reduced by neural network algorithm, and it is applied to the pre-synchronization
controller to reduce the difference in the reference voltage between the phase-locked loop
and interconnecting converter in the pre-synchronization control method, so as to improve
the control effect of the pre-synchronization control method. It can effectively solve the
problem that the output of the phase difference after several cycles is approximately zero
after the PID controller in the traditional pre-synchronization control method, resulting
in an insufficient adjustment function, reducing the impact current caused by different
phase and amplitude, and effectively ensuring the smooth switching of the microgrid
off-grid connection.

Vd

—

Vabc dq

anc
B 0
o I R W BN
o

Figure 8. Pre-synchronization control structure diagram.

The specific control block diagram of the PID improved by the BP neural network
algorithm proposed in this paper is shown in Figure 9, where Vg is the g-axis component of
the real-time AC voltage; Vqref is the g-axis reference voltage; e is the difference between
the two; and kp, ki, and kd are the relevant control parameters of the PID controller. The BP
neural network algorithm was used to adjust the PID parameters in the PID controller in the
pre-synchronization control method in real time. The proportion, integral, and differential
gain of the adjusted PID controller can be expressed as follows.

kp = kp0 + Akp
ki = ki0 + Aki ()
kd = kd0 + Akd

where kp0, ki0, and kdO are the initial values of the PID parameters, Akp, Aki, and Akd are
the adjustment quantities generated by the BP neural network algorithm, and kp, ki, and
kd are the adjusted PID parameters.

10
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Figure 9. Block diagram of the PID control improved by the BP neural network algorithm.

Let i, j, and 1 be the number of neurons in the input layer, hidden layer, and output
layer, respectively. The input layer of the BP neural network is the g-axis component Vg of
the real-time AC voltage, the g-axis reference voltage Vgref, and the error e of both, and the
output is the proportional coefficient kp, integral coefficient ki, and differential coefficient
kd of the PID controller. The structure of the three-layer BP neural network is shown in
Figure 10.

Figure 10. Structure of the BP neural network.

Formula (3) can be obtained by remembering that the JTH neuron of the hidden layer
accepts the input layer as 4;.

d
aj =Y Vix 3)
i=1

Formula (4) can be obtained by remembering that the KTH neuron in the output layer
accepts the input from the hidden layer as .

B =) Wb 4)

11



Energies 2023, 16, 7930

The excitation function selected by the BP neural network is a sigmoid function, and
the basic expression of the function is shown as Formula (5).

1

sigmoid(x) = e )

Then, the output of the neural network, namely the three parameters of the PID
controller, can be expressed as Formula (6).

Yi = f(Br — 0 (6)

The backpropagation of the BP network is based on a gradient descent method to
find the optimal solution. Through repeated backpropagation, the weight gradually tends
toward the optimal solution by constantly adjusting the parameters, and the weight update
follows Formula (7). The learning rate is 1, and Formula (8) can be obtained.

w4+ Aw — w 7)
B JE;
S F w ®)

Here, from the properties of the activation function, that is Formula (9), by combining
Formulas (9) and (10), Formula (11) can be obtained.

flx)' = fx)[1 = f(x)) ©)
1 m
=) (Y- (10)
2k:l
9E = %al,ﬁ 9P (11)
aw]'k ay,i a,Bk aw]k
From Formula (11) and set b;, Formula (12) can be obtained.
JE; 9Y}
el el 12
Br _
ij =b; (13)

The expression for updating the weight of the output layer can be derived from
Formula (13).

JoE
A wje = —”lek = ngby = NV (1= Y) (v — YP)by (14)

Once the gradient expression has been obtained, the optimal solution can be found
by constantly updating the gradient. For the above formula, where 7 is the learning rate,
the learning rate of the BP neural network algorithm was # = 0.25, and Ylé was the output
value of the KTH neuron in the output layer of the neural network. Y,ﬁ was the result of
the training output, i.e., the correct output given by the training set; b; was the output of
the JTH neuron in the hidden layer. The values of Vg and Vgref under stable operation of
the system were recorded and sampled. A total of 100 values were selected as the training
set, and the other 30 samples were selected as the test set. The weights were updated
continuously through the above process until the error was sufficiently small and the
learning was stopped. To measure the performance of the model and adjust the parameters
of the model, improve the performance was improved by minimizing the loss function.
The smaller the mean square error, the closer the prediction of the model to the true value,
and the better the performance of the model.

12
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The mean square error loss function of the actual output and the expected output is
shown in Formula (10). After 100 iterations, the loss function of the training set and the test
set tended to be stable. At this time, the mean square error loss function E; of the training
set was 0.0706 and the error was small.

3.2.2. Pre-Synchronization Control Method

The Clarke and Park transform was carried out to obtain the d-axis component V gd
and g-axis component Vgq, the deviation signal of the g-axis component was obtained
through BP-improved PID adjustment, and the phase angle was finally integrated. Two
synchronization signals controlled the start and end times of pre-synchronization to prevent
integral saturation and disconnect the PID control. Subsequently, using this phase angle,
and the Vabc and I Labc of the microgrid through Pike transformation, Vd, Vg, ILd, and ILg
were calculated, achieving synchronization of the microgrid’s frequency with the public
grid. The relationship is expressed by the following equations.

Vq(Kp + %) + w0
f= 21

0 — mod [ ( / wdt),Zrc] (16)

As shown in Figure 11, the pre-adjustment of the microgrid voltage frequency was
conducted before the grid connection. When connected to the grid, the voltage frequency
of the grid side was fy;, corresponding to the rated power Py. Assuming that the microgrid
operated in the islanded mode at point A, there existed a certain deviation between the load
power Pp,q at point A and the rated power Py. Additionally, the frequency f5 at point A
deviated from the grid voltage frequency fy;. Before transitioning from the islanded mode
to the grid-connected mode, it was necessary to ensure the frequency adjustment while
keeping the load power constant. The optimal frequency compensation value was obtained
through the BP algorithm, and the operation point at point A, represented by the droop
curve fy;, shifted upwards to curve fgp. At this point, the system’s operating point moved
from A to B. The working frequency fg at point B coincided with the grid voltage frequency
fp1 during the grid connection, meeting the pre-synchronization conditions while keeping
the power constant.

As shown in Figure 12, the pre-adjustment of the microgrid voltage before the grid
connection is depicted. The initial droop curve is represented as V. When the microgrid
operated in the islanded mode at point A, the system’s rated voltage was Vj;, and the
reactive power Qy y,q operated with a deviation from the grid’s rated value. To achieve
synchronization of the voltage with the grid while maintaining constant reactive power, it
was necessary to shift the initial droop curve upwards. The optimal voltage compensation
value was obtained through the BP algorithm. This adjustment took place in minimal time,
moving the operating point from A to B. At point B, the working voltage Vg was exactly
equal to the system’s rated voltage Vj;, achieving pre-synchronization of the voltage
amplitude. After the completion of this synchronization process, the grid connection
operations could be initiated.

(15)
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Figure 11. Secondary frequency control.
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Figure 12. Secondary voltage control.

4. Simulation Results and Analysis

To verify the proposed wind-solar—storage hybrid AC/DC microgrid and its smooth
grid connection and disconnection control strategy, an I-type microgrid was constructed,
which included a DC microgrid, an AC microgrid, and bidirectional AC/DC converters, as
shown in Figure 1. Experimental validation was conducted using the primary parameters
listed in Table 1.

The microgrid was controlled to change from the grid-connected mode to the island
mode in the first second, and from the island mode to the grid-connected mode in the
second. This state transformation was realized by the opening and closing of the PCC
points. Specifically, the PCC point switches were set to open and close automatically in
the first and second seconds to simulate the unplanned off-grid and grid-connected states.
According to the switching of the PCC states described above, the operational modes of the
hybrid AC-DC microgrid were as follows. The microgrid was grid-connected within the
first second, started islanding from the 1-s mark until the 2-s mark, resumed grid-connected

14



Energies 2023, 16, 7930

operation starting at the 2-s mark, and continued until the 3-s mark when the operation
concludes. The model was built and simulated in Matlab/Simulink and the fluctuations
in bus voltage and current of the hybrid AC-DC microgrid were observed during the

0-3 s period.

Table 1. Parameters of the hybrid wind-solar-energy storage AC/DC microgrid system.

Parameter . Parameter
Argument Value Title 3 Value
Rated voltage of DC bus/V 220 ILC switching frequency/kHz 10
Rated voltage of AC bus/V 380 Alternating current load /kW 20~40
Rated frequency of AC bus/Hz 50 DC load/kW 20~40
Rated power of photovoltaic 60 Two-way DC/DC converter 1
generation/kW inductance/mH
Rated wind power /KW 30 Two-way DC/DC converter 1000
capacitance/pF
ILC filter inductor/mH 0.8 Boost inductance/mH 1
ILC filter capacitor/puF 82 ILC capacity /kVA 100

First, in the wind-solar-storage hybrid AC/DC microgrid, the wind power generation
unit used traditional wind turbines and employed conventional voltage, current, and
frequency control loops. The simulation results are shown in Figure 13.
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Figure 13. Simulation waveforms of the transition between the islanded mode and grid-connected
mode in the hybrid AC/DC microgrid system. (a) Current waveform; (b) voltage waveform; (c) fre-
quency waveform; (d) grid angle waveform.

As shown in Figure 13, the steady-state stability of the system was poor. Affected by
factors such as wind speed and illumination, voltage and current fluctuations occurred
even if the system was in stable operation, and the frequency was not constant. In terms of
transient stability, if no additional control strategy was added, the AC/DC hybrid microgrid
had huge fluctuations in the voltage, current, and frequency during the on-grid and off-
grid switching moments. Specifically, at 1 s, that is, at the moment of the switch from a
grid-connected to an off-grid state, due to the sudden loss of voltage support of the large
power grid, the microgrid inevitably produced a voltage drop. If not properly controlled,
the situation shown in Figure 13 will occur, where the current continues to drop, the current
is much smaller than that when the power grid is supported, and the waveform is not a
regular three-phase sine wave. The voltage experienced irregular shock fluctuations and
could not be recovered in a short time. The frequency fluctuated significantly beyond the
range allowed for stability. At2 s, that is, the moment when the off-grid state was switched
to the grid-connected state, the microgrid operated independently and normally in the
island state after its own adjustment, but there was a certain gap between the voltage and
current between the microgrid and the large power grid. At this time, if there was no pre-
adjustment and the difference in the voltage and current parameters between the microgrid
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and the large power grid was reduced in advance, the situation shown in Figure 13 will
occur. The current and voltage will have serious impact and distortion, and the frequency
will also drop sharply until the microgrid is stabilized by the corresponding control after
it is connected to the large grid. At the same time, the phase Angle of the grid fluctuated
significantly between 312 rad and 317.2 rad, which also indicated the unstable operating
state of the system. The above voltage, current, and frequency fluctuations generated at
the switching moment were not only detrimental to the stable operation of the microgrid
itself, but also excessive impulse voltage and current affected the safe operation of the
large power grid. Therefore, appropriate control methods should be taken at the switching
moment to make the microgrid quickly enter a stable operation state during state switching,
so as to improve the stability of the system and the large power grid.

Figure 14 shows the simulation waveforms of the improved wind-solar battery hybrid
AC/DC microgrid and its control strategy during the islanded and grid-connected mode
transitions. The use of the DFIG enhanced the system’s steady-state stability. Additionally,
the integration of the signal compensation-based current-voltage—frequency adaptive
control method and the improved pre-synchronization control method based on BP neural
networks enabled smooth mode transitions between the islanded and grid-connected states.
The fluctuation of the bus voltage and current in the AC/DC hybrid microgrid within 0-3 s
was observed again.
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Figure 14. Simulation waveforms of the improved transition between the islanded mode and the
grid-connected mode in the hybrid AC/DC microgrid system. (a) Current waveform; (b) voltage
waveform; (c) frequency waveform; (d) grid angle waveform.

When the microgrid system was connected to the grid at 0-1 s, the output voltage
amplitude of the inverter was approx. 320 V, the output current of the inverter was approx.
70 A, the system frequency was 50 Hz, and the system ran stably. At this stage, the
photovoltaic power generation system and DFIG were the in MPPT mode, the bidirectional
AC/DC converter worked in the V/F control mode, and the energy storage system was
charged at a constant power of 20 kW and entered a floating charge state when the battery
SOC reached 0.8 to prevent the battery from overcharging and ensure the battery was in
the best working conditions.

At 1s, the microgrid detected an islanded signal and prepared to enter the islanded
mode. During this transition, the battery operated in a discharge mode to maintain
the microgrid bus voltage, and it reached the switching condition as its output power
approached zero, allowing a stable transition to the islanded mode. During this phase, the
inverter output current underwent a brief fluctuation but ultimately stabilized back to its
initial value of 70 A. The inverter output voltage remained stable at 300 V without voltage
spikes. The system output frequency was 49.9 Hz.

At 2 s, the microgrid detected the parallel signal and the microgrid was ready to enter
the grid-connected mode. Due to the difference in the voltage, current, and frequency
between the microgrid system and the large grid, certain fluctuations occurred when the
microgrid system was suddenly connected to the grid. At this time, the pre-synchronization
control started. The microgrid started to connect to the grid, stopped the pre-synchronous
control, and charged the battery pack until the SOC of the battery pack reached 0.8. The
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floating charge was carried out, and the power deficit in the microgrid was provided by the
large power grid. When switching from off-grid to grid-connected, the control mode of the
photovoltaic power generation system and wind power generation system switched back
to the MPPT mode, the bidirectional AC/DC converter switched back to the V/F control
mode, and the stable grid-connected state was finally completed. At this stage, the output
current of the inverter was stabilized at 70 A after a short drop of 0.1 s, and there was no
impulse current. The inverter output voltage was stable at 320 V with no fluctuation. The
system output frequency was 50 HZ. At the same time, it can be seen from Figure 14d that
during the operation of the microgrid and at the moment of parallel and off-grid switching,
the change of the grid angle of the microgrid was less than 0.00003, which indicated that
the system was relatively stable during operation.

In summary, the use of the smooth switching control strategy effectively avoided
the occurrence of voltage and current spikes during the transitions between the islanded
and grid-connected modes. The range of voltage and frequency fluctuations caused by
the transitions was within the specified limits (Af < 0.1fy, AU < 7%Uy), meeting the
requirements for the transitions.

5. Conclusions

This paper presented an enhanced model of a wind-solar storage mixed AC/DC
microgrid based on a DFIG and its smooth transition control method for grid connection
and disconnection.

1.  Wind-solar storage mixed AC/DC microgrid based on a DFIG. By using the partial
power transfer function of the DFIG, when the power grid failed or sudden load
fluctuations occurred, the speed and magnetic field of the DFIG rotor could be adjusted
to provide additional reactive power, reduce the risk of power failure, and stabilize
the microgrid system.

2. Smooth transition control method for grid connection and disconnection in wind-solar
storage mixed AC/DC microgrids. In view of the large fluctuations of the system
voltage, current, and frequency caused by the change in the control strategy and
PCC point voltage during the state switching process of the microgrid, a current-
voltage—frequency adaptive integrated control method based on signal compensation
and an improved pre-synchronization control method based on a BP neural network
were proposed to effectively improve the transient stability during the state switching
process of the microgrid.

The results of this work can be generalized to the grid-connected and off-grid transition
control strategies suitable for more complex AC-DC hybrid microgrids, which are being
explored by the authors for further research. However, there are still some problems that
need further research.

Author Contributions: Conceptualization, Y.W. and Q.L.; methodology, Q.L.; software, Q.L.; valida-
tion, Q.L., M.Y. and Z.C.; formal analysis, Q.L.; investigation, Q.L.; resources, Q.L.; data curation,
Q.L.; writing—original draft preparation, Q.L.; writing—review and editing, Q.L.; visualization, Q.L.;
supervision, X.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yang, X.;Su,].; Lv, Z,; Liu, H; Li, R. Review on microgrid technology. Proc. CSEE 2014, 1, 57-70.

2. Zhou, ].H,; Tian, L.G.; Pan, H. Study of planning and design of hybrid AC/DC micro-grid. ]. Hefei Univ. Technol. Nat. Sci. 2015,
38, 166-170.

3. Chen,],; Chen, X; Feng, Z.Y,; Gong, C.Y.; Yan, Y.G. A control strategy of seamless transfer between grid-connected and islanding
operation for microgrid. Proc. CSEE 2014, 34, 3089-3097.

19



Energies 2023, 16, 7930

10.

11.

12.
13.

14.

15.

16.

Chen, J.; Niu, BW.; Zhang, ].W.; Chen, X.; Gong, C.Y. Hybrid control strategy for the seamless transfer of microgrids. Proc. CSEE
2015, 35, 4379-4387.

Chen, X,; Ji, Q.H.; Liu, F. Smooth transferring control method of microgrids based on master-slave configuration. Trans. China
Electrotech. Soc. 2014, 29, 163-170.

Wang, C.S; Li, X.L.; Guo, L.; Li, YYW. A seamless operation mode transition control strategy for a microgrid based on master-slave
control. Sci. China Technol. Sci. 2012, 55, 1644-1654. [CrossRef]

Qiu, L,; Xu, L;; Zheng, Z.D.; Li, Y.D.; Zheng, Z.X. Control method of microgrid seamless switching. Trans. China Electrotech. Soc.
2014, 29, 171-176.

Zheng, TW.; Chen, L]J.; Mei, S.W. Smooth transition control in a master-slave micro-grid considering timing-sequence-
coordination. Electr. Energy Manag. Technol. 2014, 10, 44-49.

Bi, D.Q.; Zhou, W.; Dai, Y.X; Li, X.G. Control strategies of seamless switching for energy storage converter in hybrid AC/DC
microgrid. Autom. Electr. Power Syst. 2016, 40, 84-89.

Zeng, L.; Jinjun, L. A three-phase inverter control method which can realize smooth switching of distributed power generation
system is presented. Trans. China Electrotech. Soc. 2011, 26, 52-61.

Shudong, W.; Wei, D.; Huanyu, W. Research on parallel/ Off-grid switching Technology of Microgrid based on improved nonlinear
Sag Control. Electr. Meas. Instrum. 2018, 55, 112-118.

Driesen, J.; Katiraei, F. Design for Distributed Energy Resources. IEEE Power Energy Mag. 2008, 6, 30—40.

Wei, T. Research on Operation Control Strategy of Hybrid Microgrid. Ph.D. Thesis, China University of Mining and Technology,
Xuzhou, China, 2020.

Han, G. Research on Control Strategy of ACDC Bidirectional Power Converter in ACDC Hybrid Microgrid. Ph.D. Thesis, Taiyuan
University of Technology, Taiyuan, China, 2019.

Wenchao, X.; Yonggiang, Z.; Ruihua, X. Power Hierarchical Control of AC-DC Hybrid Microgrid with Multiple interconnected
converters Running side-by-side. Shaanxi Electr. Power 2016, 44, 9-13+56.

Yuan, E; Yi, W,; Xiangyu, Z. Analysis and integrated control of inertia and primary frequency regulation for variable speed wind
turbines. Proc. CSEE 2014, 34, 4706-4716.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

20



energies

Article

Comparative Analysis of PWM Techniques for Interleaved Full
Bridge Converter in an AC Battery Application

Tuan Anh Do 2, Quang Dich Nguyen 2, Phuong Vu "*, Minh Duc Ngo >* and Seon-Ju Ahn %*

School of Electrical and Electronic Engineering, Hanoi University of Science and Technology, Hanoi 100000,
Vietnam; anh.dt220032d@sis.hust.edu.vn

Institute for Control Engineering and Automation, Hanoi University of Science and Technology,

Hanoi 100000, Vietnam; dich.nguyenquang@hust.edu.vn

Department of Automation, Thai Nguyen University of Technology, Thai Nguyen 251750, Vietnam
Department of Electrical Engineering, Chonnam National University, Gwangju 61186, Republic of Korea

*  Correspondence: phuong.vuhoang@hust.edu.vn (P.V.); ngoduc198-tdh@tnut.edu.vn (M.D.N.);
sjahn@chonnam.ac.kr (S.-].A.); Tel.: +098-925-88-54 (P.V.); +82-625-301-738 (S.-].A.)

Abstract: The AC battery utilizing second-life time batteries has gained great interest currently with
the advantages of both power solutions and economic benefits. In this system, the power converters
play a crucial role in the stable and effective operation of the system. This paper focused on the
AC/DC stage with the chosen topology being the interleaved full bridge (IFB) converter due to its
flexibility and the ability to increase the power rate of the system. For the sake of high-performance
operation, various pulse width modulation (PWM) methods for this converter are analyzed. First,
based on the theory of the traditional PWM methods for a full bridge inverter in combination with
the interleaved technique, this paper proposed three interleaved PWM methods for the IFB converter.
Secondly, the proposed methods are theoretically compared in terms of the output current, common-
mode voltage, and power losses. Finally, the evaluation is carried out by both the simulation and the
experimental prototype, in which the results are in good agreement with the theoretical analysis.

Keywords: AC battery; power correction factor stage; interleaved full bridge converter; pulse
width modulation

1. Introduction

Recently, along with the significant growth in the number of electric vehicles (EVs),
EV batteries have become an interest of application. The capacity of these batteries after
being discarded from EVs is approximately 70-80% of the initial value [1,2], corresponding
to the impedance of the end-of-life lithium-ion battery, which normally is obtained from
the battery manufacturers [3]. After that, they can be reused as second-life batteries (SLBs).
These SLBs can store and deliver power in stationary applications [4] or energy storage
systems [5]. Especially, the concept of the home battery storage system [6-8] has been
concerned with consisting of multiple resources: renewable energy, the low voltage (LV)
grid, domestic loads, and EVs and the SLBs from them. Among the two main structures for
the home battery, the AC-coupled one is selected in this research because of its ability to
retrofit the installed home PV system, its isolated battery system, and its flexibility with
extended modules. To that extent, the AC battery, integrating both the battery and the
power converters, has been introduced by many well-known companies.

To exchange power among all the sources in this resident application, the two-stage
topology in Figure 1 is chosen as a suitable solution. This paper focuses on the power
factor correction stage with the requirements of a multi-functional converter. First, in the
US and some countries, while only the 1-phase grid power is allowed for the home, the
3-phase grid cord is acceptable for homes in many other countries for the higher power
rate application. Therefore, the first function of the PFC stage is the ability to connect with
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both 1-phase and 3-phase grids. At the power rate of 6.6 kW for charging EVs, the TI
prototype using a Totem-Pole converter is considered the best solution [9]. However, when
the power rate increases, such as the 11 kW at level 2 of the charging standard, the high
current stress and high current limit the advantage of the traditional Totem-Pole structure.
A solution for this issue is using the interleaved converter, with the suggested one being
the bridgeless interleaved boost [10]. The advantage of this converter is the significantly
lower current ripple, which decreases the size of the electromagnetic interference (EMI)
filter and improves the life of the systems. However, the disadvantage of this structure is
that the upper switches are all four diodes, which means the power only can transfer in one
direction and the system cannot supply the household loads. To ensure the second function
of bidirectional power transfer for the home battery storage system, the IFB converter is
chosen with the structure shown in Figure 2.
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Figure 2. The overall structure of the IFB converter in distinct modes in an AC Battery.

This converter achieves the reduction in current stress and current ripple, hence,
lowering the EMI circuit. Furthermore, this converter has the flexibility to transform
into the three-phase four-leg converter so that the PFC can operate with the three-phase
grid power, as indicated in the first function. The modulation for the IFB converter is
the main focus of this research. The basic knowledge of the modulation rule for a single
H-Bridge and the comparison among various PWM methods is presented in [11]. The
unipolar PWM gives a lower THD current but the leakage current is high, while the bipolar
PWM method achieves a low leakage current but the current ripple is high [12-15]. The
discontinuous PWM method helps reduce power losses [16-18]. Based on that, several
PWM techniques for the IFB converter were studied in [19]. Unipolar double-frequency
PWM modulation has a high-frequency circulation current, and its influence on split-filter
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elements can be minimized. Unipolar frequency-PWM modulation has a high-frequency
circulating current, but its effect on split inductors cannot be minimized. In particular,
bipolar-PWM modulation has been proven to have no high-frequency circulating currents
in any operating mode of the converters [19]. However, this research mainly focuses on the
circulation of current issues and their solutions.

Taking advantage of the interleaved technique with the fixed phase difference of
180° [10], three PWM methods, named the interleaved bipolar PWM (IB-PWM)), the in-
terleaved unipolar PWM (IU-PWM), and the interleaved discontinuous PWM (ID-PWM),
are proposed for the IFB converter based on the corresponding traditional PWM methods.
Furthermore, a comprehensive comparison among different PWM methods for the IFB
converter is presented in this paper. In detail, three main standards for comparison consist
of the THD current, the common-mode voltage, and the power losses.

2. PWM Method Principle
2.1. Interleaved Bipolar PWM

e  Pulse pattern analysis

In the IB-PWM method, the modulation indexes m; and m; are applied for H-Bridge
1 (H1) and H-Bridge 2 (H), as shown in Figure 3, and they are assumed to be equal in the
ideal case. Due to the rule of the traditional Bipolar PWM, in terms of the Hy, a sawtooth
carrier-based signal is compared to the modulation index 711 to create the control signal for
switches S1 and S¢, while inverted signals are used for S, and Ss. With regard to the Hy, the
phase of the sawtooth signal is shifted by 180° from that of Hj, so-called the “Interleaved
Bipolar PWM”, and the control signals for switches S3, Sg, S4, and Sy are created similarly.
The pulse diagram for this modulation method is presented in Figure 4.

Interleaved Bipolar PWM for IFB converter
Bipolar PWM for H-Bridge 1 Bipolar PWM for H-Bridge 2
m; . 51 iy S3
-z > » —> > »
> L s, | = 5
LT
fs = 50kHz IS
S
m > s
- L 4
| S, | | |80 |
= [
|

Figure 3. IB-PWM technique for the IFB converter.
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Figure 4. Pulse pattern and current ripple of IB-PWM method (a) D > 0.5, (b) D < 0.5.
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e Common-mode voltage analysis

Due to the 180° out of phase between the two carriers, the control signals for S; and
S3 are interleaved. In addition, assuming that the modulation indexes of two bridges are
the same, the turn-on interval in a switching period of S; is equal to that of S3. Therefore,
the output voltages of two inverters are shifted by 180° in phase.

Defining that s1, 55, s3, 4 are the switching states of the switches Sy, Sy, S3, S4, cor-
respondingly, the voltage v 4N, VpN, VcN, UpN can be written in terms of switching states,
as follows:

vaN = s1Van + (1 —s1)Von = s1Vie + Von
vpN = 52Ve + Von

1
ven = s3Vie + Von M
UpN = 54Vge + Von
By applying Kirchhoff’s voltage law at the output of the inverter:
van = L1 + o
vpy = —L3 7 ’
_ 7. dipp @
UCN = LZT"" Vs
vpy = — Ly

Assuming that the split-inductor currents are balanced: i;; = iy3, ifp = ir4, the
common-mode voltage can be calculated from Equations (1) and (2) as follows:

— 1%
YON = (s1 +SZZSB+S4) dc+% 3)

Each phase voltage takes the value of +V;, when the upper switch is on and 0 V when
this switch is off. According to the pulse diagram in Figure 4, in a switching period, there
are always two turned-on upper switches and two turned-off upper switches, which means
the common voltage can be defined as

(4 Vd
UCM_IBPWM = Es - 76 4)

Because — % is the constant component, the leakage current with the IB-PWM method
only depends on the sinusoidal output voltage at the fundamental frequency of 50 Hz.

e Ripple of the split-inductor current and the output current

According to the traditional bipolar PWM, each bridge has two operation modes. In
mode 1, taking H; for instance, as depicted in Figure 4, switches S; and S¢ are on, the
output voltage of Hj is +V, and the inductor currents i;; and i; 3 increase, while in mode
2, switches S; and Ss are on, the output voltage of Hq is —V., and the inductor currents
ir1 and i; 3 decrease. Because of the interleaved feature of the IB-PWM method, the two
bridges of the IFB converter operate independently; therefore, the IFB converter with the
IB-PWM method has four operation modes.

Table 1 synthesizes the comprehensive operation modes, along with the switching
states of all switches of the IFB converter, applying various PWM techniques: the IB-PWM,
the IU-PWM, and the ID-PWM. In this section, the equivalent circuit of each operation
mode and the current ripple with the IB-PWM in each case are focused. The time intervals
of mode 1, 2, 3,4, 5, 6,7, and 8 in a switching period T are defined as D1Ts, D Ts, D3Ts,
DyTs, DsTs, DeTs, D7Ts, and DgTs, respectively.
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Table 1. Operation modes of IFB converter with different PWM methods.

Mode H-Bridge 1 H-Bridge 2 Method
1 S1 0n, Sy off, S5 off, Sg on Sz on, S4 off, S7 off, Sgon  IB-PWM 1'2, [U-PWM !
2 S10n, Sy off, S5 off, Sg on S5 off, S4 on, Sy on, Sg off IB-PWM 12
3 S off, Sp on, Ss on, Sg off S5 on, Sy off, Sy off, Sg on IB-PWM 12
4 Sy off, Sy on, S5 on, Sg off S5 off, S; on, Sy on, Sg off  IB-PWM 2, ITU-PWM 2
5 S1on, Sy on, S5 off, Sg off S5 off, S, off, Sy on, Sgon  TU-PWM 12 ID-PWM 2
6 Sy off, S, off, S5 on, Sy on Sz on, S4 on, Sy off, Sg off  TU-PWM 1, ID-PWM 2
7 S10n, Sy on, S5 off, Sg off Sz on, Sy on, Sy off, Sg off ID-PWM !
8 Sq off, Sy off, S5 on, Sg on  S3 off, S4 off, Sy on, Sg on ID-PWM 2

1D>05,2D<0.5.

To determine the current ripple, the modulation indexes for the two bridges are equal,
and the effect of deadtime is neglected. In this case, the turn-on interval in one switching
period of two switches S1 and Sj are the same, which is defined as DTs.

- With D > 0.5 (Vs > 0): The IFB converter works in modes 1, 2, and 3.

In mode 1, both the split-inductor current iy 1, i1 5, and the output current i increase.
For the sake of intuition, the current ripple of i is calculated in this case.

Because two bridges operate separately with the IB-PWM, based on the equivalent
circuit in Figure 5a—c, all the split-inductor currents increase in the interval of DTs. Hence,
the ripple of each inductor current is given as

LiFL L
. . —0. —0,
Nipp g = Airg g = 1257, DTs = 5= DT;

©)

{ Airy 1 = Aipy 1 = v B DT = Yie % D

L1
2~ ;
i R :
i . i i
: : :
+ i Vs i :
i : + |
=T Vac @ i -
A E T s
: 13 e : :
T Y e - :
L4 ’
A~
(a) (b)
___________________________ e |3
freeeees : A
P iLe ; P AP -
P i3L2 P33 E o L4 5
P : : ° : LYY :
N RN — ageneeds o] A
9= Vac V\’L’ T _T Ve '
as L YeL i A V.
e i® : o L1
P 9Ll i34 : A :
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il vk i I L4 o
(c) (d)

Figure 5. Equivalent circuit of the IFB converter applied to the IB-PWM method: (a) mode 1, (b) mode
2, (c) mode 3, (d) mode 4.
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The time interval for the increase in the output current in a switching period is
determined in the Figure 4a: D;T; = (D — 0.5)T;. Therefore, the output current ripple
when D > 0.5 is determined as

Bivm = Aglz—; + 828D, Ty = Vo6t 2 x (D — 0.5)T ©)

= b= x (2D - 1)T;

Inherently, Aij_jp < Aipy g when D < 1, which means the interleaved PWM method

has the ability to reduce the output current ripple. The decrease in the current ripple signif-

icantly reduces the THD of the output current, which is the advantage of the interleaved
PWM method in general and the IB-PWM in particular.

- With D < 0.5 (Vs < 0): the IFB converter operates in modes 2, 3, and 4.

In mode 4, both the split-inductor current i 1, i1 5, and the output current i; decrease.
For the intuitive approach, the ripple of i, is calculated in this case.

Because two bridges operate separately with the IB-PWM, based on the equivalent
circuit in Figure 5b—d, the split-current increases in the interval of (1 - D)Ts. Hence, the
ripple of each inductor current is given as

- . ) vt @)
Aipp g = Aipg g = 57 (1-D)T = —47—(1-D)Ts

{ Aipy_p = Airz 1B = %{:S(l ~D)Ty = ~Y~%(1 - D)T,

The time interval for the decrease in the output current in a switching period is
determined from the Figure 4b: Dy = 0.5 — D. Therefore, the output current ripple when
D < 0.51is calculated as:

Nip g = (AiEL)lT;IB + A%ST;'B)DSTS = 2B » 2 % (05— D)Ts

Ve —vs
= =B x (1-2D)T;

®)

Here, we have Ai_jp < Air; jp since D > 0, which means the ripple of the output
current is smaller than that of the split-inductor current.

2.2. Interleaved Unipolar PWM

e  Pulse pattern analysis

The modulation rule for each H-Bridge is based on the traditional Unipolar PWM as
shown in Figure 6. Taking the H-Bridge 1, for example, the modulation indexes m7 and -1
are compared to the carrier sw; to generate the control signals for S; and Sy, respectively.
By inverting the logic of control signals S; and Sy, the signals for S5 and S¢ are achieved,
respectively. In terms of H-Bridge 2, the control signals for S3, S4, S7, and Sg are generated
by a similar rule with the modulation index m; (m; is chosen to be equal to m; in the ideal
case), and the carrier sw; shifted 180° in phase with the sw; of Hj.

Interleaved Unipolar PWM for IFB converter
Unipolar PWM for H-Bridge 1 Unipolar PWM for H-Bridge 2

my S m; S3
> > >

f, = 50kHz s > S4
2 » =

Lol > Ss
MA S -180°

Figure 6. IU-PWM technique for the IFB converter.
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The pulse pattern of the IB-PWM method is shown in Figure 7. An important feature
that should be noted is that due to the symmetric feature, for example, when D > 0.5 (D
is defined as in Section 2.1), the turn-on interval of both switches S; and S, overlaps the
turn-off interval of both switches S3 and S4. As a result, at a moment in a switching period,
there are two turn-on upper switches and two turn-off upper switches. Therefore, similar to
the IB-PWM method, the common voltage of the IFB converter with the IU-PWM method
can be defined from Equation (3):

1% Vi C
UCM_IUPWM = 55 - % )

A Iu=Tvi+Ie2
IL=Ivi+Ie2

NN N TN TN

A A VAN

Wi W2 SWy SW2

1 AN m ! yaN m

N\
/

AN

\ )
L/

St Sz S S: Sz St Sz S1

180° 180°

Ss | s Ss | ss S4 | Ss Se | S

| |
Mode 1_{ Mode 5 | Mode 1| Mode 6 |, Mode 5 | Mode 4! Mode 6| Mode 4 |

Figure 7. Pulse pattern and the current ripple with the IU-PWM method: (a) D > 0.5, (b) D < 0.5.

As a result, the common-mode voltage with the IU-PWM is high-frequency pulse-free
and only depends on the sinusoidal output voltage at the fundamental frequency of 50 Hz.

e Ripple of the split-inductor current and the output current
- With D > 0.5 (Vs > 0): The IFB converter operates in modes 1, 5, and 6.

Different from the IB-PWM method, there is a current loop flowing through one branch
of the H1 and another branch of the Hj, as shown in mode 5 and mode 6 in Figure 8.
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Figure 8. Equivalent circuit of the IFB converter with the IU-PWM method: (a) mode 5, (b) mode 6.
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Hence, the current ripple with the I[U-PWM should be calculated in each mode instead
of the whole DT interval with the IB-PWM. The split-inductor current ripple in mode 1 is

given by
. . VC_ s o VC_ s
Al‘LLIU = Al‘L3_IU = éf; DiTs = ﬁ(l) —0.5)T; 10)
Nipy ju = Nipg u = 7257, D1Ts = ~47=(D — 0.5)T;
The split-inductor current ripple in mode 5 is given by
Ai = Ai = Yoo po = Va0 (1 _ DT
L1IU Le U LT 51s L s (11)
Aipp ju = Niz_ju = 4> DsTs = —47—(1 - D)T;
The split-inductor current ripple in mode 6 is given by
/ 7 7V c—Us — 7V c—Us
Al'Ll_ILI = Al.L4_ILI = VleijZ D¢Ts —V#LU(D —0.5)Ts 12)
Nipp_ju = Nips_u = 1957, DeTs = ~%5—(D — 0.5)T;

Because all the currents flowing through the four split-inductors are balanced, the
current ripple Aip; ji; of split-inductor L; is chosen. The split-inductor current ripple is
determined from Equations (10) and (11):

Vdc — Us

. Vie—v
Aipy ju = T(ZDl +Ds)T, = -4 =

2L

KE%EDQ(B)

(2(D—-05)+1-D)Ts =
In mode 1, both the split-inductor current i1, ir» and the output current ij, increase.
For the intuitive approach, the output current ripple is determined in this mode:

Vdc

Ai Ai Vie — -
i, By o Ve %XZXQ—OQR:——fﬁxQD—DE (14)

DT, DT, 2L

Compared to Equations (4) and (6), Air_ip = Air_ iy and Aijq g = Airg qy. It can be
noted that even though the pulse patterns of the IB-PWM and IU-PWM techniques are
different when D > 0.5, the inductor current ripple and the output current ripple of the two
modulation methods are the same.

- With D < 0.5 (Vs < 0): The IFB converter operates in modes 4, 5, and 6.

Air_nr = (

The current ripple through split-inductor L, is determined from Equations (12) and (13):

—Vie — 05 —Vije — 05 — Ve — 0s

Bipy_ju = —%—(2D4 + Dg)Ty = —%—=(1-2D + D)T; = —%—=(1-D)T; (15)
The output current ripple is determined as
. Vie —v Vie—v
Ais = %LSXZXmB—Dﬂ}: @Ls>q1—ﬂnn (16)

2.3. Interleaved Discontinuous PWM

e  Pulse pattern analysis

The discontinuous PWM method consists of two types: the DPWM1P method and
the DPWM2P method [16], as shown in Figure 9, which is applied for a single H-Bridge
converter. Because of the similar features of these types, this paper chooses the DPWM1P
in combination with the interleaved technique, the so-called “Interleaved Discontinuous
PWM”, for the IFB converter to compare the other interleaved PWM methods. In the
ID-PWM method, a clamp signal V,, which is synchronous with the AC voltage Vs, is
created. The double modulation index is added with the clamp signal, which is saturated
from —1 to 1 to obtain the discontinuous signal Vpjs. This signal is compared to the carrier,
taking the Hj, for instance, to generate control signals for switches S; and S3, while those
for switches S5 and S¢ are inverted. Similarly, the control signal for the switches S3, S4, Sy,
and Sg is generated with the carrier being shifted 180° in phase from that of Hj.
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Interleaved Discontinuous PWM for IFB converter

Discontinuous PWM for H-Bridge 1 Discontinuous PWM for H-Bridge 2
Vpisi 51 _ Vpisi o
—_— > » —_— > !
» Ss = S;

£, = 50kHz

Vbisi,2

[—=VcLamrl]

VCLAMPl

Figure 9. ID-PWM technique for the IFB converter.

e Common-mode voltage analysis

The pulse pattern of the [IU-PWM is shown in Figure 10. As can be seen, in a switching
period, there are two or no turn-on upper switches when D < 0.5, while there are two or four
turned-on upper switches when D > 0.5. Therefore, unlike the IB-PWM and [U-PWM, the
common mode voltage of the IFB converter can take one of these values: 0, V;4./2, and V..
This high-frequency voltage component increases the leakage current of the converter [20]:

. do
i =Cp ZQ/W (17)
1 IL=Tvi+1Ie2 A T T Tia
S~ T~ T T A~~~
I Iz I Iz
7 —\ A\ N\ N\
7 i R g A g B
S1$2 SiS2 S1S2 S1S2
S3S4 S3S4 S3S4 SaS4
(a) (b)

Figure 10. Pulse pattern and current ripples with the IU-PWM method; (a) D > 0.5, (b) D <0.5.

In which the parasitic capacitor C, consists of several parasitic capacitors Cyq, Cy2, and
Cp3, as shown in Figure 2.
e  Ripple of the split-inductor current and output current

The current ripple with the IU-PWM is analyzed in two intervals: non-switching
interval (accounts for half of the Vs cycle) and switching interval (accounts for the other
half of the Vs cycle).
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a. Non-switching interval: Due to the discontinuous PWM rule, all the upper switches
51, 52, S3, and Sy are on or off in this interval, hence, the currents through the four
split-inductors are in phase and the current ripples seem to be zero.

b.  Switching interval: In some modes of this interval, the currents only flow through
the inductor and Vs. Therefore, the sign of Vs decides whether the current increases
or decreases. In this section, the current ripples are analyzed when Vs < 0, while the
analysis when Vs > 0 is similar. Unlike the previous interleaved PWM method, the
inductor currents with the ID-PWM increase or decrease with the different rates in
the different modes.

- With D > 0.5: The IFB converter operates in modes 5, 6, and 7.

Similar to the IU-PWM, there is a current loop flowing through one branch of the H;
and another branch of the H;, as shown in mode 5 and mode 6 in Figure 10.
The split-inductor current ripple in mode 5 is given by

Aipy p = Nipg 1p = ‘L/i‘/;f; DsT, = Yigr® (1 - D)T, 18)
Airy 1p = Airs ip = % DsTs = Vet (1 — D)T,
The split-inductor current ripple in mode 6 is given by
Aipy_1p = Nig p = 1‘;”_“@;5 DTy =~ (1~ D)T, 19)
Aipp 1p = Nigs 1p = ‘{‘;ﬁ:ﬁ: DeTs = Vi (1~ D)T,
The split-inductor current ripple in mode 7 is given by
Aipg = Aijz = L;:)SL3 (D—-05)T; = 725 (D —0.5)T; 20)
Airy = Aipg = (D = 05)Ts = 57*(D — 05)Ts

In mode 8, both the split-inductor currents iy, i;» and the output current i;, decrease
as shown in Figure 11. For the intuitive approach, the output current ripple is determined
in this mode.

° L1 o L1
o 2 o 2
Vae E Vs Ve v, |
iy 5 ol :
L O = QO
4 | 4 i
13 e ' 13 e
e ST XY N—— ..., e Y Y Y - 4
L4 o )
LYY Y\ S\
(a) (b)

Figure 11. Equivalent circuit of the IFB converter with the ID-PWM method: (a) mode 7, (b) mode 8.

Because all the currents flowing through the four split-inductors are balanced, the
current ripple of split-inductor L; is chosen. The split-inductor current ripple is determined
from Equations (18) and (19):

Aipg p = V7% X DsTy 4 3% x 2D;Ts = Y47% x (1 - D)Ty + 5% x (2D — )Ty

L (21)
= Vi %« DTy 4 % x (2D - 1)Ts
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The output current ripple is determined as

Aip = Aigy + Aipy = ;Lz % 2D;T, = _Z—ZS x (2D —1)Ts 22)

- With D < 0.5: The IFB converter operates in modes 5, 6, and 8.

The split-inductor current ripple in mode 8 is given by

Ay = Aips = % (05— D)T, = % (0.5 D)T, )

Aipy = Aipy = £5%- (05— D)Ty = % (05— D)T,
The split-inductor current ripple is determined from Equations (19) and (20):

. Vi —v Vi —v

Aipq p = % x DgTs = % x DT, (24)

The output current ripple is determined as
Aip = Nigy + Aipy = 2 x 2DgTy = — 25 x (1 —2D)T. (25)
L= AL L2 = 57 8ls = 57 s

2.4. Theorectical Comparion among Three Interleaved PWM Methods for the IFB Converter

To begin with, the stress voltage on the switches of the IFB converter is the same for all
PWM methods. In terms of current, the current stress on each switch depends on the form
of the corresponding split-inductor current, which was analyzed in each PWM method. The
inductor current ripple Air 1, output current ripple Aiy, and the high-frequency component
of the common voltage vcps of the IFB converter, applying three PWM techniques, are
synthesized in Table 2. As can be seen in Table 2, first, the output current ripple is always
smaller than the inductor current ripple for all methods, proving the effectiveness of the
proposed interleaved modulation technique for the IFB converter particularly. In addition,
even though the pulse patterns of the IB-PWM method and the IU-PWM method are
different, the ripple of their inductor currents and output currents are the same.

Table 2. The performance of three proposed PWM methods.

Pulse Width Modulation Method

Criteria IB-PWM IU-PWM ID-PWM
Ya—ts « DT, + 2 x
) D>05 Vi —0s Vi —0s or X Plstap
Aipy - o DTs o DTs (2D —1)T,
D <05 Ve~ (1 - D)T, Ve~ (1 - D), Yt P,
V —Us Vc_ S —Us
aip  D>05 e« (@D-1T Yt x (2D -1)T % x (2D —1)Ts
D <05 =Y5e=% »(1-2D)T, —YB=% x (1-2D)Ts % % (1-2D)Ts
(s1-+82+53+54) Ve 7 7 0, Yae Va
4 2 2 7272

Meanwhile, in this aspect, the ID-PWM method offers the smallest output current
ripple, although its inductor current ripple could be smaller than that of other methods in
the non-switching interval and be larger in the switching interval. As a result, the THD
of the output current with the ID-PWM achieves the smallest value, while those of the IB-
PWM and IU-PWM are equal. Second, while the common mode voltage with the IB-PWM
and IU-PWM methods are free of high-frequency pulse, that of the ID-PWM additionally
depends on the high-frequency pulse, which results in higher leakage current. Third, the
reduction of the switching loss is the essential advantage of the ID-PWM compared to
other methods. Obviously, the number of the commutations in one switching period is the
same in the case of the IB-PWM and the IU-PWM method, while that of the ID-PWM is
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lower because its modulation index is clamped at the value of —1 or 1. Hence, the ID-PWM
method has the smallest switching losses.

In the following sections, the power losses of three PWM methods are verified by
simulation results, while the comparison of the current performance and common-mode
voltage are verified by the experimental results.

3. Simulation Verification
3.1. Power Losses Evaluation

To determine the Mosfet power loss and thermal analysis, a thermal model of the
IFB converter was built along with the thermal model using PLECS. The print screen of
the simulated circuit is shown in Figure 12. PLECS allows researchers to provide the
necessary parameters for the loss estimation of power semiconductors as the threshold
voltage, thermal impedance, and drain-source on-state resistance. These are and can be
used for the numerical estimation of losses using equations or implemented in the form
of lookup tables for the turn-on loss, the turn-off loss, and conduction loss [16,20]. The
simulation parameters are presented in Table 3. The power loss is compared among three
PWM methods with 2 scenarios in the open-loop mode: variable switching frequency and
variable power rate.

e J J
51 - msz[}-—{:g o QM = o > ss
S Lt
——""
R7
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+ ‘Scope
L2 de [y vae
[+ b3
o] vme
et RE
L2

" b “HEIQSM “Mﬁﬂsxnb——'qg o §s

Heat Sirk

Figure 12. Simulation of the IFB converter by PLECS.

Table 3. Key specifications of the IFB converter.

Parameter Unit Value
Nominal power kW 10
AC voltage \% 220
AC frequency Hz 50
DC voltage \% 400
Switching frequency kHz 30
L filter uH 330

DC-link capacitor uF 1000

° Scenario 1:

In this scenario, while the power rate is set up at 1.5 kW, which is similar to the
experimental scenario, the switching frequency varies among 10 kHz, 30 kHz, 50 kHz, and
100 kHz.

As shown in Figure 13, the conduction losses of all three PWM methods for the IFB
converter are similar with multiple chosen switching frequencies. Whereas, the switching
losses increases significantly when the switching frequency increases. Moreover, at the low
frequency of 10 kHz, the switching loss in three PWM methods is almost the same; however,
that of the ID-PWM is significantly smaller than those of other interleaved methods. In
detail, the reductions of around 23%, 30% and 27% in the switching loss of the [IU-PWM are
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achieved in comparison with other methods at the switching frequency of 30 kHz, 50 kHz
and 100 kHz, respectively.

14
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8
6
4 I I I
2
0
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Figure 13. Power losses comparison with multiple switching frequency.

e  Scenario 2:

In this scenario, while the switching frequency is set up at 30 kHz, which is similar to
the experimental scenario, the power rate varies among 1.5 kW, 5 kW, 7.5 kW, and 10 kW.
As shown in Figure 14, while the conduction losses of all three PWM methods for the
IFB converter are still similar at any specific power rate, there is a difference among the
switching losses. In detail, the reductions of around 25%, 24.8%, 25%, and 28% in the
switching loss of the IU-PWM are achieved in comparison with those of other methods at
the power rate of 1.5 kW, 5 kW, 7.5 kW, and 10 kW, respectively.
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Figure 14. Power losses comparison with multiple power rate.
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3.2. Leakage Current Comparisons

The parasitic capacitors normally have a small value; however, the accurate value is
difficult to determine in a practical product. In this research, for simulation verification,
the parameter of a parasitic RC branch is taken, as in [11] (R = 5 Ohms and C = 800 pF),
which connects point O and point N, as in Figure 2. The high-frequency component in the
common-mode voltage in the previous theoretical analysis leads to the different results
among the leakage current of three methods, as shown in Figure 15.

%109 ' lik_1Pwm

0.0854  0.0856  0.0858 0.086 0.0862 0.0864 0.0866  0.0868 0.087 0.0872
(b)

Ii_iopwm
1 ! I ] 1}

L

0.04 0.05 0.06 0.07 0.08 0.09 0.1

(9
Figure 15. The leakage current of three PWM methods: (a) IB-PWM, (b) IU-PWM, (c) ID-PWM.

In detail, the root mean square (RMS) values of the leakage current with the IB-PWM
and IU-PWM methods are relatively small at 2.29 mA and 2.39 mA, and the statistics for
peak value are just 7.2 mA and 6.7 mA, respectively. Additionally, the RMS value and peak
value of the leakage current in the case of the IU-PWM are much higher, at 470 mA and
980 mA. These values are out of standard IEC/EN 60335-1 [21] for leakage current in the
domestic applications, which results in safety problems and electromagnetic emissions.

4. Experiment Verification

To clarify the comparison among the three proposed PWM methods, a 1.5 kW ex-
perimental prototype for the IFB converter was implemented. The experimental system
shown in Figure 16 includes the IFB converter inverter, filtered inductor, a programmable
electronic load ITECH IT8617, and a DC power supply model ITECH IT6018C-1500-40. The
control algorithm is programmed in control kit Launchpad TMS320F28379D. To display
and collect the data, a GW INSTEK GDS-2104A Digital Oscilloscopes is utilized with the
current probe Micsig CP2100A and the isolated voltage probe Micsig DP10013. Except for a
lower power rate of 1.5 kW, the two experimental scenarios in open-loop mode are carried
out with similar parameters of the PLECS simulation in Table 3.
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Figure 16. Experiment system for the IFB converter.

e  Output current performance evaluation

The current responses are shown in Figures 17-19. Overall, the currents through the
split inductor L and L, are interleaved, which leads to the output current ripple being
smaller than the inductor current ripple. In detail, the largest peak-to-peak current ripples
of the split-inductor with the IB-PWM, IU-PWM, and ID-PWM are approximately 3 A, 3 A,
and 5 A, respectively. These results show good agreement with the theoretical analysis in
Section 2. In addition, the output current ripples with these three PWM methods are 2.5 A,
2.5 A and 1.8A, respectively, which proves the effectiveness of the interleaved technique
for reducing the output current ripple. Moreover, the ID-PWM gives the smallest output
current ripple as the aforementioned theory.
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Figure 17. Current response with the IB-PWM method: (a) split-inductor current, (b) output current.
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Figure 19. Current response with the ID-PWM: (a) split-inductor current, (b) output current.

To that extent, the THD of the output currents with three methods are compared in
Figure 20. The part highlighted in red indicates the portion used for THD analysis. The
harmonic spectrum is displayed as a bar graph relative to the fundamental frequency.
While the THD current of the IB-PWM and the IU-PWM are equal at 9.76%, that of the
IU-PWM is significantly smaller at 5.85%. To achieve a similar THD current as the ID-PWM,
the switching frequency has to increase by 1.7 times or the inductance increases by 1.7
times. This produces higher switching loss, which decreases the total efficiency or increases
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the volume of the passive component, as well as reduces the power density. This also
inherently illustrates the economic benefit of the IU-PWM for the IFB converter.
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Figure 20. THD of the output current with three PWM methods: (a) IB-PWM, (b) IU-PWM,
(c) ID-PWM.

Notably, the experimental and simulation results have proven the theoretical analysis.
The advantage of lower power losses is achieved with the ID-PWM method for the IFB
converter. Moreover, while the traditional discontinuous PWM does not improve the
performance of the output current of the full bridge converter, the proposed ID-PWM
offers a significant reduction in the THD current of the IFB converter compared to other
interleaved PWM methods.

e Common-mode voltage discussion

In the experimental prototype, an open-frame IFB inverter is tested in which the
parasitic capacitor is not taken into consideration due to the lack of the product chassis.
Therefore, the leakage current responses are evaluated through the common-mode voltage.
It can be seen that the common-mode voltage in Figure 21a for the IB-PWM method and in
Figure 21b for the IU-PWM method are free of high-frequency pulses and they have the
sinusoidal waveform for half of the grid voltage, with the offset being half of the DC voltage.
However, high-frequency noise superimposes on a sinusoidal voltage in the measured
negative poles of DC bus-to-ground voltage with IU-PWM in Figure 21c. In this case,
high dv/dt could inject a spiky current with large di/dt through the parasitic capacitances
and exceed the safety limitation for the leakage current in a household appliance in the
IEC/EN 60335-1 standard [21]. To maintain the advantage of the ID-PWM method for the
IFB converter, some hardware solutions could be considered.
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(b) IU-PWM, (c) ID-PWM.

An EMI filter [22] is a traditional solution for the leakage current. In [23,24], the DC-
bus midpoint is connected to the LCL filter capacitor midpoint in order to effectively reduce
the DC-side leakage current. An integrated common-mode (CM) and different-mode filter
with passive damping is proposed in [25] for grid-connected single-phase power converters
for PV systems. Furthermore, an active CM filter is proposed in [26] for reducing the
ground leakage current, but additional magnetic components and computational burden
are required. Additionally, some modifications in structure by adding extra devices are
applied in much of the research concerning full bridge converters. The H6 converter in [27]
uses two additional switches, which would be turned off during the freewheeling period
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to disconnect the inverter from the DC source. The improvement of this structure can be
mentioned in [28], with two additional diodes in the FB-DCBP inverter. Similarly, the AC
side could also be bypassed with the HERIC inverter with two extra switching devices at
the AC side [29].

5. Conclusions

This paper proposes three PWM methods, along with a comprehensive comparison of
the interleaved full bridge converter in an AC Battery application. These PWM methods are
IB-PWM, IU-PWM, and ID-PWM, namely, based on the traditional PWM method and the
interleaved techniques method. The theoretical comparison among these PWM methods
is also presented, and then, the simulation and experimental prototype are carried out to
verify. The results prove that the IB-PWM and IU-PWM give a similar performance in
output current ripple and THD, common-mode voltage, and power loss. The ID-PWM
method not only achieves a reduction in the switching loss but also the lowest THD output
current. However, different from the IB-PWM and IU-PWM, the common-mode voltage
of the IFB converter using the ID-PWM consists of a high-frequency component, which
results in a higher leakage current. This issue could be handled in a future work by
hardware solutions, which allows this method to be the most suitable PWM method for
the IFB converter.
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Abstract: The reliability and stability of differential protection in power transformers could be
threatened by several types of inferences, including magnetizing inrush currents, current transformer
saturation, and overexcitation from external faults. The robustness of deep learning applications
employed for power system protection in recent years has offered solutions to deal with several
disturbances. This paper presents a method for detecting internal faults in power transformers
occurring simultaneously with inrush currents. It involves utilizing a data window (DW) and
stacked denoising autoencoders. Unlike the conventional method, the proposed scheme requires
no thresholds to discriminate internal faults and inrush currents. The performance of the algorithm
was verified using fault data from a typical Korean 154 kV distribution substation. Inrush current
variation and internal faults were simulated and generated in PSCAD/EMTDC, considering various
parameters that affect an inrush current. The results indicate that the proposed scheme can detect the
appearance of internal faults occurring simultaneously with an inrush current. Moreover, it shows
promising results compared to the prevailing methods, ensuring the superiority of the proposed
method. From sample N-3, the proposed DNN demonstrates accurate discrimination between
internal faults and inrush currents, achieving accuracy, sensitivity, and precision values of 100%.

Keywords: inrush current; data window; deep learning; differential protection; internal fault

1. Introduction

A power transformer is an essential component used in power systems where voltage
conversion is required. To ensure efficient operation in power systems, current differential
protection is conventionally adopted as the primary protection, which is based on Kirchoff’s
current law. However, it is susceptible to unwanted abnormalities such as magnetizing
inrush currents during transformer energization and a parallel connection of transformers
under normal operations, as well as CT saturation due to overexcitation. These abnor-
malities might negatively result in the mis-operation of the current differential protection.
An inrush current is a non-sinusoidal and high-magnitude current generated due to flux
saturation in the transformer during energization. The magnitude of an inrush current is
highly dependent on the switching angle, the amount of residual flux, and the sizes of the
transformers. The fundamental principles and derivation of magnetizing an inrush current
are presented in [1].

Since magnetizing inrush currents generally has a large ratio of the second-harmonic
component compared to an internal fault and normal conditions, harmonic blocking and
restraint have been designed to avoid false operations due to inrush currents [2] and have
been widely employed in commercial relays [3]. Moreover, with the newly improved
material of modern transformers, second-harmonic restraint/blocking faces the downside
of lower second-harmonic components during transformer energization [4]. Therefore,
the conventional scheme in transformer protection can be blocked for several cycles due
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to an indecisive threshold. In addition, the energization of a faulty transformer may
reduce the sensitivity of harmonic restraint due to the high ratio of the second harmonic in
healthy phases and leads to low reliability during the energization of a faulty transformer.
Thus, novel functionalities must be proposed or integrated with the existing differential
protection to enhance reliability and security in detecting internal faults during energization.
Recently, the Korean Electric Power Company (KEPCO) reported numerous failures of
the differential relay in the field when internal faults occurred during an inrush current,
leading to a malfunction in the differential relay, as conventional harmonic blocking could
not respond to them and continuously blocked the differential relay until the presence of
the second harmonic fell under a set value. Therefore, a new scheme for power transformer
protection is urgently required to secure the stability of power systems.

1.1. Literature Review and Related Works

Conventionally, the utilization of the second-harmonic principle is widely adopted in
power transformer protection against inrush currents, as described in the above section.
However, this method has been proven to be ineffective in several circumstances [5,6].
During internal faults, there is a large ratio of the second harmonic in a few cycles, which
blocks the differential relay from operating, resulting in damage to power transformers. An
extensive outage and a blackout were reported in [7] when the power transformer protection
mis-operated under inrush conditions. Moreover, as the power system expands, the second-
harmonic components increase on long transmission lines when the transformers are
connected to shunt reactors or series capacitors [8]; as a result, differential protection is
bypassed when this scenario occurs.

Several transformer-protection techniques have been actively proposed to identify
the inrush condition, such as artificial neural networks, fuzzy logic, wavelet transform,
and mathematical-based algorithms. A statistical approach based on Principle Component
Analysis (PCA) was described in [9] to differentiate inrush currents, internal faults, and
overexcitation conditions. It captures 2D feature space as a pattern recognition for each
abnormal condition. Methods based on fuzzy and artificial neural networks were proposed
in [10,11], and a correlation-based algorithm was developed for inrush current discrimi-
nation [12]. For a similar purpose, a method combining a support vector machine as the
classifier and a wavelet transform for feature extraction was also proposed in [13]. A deep
learning application was proposed in [14,15] to address current transformer saturation on
transmission lines, and another deep learning-based approach was also proposed in [16] to
remove the decaying DC offset in a power system.

As signal processing techniques based on wavelet transforms have proven to be effi-
cient tools for the analysis, detection, and classification of non-stationary signals at various
levels of time—frequency resolution in the literature, they could be applicable in real-time
devices. For instance, a wavelet transform has been utilized to address existing issues in
power systems such as fault detection, location, and classification [17,18], as well as in the
differential protection of power transformers [19-23]. Although it has good performance
without the need of harmonic information, there are some limitations for practical appli-
cations in power system protection, such as the strong influence of the mother wavelet
and time delay. However, it does not provide an answer for internal fault detection during
inrush conditions, which is a significant concern in transformer differential protection. An
improved wavelet transformation, namely the Real-Time Boundary Stationary Wavelet
Transform (RT-BSWT), was proposed in [24] to detect internal faults during inrush currents.
Despite the improvement made, a high sampling rate is required, and it may be susceptible
to noise. A process to identify an inrush current based on the enhanced GSA-BP approach
was proposed in [25] to discriminate inrush currents from fault currents in transformers.

A low-computation method based on a fault component network was developed
in [26] to enhance the accuracy of transformer protection, regardless of magnetizing inrush
conditions. A method based on the current and voltage ratio was demonstrated in [27],
where it deployed the absolute difference of the current and voltage to differentiate inrush
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currents from internal faults. A unidirectional index was utilized to detect the direction of
magnetizing inrush currents in power transformers [28]. The detection of inrush currents
based on the dead angle was introduced in [29]. If the waveform distortion is so severe
that the wave width is less than 140°, it will cause a delay in protection or even a wrong
judgment; therefore, the efficacy of this method presents a drawback. A new adaptive
coordination approach between generator and transformer was proposed to enhance the
abnormal operating conditions [30].

1.2. Key Contributions and Organization

Motivated by the above-mentioned problems with the conventional approach, this
paper presents a protection scheme to discriminate internal faults and inrush currents
by combining a data window with deep neural networks (DNNs). In recent years, new
techniques based on intelligent methods have demonstrated a robust distinction between
inrush currents and internal faults for power transformer protection, overcoming the
drawbacks of traditional differential protection. To detect inrush currents and internal
faults, the proposed scheme first utilizes the data window to obtain the distinctive feature
signal that separates the region of internal faults and inrush currents. The proposed
scheme can identify internal faults during inrush currents. It not only provides stability
when these two abnormal conditions occur simultaneously but also improves the response
time compared to conventional harmonic-blocking methods. Furthermore, the proposed
scheme is applicable to inrush currents and internal faults of various magnitudes due
to its normalization quantity during the preprocessing prior to deep-learning training.
Then, a DNN is employed to discriminate internal faults from inrush currents. The key
contributions of the proposed work can be highlighted as follows.

1. A wide range of applicability, regardless of inrush current magnitude, the residual
flux in power transformers, internal fault magnitude, and fault angles;

2. Animproved discrimination of internal faults, considering winding-ground faults

during inrush currents;

A universal application for other power transformers with different characteristics;

4. A data window-based operation without the need for a threshold.

@

The rest of this paper is organized as follows. Section 2 highlights the literature review
of the behavior of inrush currents using a data window and addresses issues related to
the second-harmonic-blocking method. This section also includes information on data
acquisition and dataset preparation for training, along with a detailed description of inrush
current features. Section 3 presents the proposed deep neural network (DNN) method and
its structure. The simulation setup, implemented in both Python and PSCAD/EMTDC,
is detailed in Section 4. Section 5 addresses the results of the proposed method for in-
rush current and internal fault detection and provides a comparative analysis using the
conventional approach. A discussion of the performance evaluation based on statistical
percentages is demonstrated in Section 6. Lastly, Section 7 includes concluding remarks
and information regarding potential future works.

2. Problem Statement

This section presents the principles and approaches utilized for internal fault and
inrush-current detection based on a data window. To facilitate understanding in the
subsequent sections, a list of relevant acronyms and their definitions are provided in Table 1.
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Table 1. Relevant acronyms, units, and their definitions.

Acronym Unit Definition
DW Data window
DNN Deep neural network
AE Autoencoder
SAE Stacked autoencoder
HAR Second-harmonic restraint
UNI Unidirectional index
EKF Extended Kalman filter
igiff A Differential current
m Size of data window
k Last index of differential current
Xnorm A Normalized differential current
Oy Parameter set model
Yi Stochastic variable of the output class
S Activation function
Lag Reconstruction loss for AE
L Softmax loss function
o Weight decay

2.1. Overview of Magnetizing Inrush Current and Second Harmonic Ratio

An inrush current is the high current drawn by a transformer when it is initially
energized. It is caused by an abrupt change in magnetic flux within the transformer
core and is proportional to the current flowing through the primary winding. Figure 1
illustrates a differential current and the ratio of the second harmonic. As mentioned in the
Introduction, a common approach to differential protection in power transformers involves
second harmonic-based blocking to prevent unnecessary tripping. Due to the substantial
ratio of the second harmonic during transformer energization, it can be effectively used to
distinguish an inrush current from internal faults. However, as shown in Figure 1, a second
harmonic may also be generated during internal faults due to a decaying DC component
from faults. At the moment of transformer energization, the ratio of the second harmonic
rapidly increases to approximately 60%. Consequently, the harmonic-blocking method
blocks the operation of the differential relay in this scenario, leading to potential damage to
the power transformer.

Second harmonic d60

40

20

Current (A)
Second harmonic (%)

L L 1 'l 'l 'l
0.21 0.24 0.27 0.30 0.33 0.36
Time (s)

Figure 1. Waveform of differential current pertaining to inrush current and internal faults.

DW is a technique applied in power system protection for fault detection, direction
estimation, time-series forecasting, and fault classification. It yields promising results at
every instant when there is a significant fluctuation in the waveform. The results based
on the data window from [14-16] are noticeable when dealing with abnormal conditions.
Inspired by this concept, we develop a DW which was originally proposed in [31] to
detect power swings on a transmission line. Considering the measured differential current
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igiff = {x1, ..., X}, where k is the last index of the measured differential current, the
equation derived from a set of DWs on the measured differential current is expressed in (1)

as follows:
X1 X2 [ v | Xm
X2 X3 - Xm Xm+1
Set of DWs = . : . : . 1
Xk—m+1  Xk—m+2 -+ Xk—1 Xk

2.2. Data Window of Inrush Current and Internal Faults

The waveform in the DW, as described in (1), forms an abundance of distinctive
waveform characteristics at each sample point. These characteristics enable DNN to capture
the unique features distinguishing inrush currents from internal faults. Figure 2 illustrates
a region of instantaneous differential currents under a DW with a length of one cycle. This
figure clearly demonstrates the DW under conditions of an inrush current and an internal
fault. Prior to a sudden spike in the current due to transformer energization, every value in
the DW is zero in each sample. Upon closing the circuit breaker, there is a sudden change
in the magnetic flux, leading to a significant increase in the differential current. Similarly,
an internal fault also manifests a sudden change at the initial point in the differential
current, posing a challenge for conventional methods to discriminate internal faults from
inrush currents when both conditions coincide. As illustrated in Figure 2, every value in
the DW before point A is zero, designating this region as the normal condition (state 0).
Upon reaching point A, the value of the last index of the DW becomes positive, indicating
the occurrence of a transient state (state 1). If an internal fault and an inrush current
occur simultaneously at this point, it becomes challenging to determine each disturbance.
Therefore, no action will be taken during this transition. At point B, an internal fault
exhibits different characteristics from an inrush current. For internal faults, the value
becomes zero for a fault inception angle of 0° or negative for a fault inception angle of 90°.
When this behavior is detected, the algorithm promptly changes to state 3 (internal fault);
otherwise, it identifies an inrush current (state 2). The sampling delay between points A
and B is less than one cycle, specifically 58 samples, considering that one cycle corresponds
to 64 samples. The reason for this delay is to achieve a clear discrimination between inrush
currents and internal faults at a fault inception angle of 0°.

s [ nrush Internal fault
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Figure 2. Illustration of a DW of a differential current under the conditions of an inrush current
(upper) and an internal fault (below).

Therefore, it is apparent that this difference can be effectively used as an important
feature to distinguish internal faults from inrush currents and to create learning labels for
DNNSs, which will be explained later in the following section.

2.3. Dataset Acquisition for Training and Testing Procedure

A thorough analysis is necessary to achieve high accuracy and generalization in
the discrimination model for inrush currents and internal faults using a DNN-based
method. The generation of sufficient datasets for training DNNSs is crucial for accurately
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discriminating between the mentioned abnormalities. To obtain diverse datasets for inrush
currents, extensive simulations are required for subsequent analysis. The training dataset
considers influencing parameters in inrush conditions, such as the residual flux in the
power transformer, the switching angle, and the polarity of the residual flux. The inrush
current magnitude is at its maximum when the transformer switches on at 0°. Moreover,
the polarity of the residual flux significantly impacts the magnitude of the inrush current.
The influencing parameters for inrush currents and internal faults are listed in Table 2.
The datasets for inrush currents accumulated 170 inrush conditions, corresponding to
228,140 datasets available for training and testing. The influencing parameters for the
internal faults are given in Table 2. The datasets for the internal faults accumulated 90 cases
of a—g faults, corresponding to 111,870 datasets available for training and testing. The inrush
current and internal faults are randomly partitioned into training and testing datasets with
an 80% to 20% ratio, respectively.

Table 2. Dataset of the inrush current and internal faults for the DNN procedure.

Case Parameters Value
Switching angle (°) 0, 10, 20, 30, 40, 50, 60, 70, 80, 90
Inrush . o —80, —70, —60, —50, —40, —30, —20,
Residual flux (%) —10, 0, 10, 20, 30, 40, 50, 60, 70, 80
Internal Fault inception angle (°) 0, 10, 20, 30, 40, 50, 60, 70, 80, 90
fault Winding location (%) 0, 10, 20, 30, 40, 50, 60, 70, 80

2.4. Dataset Preprocessing for Training

The preprocessing stage for training DNNSs is the most crucial part, determining the
outcome of the trained model. It serves as a platform for DNNs to quickly comprehend the
problem statement and the approach to achieving the expected outcomes in the final stage.
As the magnitude of an inrush current varies depending on the influencing parameters
listed in Table 2, it is challenging to determine a specific threshold for the correct label
for DNNs. Therefore, normalization is introduced to address the problem of numerical
instability and uncertain thresholds caused by the varying magnitudes of an inrush current.
The derived equation for normalizing the training input is given in (2) as follows.

Xi

@

Xnorm =
Xmax

where x5y is the maximum value captured in the measured differential current. Normaliz-
ing the input dataset scales the training input within the range of [-1, 1]. Additionally, this
process enhances the robustness and capability of the proposed DNN, making it applicable
to datasets from different systems. Once a set of DWs are formed, as described in (1),
and the label for each condition is defined, as described in Section 2.2, we convert the
multi-class region into a binary form using one-hot encoding, as shown in Table 3.

Table 3. Binary form using one-hot encoding.

Class Label Binary Form
0 Normal condition 0001
1 Transient 0010
2 Inrush current 0100
3 Internal fault 1000

3. Deep Neural Network (DNN)-Based Discrimination

DNNs have undergone continuous evolution, demonstrating a strong capability to
address challenging problems in recent years, particularly in cases where conventional
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methods struggle with nonlinear issues. This section introduces the concepts and strategies
implemented to discriminate inrush currents and internal faults. To enhance the structure
of DNNSs, the proposed discrimination scheme adopts unsupervised pre-training using
stacked autoencoders and supervised fine-tuning. The details of benchmark models are
demonstrated well in [32,33].

3.1. Principle of Autoencoders

An autoencoder is the basic component of an SAE learning in an unsupervised
way, typically containing an encoder and a decoder. In a simple autoencoder, the input
X € Ry (x1, X2, ..., x) is included in the training dataset. The input is then encoded to a
low dimension and restored to its original dimension in the decoding part. The training
uses backpropagation to minimize the reconstruction error of the input features. Once the
training converges, the transformed features (f1, fo, . . ., fu) are saved and used to train other
autoencoders. The encoder employs a deterministic mapping function to map input x to
the hidden layer f. The encoding process is given as follows in (3), where W; and b; are the
weight and bias of the encoding parts.

f=SWix+by) 3)

The decoder reconstructs the hidden layer representation (f) to obtain the output
(%), as shown in (4), where W, and b, are the weight and bias of the decoding parts. S
denotes the activation function for training the AE, and ReLU is used for both the encoder
and decoder.

x= S(Waf +by) 4)

The parameters of the AE are optimized to minimize the reconstruction error, as shown
in (5).

. N
Lag <xlx> = ;,y;(x—fe(fe(f))) 5)

3.2. Framework of Stacked Autoencoder

An SAE is a neural network consisting of multiple layers of AEs, where the features
of each AE are stacked and fed as inputs to the successive AE. The first AE is trained in a
bottleneck fashion with the initial weight and bias (w; and by). The input is compressed
into a low-dimensional feature through the encoding function and then restored back to
its original dimension in the decoding layer. After removing the decoding layer (£) in the
first AE, a new hidden layer (/) and an output (1) are stacked onto the first AE. Using
a similar process, many AEs are successively stacked together to form a deeper network
structure. This process is commonly known as pre-training because it adopts a greedy-layer
training method. Finally, an output layer is trained with the given label (binary form of
the abnormality) to discriminate between inrush currents and internal faults. All optimal
SAE weights and biases (w; and b;, wherei =1, 2, ..., n), which are obtained during the pre-
training process, are fine-tuned using the backpropagation algorithm to achieve significant
improvements in discrimination ability. The construction process of a three-layer SAE is
depicted in Figure 3.
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Figure 3. Construction process of a three-layer SAE used in simulations.

3.3. Fine-Tuning and SoftMax Classifier

The pre-trained model from the SAE can be further optimized by using parameters
from all encoding layers during the pre-training phase with the backpropagation algorithm
to minimize errors. Using the weights (W;) and biases (b;) from an SAE as initial values
for fine-tuning enables the deeper network to generalize more effectively to other inrush
variations produced by power transformers. We assign labels and extract features from the
SAE to the classifier layer for the precise discrimination between normal conditions, inrush
currents, and internal faults. Consequently, the classification outputs exhibit minimal
errors, resulting in high accuracy.

A SoftMax classifier is employed in the classifier layer to discriminate among the four
classes listed in Table 3. It estimates the posterior probabilities of each class in the range of
[0,1], and the hypothesis is calculated as follows.

Py = 1lx',0) i

, p(y' = 2|x',0) 1 et
hG(xl) = . 9Tx’ . (6)

I Zl pet L

p(y' = k|x',0) RTES

where v is the stochastic variable of the output class corresponding to input dataset
x', and j represents the output class, encompassing four conditions: normal, transient,
inrush, and internal fault. 6 = (67,61,..., BkT ) T denotes the parameter set of the model.
Consequently, the output of the SoftMax classifier is given in a 4-dimensional vector
containing four possible classes. The maximum probability of each class is determined
as follows. ' . '

Classx' = argmax;_y _p(y' = jlx', 0) ()

Likewise, the SoftMax classifier converges to the global minimum by iteratively
optimizing the cost function in (8) using categorical cross entropy.

QT

iy Zfls{yizf}logw 3l L 6 ®
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where y; is the i scalar value from the SoftMax output in (7), S represents the indicator
function, o is included in the cost function to penalize large values of the parameters, and
L is strictly convex.

A flowchart of the proposed DNN is depicted in Figure 4.
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Figure 4. Flowchart of the proposed DNN to discriminate between inrush currents and internal faults.

4. Simulation Model

This section will highlight the simulation setup used to generate datasets for verifying
the proposed DNN.

4.1. PSCAD/EMTDC Model

The effectiveness of the proposed technique was verified using a typical Korean
154 kV distribution substation. A simulation model of a 154/23 kV distribution system
with 40 MVA power transformer and a Y-Y configuration was built in PSCAD/EMTDC,
as illustrated in Figure 5. The sampling frequency was set to 3840 Hz or 64 samples per
cycle in 60 Hz systems. The source was defined by the specific parameters listed in Table 4.
In this study, only winding-ground faults were considered for evaluation, with variations
in the fault inception angles and percentages of the winding faults. The winding faults
were simulated by varying the fault location in the transformer, winding between 10% and
90%, in steps of 20%, from the winding terminal on the primary side of the transformer.
The fault inception angle of the internal faults varied from 0° to 90°, in steps of 15°, with
reference to the phase-A current. During the generation of magnetizing inrush currents, a
residual flux was considered in the range of —80% to 80%, in steps of 10%, and different
switching instances were considered between 0° and 90°.
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Figure 5. Single line of PSCAD modelling.
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Table 4. Source and transformer parameters used in PSCAD modelling.

Specification Parameters Value

Positive and Ry, Ry 0.0419

Negative Li, Ly 0.8921

& C1, Ca 0.0128

Source R 0.0293

Zero Lo 2.6657

Co 0.0042

Positive leakage reactance %ol 10.99
Transformer 154 /23 kV Air core reactance %X 20
Magnetizing current Yolm 1

4.2. Deep Neural Network Model

Tensorflow is one of the most common deep learning platforms developed by Google.
It offers a high-level API to optimize neural network models and the training procedure of
the proposed DNN model. Therefore, the Tensorflow library is adopted in this paper to
construct the network model and to train it to discriminate between inrush currents and
internal faults.

In both the unsupervised and supervised learning modes, a categorical cross-entropy
loss was employed to quantify the error between the network output and the reference
output. The Adam optimizer was used to build the network for gradient backpropagation
and parameter updates in every epoch. A decaying learning rate was applied to enhance
convergence performance and to expedite the training process, preventing issues related
to overfitting. It was initially set at 8 x 10® and then exponentially decreased with each
iteration. The structure of the DNN and the training parameters for each AE are given
in Table 5.

Table 5. Structure of the proposed DNN and training parameters.

AE1 AE2 AE3 SoftMax Layer
Neuron 30 18 9 4
Batch size 128 64 64 64
Learning rate 0.001 0.0024 0.0019 0.0159

5. Simulation Results

In this section, the efficiency of the proposed DNN is verified and compared to the
unidirectional index method in [28], the conventional harmonic-blocking scheme [34],
and the Extended Kalman filter in [35]. Graphical illustration and evaluation metrics
make it abundantly evident that the proposed method is effective against inrush currents
and internal faults. In Figures 6-11, DNN, UNI, and HAR denote the proposed DNN
method, the unidirectional index in [28], and the second-harmonic-blocking approach [34],
respectively. The Extended Kalman filter in [35] is used for comparison when internal faults
are present, because EKF only detects the instance of internal faults. It is generally known
that protection relays in power system protections operate after one cycle. Therefore, the
evaluation of the proposed DNN and alternative methods will be discussed based on the
58th (=N-6) and 61st (=N-3) samples from each abnormality.
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Figure 6. Results of inrush-current detection in a case with no residual flux and at a switching angle
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Figure 7. Results of inrush-current detection in a case with maximum residual flux and at a switching

angle of 0°.
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Figure 8. Results of inrush-current detection in a case with maximum residual flux and at a switching
angle of 90°.
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Figure 9. Results of internal-fault detection when a power transformer is energized in the presence of
an internal fault: (a) fault inception angle of 0° and (b) fault inception angle of 90°.
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Figure 10. Results of the detection of phase-A-to-ground internal faults occurring during the en-
ergization of a power transformer: (a) fault inception angle of 0° and (b) fault inception angle
of 90°.
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Figure 11. Results of the detection of a phase-B-C-to-ground internal faults occurring during the
energization of a power transformer.

5.1. Case Study 1: Inrush Current at a Switching Angle of 0°

Magnetizing inrush currents are generated due to the remanent magnetism and no-
load closing of a power transformer. The closing instance significantly influences the
waveform characteristics of the inrush current, while its remanent magnetism mainly
affects its amplitude.

Transformer energization cases without and with residual flux are studied in this
section. Figure 6 shows the results when a transformer without residual flux was energized
at a switching instance of 0°, corresponding to 0.2 s. As the ratio of the second harmonic
sharply increased at the closing instance, the HAR was theoretically effective in quickly
detecting the inrush current. The UNI detected the inrush current after a timing delay due
to the data window, while the proposed DNN detected it at 0.231 s, with a slightly quicker
response than the DNN reference. Based on Figure 6, it is evident that the proposed DNN
presented a promising output in noticing the inrush current after sample N-6, which was
comparable to the HAR and UNIL.

The performance of the proposed DNN was also evaluated considering transformer
energization with the maximum residual flux, which was approximately 80%. The amount
of residual flux heavily influenced the magnitude of the inrush current; as a result, the
magnitude of the inrush current nearly doubled in this case, as demonstrated in Figure 7.
It can be seen that the HAR yielded the best output among the three approaches in this
case. Considering a time delay, the UNI responded to the inrush current at 0.234 s, whereas
the DNN demonstrated a quicker detection instance than the UNI. For instance, the DNN
detected inrush currents faster (one sample) and more accurately than the UNL

5.2. Case Study 2: Inrush Current at a Switching Angle of 90°

Switching a power transformer at 90° with no residual flux does not impact the opera-
tion of conventional differential relays and produces the least inrush currents. However,
the maximum flux in the power transformer strongly influences the nonlinear nature of the
magnetizing inrush current, as depicted in Figure 8. The magnitude of the inrush current in
this case is similar to that depicted in Figure 6. Therefore, the detection of the inrush current
was examined at the maximum switching angle and with residual flux. As displayed in
Figure 8, the HAR showed the most promising outcome, as it reacted to the first instance
of an inrush current due to the presence of the second harmonic ratio. Due to the data
window used in the UNI and DNN, their detections showed a timing delay of less than
1 cycle. In particularly, the DNN yielded a more promising outcome than the UNI, as it
was 8 samples quicker. That is, the DNN faultlessly detected the inrush current after the
61st (=N-3) sample from the switching instance.
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5.3. Case Study 3: Energization of a Power Transformer in the Presence of an Internal Fault

Energizing a power transformer in the presence of an internal fault is a challenging task
for conventional protections, as the ratio of the second harmonic may cause the differential
relay to be blocked, potentially leading to severe damage to the power transformer. In this
case, we consider a—g faults for internal faults. Figure 9 shows the results of internal-fault
detection when a power transformer was energized in the presence of an internal fault. The
evaluation was conducted in two different scenarios at fault inception angles of 0° and 90°.

As shown in Figure 9a, the conventional HAR method detected the inrush current
rather than the internal fault due to the presence of the second harmonic in the decaying
DC component generated during the internal fault. Consequently, it prevented the internal
fault from being detected, resulting in the blocking of the differential relay operation.
In contrast, the UNI detected the differential current as an inrush current instead of an
internal fault. The EKF could not discriminate the internal fault from the inrush current.
Moreover, the inaccuracy increased as the EKF estimated differential currents with noise.
Unlike the conventional HAR and UNI methods, the proposed DNN demonstrated an
impressive success rate in discriminating the internal fault from the inrush current after
the 58th sample from the abnormality. In this manner, the DNN exhibited high sensitivity
to internal faults, even though the HAR and UNI failed to detect them. As shown in
Figure 9a, for the fault inception angle of 90°, the HAR failed to detect the internal fault for
several cycles, highlighting a drawback of using HARs in modern transformers. In contrast,
the proposed DNN successfully detected the internal fault, starting from just one sample
later than the DNN reference. Similarly, as illustrated in Figure 9b, the DNN exhibited a
promising output in discriminating between inrush currents and internal faults at a fault
inception angle of 0°.

5.4. Case Study 4: Phase-A-to-Ground Internal Faults Occurring during the Energization of a
Power Transformer

The proposed DNN was validated during an internal fault occurring a few cycles
after the switching of a power transformer. The harmonic-blocking scheme blocked the
operation of the differential relay due to the large ratio of the second harmonic at the
onset of an internal fault. This could lead to damage to the power transformer and should
be avoided.

A power transformer was switched on for energization at 0.22 s, and the internal fault
occurred at 0.32 s, as demonstrated in Figure 10. With the interference of the internal fault,
the HAR showed unsatisfactory results as soon as the internal fault occurred. The HAR
blocked the differential relay from operating for around two cycles, which could negatively
affect the power transformer. The UNI showed the worst results among the three methods,
as it did not respond to the internal fault in this case. UNI is only applicable when there is a
direction of the waveform on the positive or negative side, as its bidirectional index makes
it vulnerable to internal faults. The proposed DNN could detect the internal fault with a
time delay of less than one cycle from the fault inception. The evaluation was performed
on internal faults at fault inception angles of 0° and 90°, as illustrated in Figure 10a,b,
respectively. The results show that the proposed DNN can detect internal faults after a time
delay of less than one cycle, regardless of the fault inception angle.

The influence of external faults on the proposed DNN can be ignored since the differ-
ential current will be zero during an external fault. Therefore, the DNN bypasses external
faults and allows relevant protection schemes outside the protection zone to operate based
on disturbance criteria.

5.5. Case Study 5: Phase-B—C-to-Ground Internal Faults Occurring during the Energization of a
Power Transformer

To demonstrate the capability of the proposed DNN across different fault types, phase-
B-C-to-ground internal faults are considered in this case. Figure 11 presents a case of a
phase-B—C-to-ground internal fault at a different time node considering a fault inception
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angle of 0°. The internal fault depicted in Figure 11 occurs three cycles after the inrush
current takes place. Similar to Case Study 4, the UNI successfully detects the instance
of the inrush current; however, the operation of the differential protection is continually
blocked for almost one cycle after an internal fault occurs. On the other hand, the UNI
proves to be effective in responding to the inrush current but fails to detect the internal
fault for several cycles. The EKF exhibits low sensitivity to the internal fault because the
estimated current from the EKF produces noise. Unlike these three methods, the proposed
DNN demonstrates an accurate and reliable output in discriminating internal faults with a
given time delay.

6. Discussion on the Performance Evaluation Metrics

To effectively evaluate the performance of the proposed DNN, three indicators were
selected as evaluation metrics: accuracy, sensitivity, and precision. Traditionally, accuracy
alone is insufficient to determine whether the proposed DNN yields a promising outcome.
To visualize the stability of the proposed DNN method, a confusion matrix was used,
summarizing the classification performance and providing a visual representation of the
actual and predicted classes. The evaluation matrix was assessed using the following four
performance indices: TP (true positive), TN (true negative), FP (false positive), and FN
(false negative).

TP+TF
A =

cc (TP + TF + FP + FN) ©)

TP

EN=——— 1

S (TP + FN) (19

TP
PRE={7p 1 £p) h

Conventionally, accuracy (ACC) shows the authenticity of a detection method, defin-
ing the correct detections over the total numbers of detections, including correct and false
ones. Sensitivity (SEN) measures the proportion of inrush and internal faults that were
correctly identified among the actual labels. It is a crucial metric in discrimination, because
it influences the decision to allow the differential relay to operate when an internal fault
occurs during inrush currents. A high percentage of SENs is essential to determine the
stability of the proposed DNN. Precision (PRE) is another important metric required to
affirm the correctness of the proposed DNN. For instance, it demonstrates the capability of
the proposed DNN to isolate internal faults from inrush currents when both abnormalities
occur simultaneously. In other words, it demonstrates the ability of internal-fault detec-
tion without mistakenly identifying it as an inrush current. A comparative analysis was
conducted, and the evaluation metrics are presented in Table 6. The effectiveness of these
metrics was assessed at the 58th and 61st samples from the beginning of each abnormality.

In cases where a power transformer is energized in the presence of an internal fault,
the aim is to avoid a situation where the DNN mistakenly detects it as an inrush current
instead of an internal fault. Therefore, the DNN places emphasis on minimizing FNs;
otherwise, incorrect detections could lead to damage to the power transformer. The DNN
detects the internal fault at the 61st sample, which is three samples later than the DNN
reference; therefore, the DNN experienced three FNs in this case. The performance of the
proposed DNN and the other methods was evaluated at the 58th (=N-6) and 61st (=N-3)
samples from the beginning of each abnormality. It is noted that detection with a time
delay of 61 samples will be sufficient to protect the power transformer, as the protection
decision will be made after 64 samples.

According to the percentages presented in Table 6, it is evident that all four methods
correctly classified the normal condition from the other two abnormalities without any
defects. For inrush conditions, the HAR was undoubtedly proven to be effective, achieving
the highest metrics at the 58th and 61st samples. The UNI exhibited good performance
in detecting inrush currents, with ACC, SEN, and PRE values of 99.852%, 93.814%, and
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95.724%, respectively. The UNI is unable to achieve the highest metric at the 61st sample,
as inrush currents were detected at the 62nd sample in some cases. On the other hand,
the UNI performed poorly when experiencing internal faults, as it was more sensitive to
inrush currents. The DNN displayed a promising evaluation index in detecting the inrush
duration at the 58th sample, yielding the highest ACC, SEN, and PRE values of 99.526%,
100%, and 99.523%, respectively. At the 61st sample, the DNN could accurately classify
between inrush currents and internal faults, achieving 100% for all three metrics.

Table 6. Evaluation metrics at the 58th (=N-6) and 61st (=N-3) samples from the beginning of
each abnormality.

Accuracy (%) Sensitivity (%) Precision (%)
Method Case
N-6 N-3 N-6 N-3 N-6 N-3
HAR 100 100 100 100 100 100
UNI N | 100 100 100 100 100 100
EKF orma 100 100 100 100 100 100
DNN 100 100 100 100 100 100
HAR 100 100 100 100 100 100
UNI 99.852 99.932 93.814 95.613 95.724 97.741
EKF Inrush ) B i ) B )
DNN 99.526 100 100 100 99.523 100
HAR - - - - - -
UNI I 1 faul - p P . h .
EKF nternal fault 90.513 92.364 69.192 72.951 71.231 72.367
DNN 99.931 100 100 100 98.842 100
HAR - - - - - -
UNI Inrush and - - - - - -
EKF Internal fault 91.103 92.136 69.583 71.369 70.124 70.364
DNN 99.651 100 99.642 100 100 100

Furthermore, the DNN demonstrates excellent performance in detecting internal faults
during inrush currents. The evaluation index produced by the DNN outperformed the
other three methods at sample N-6, achieving ACC, SEN, and PRE values of 99.651%,
99.642%, and 100%, respectively. At sample N-3, the DNN achieved the best metrics (ACC,
SEN, and PRE), all at 100%. In contrast, the EKF showed worse performance compared to
the DNN in this study, as it mis-detected the internal faults due to the difference between
the measured and estimated currents. Moreover, EKF is inapplicable to other systems
and significantly relies on a threshold to detect internal faults, presenting a less favorable
discrimination between inrush currents and internal faults. At sample N-3, it yielded ACC,
SEN, and PRE values of 92.136%, 71.369%, and 70.364%, respectively.

7. Conclusions

This paper proposes a DNN-based method to discriminate between inrush currents
and internal faults utilizing a data window. The effectiveness of the proposed DNN
was assessed through numerical simulations, including inrush currents, internal faults,
and cases where the inrush current coincided with internal faults. Despite achieving
less accurate results during inrush currents, compared to HAR, DNN performs better in
detecting internal faults, even during inrush conditions. Based on graphical illustrations
and evaluation metrics, DNN successfully detects internal faults during inrush conditions,
enabling the differential relay to operate without delay, regardless of the fault inception
angle and residual flux. As DNN does not require a specific threshold to perform the
discrimination, it can be applied to different systems to discriminate inrush currents from
internal faults.
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HAR and UNI are insufficient to deal with both inrush currents and internal faults
occurring together. Although EKF can detect internal faults, the effectiveness of EKF is
reduced in other systems due to an indecisive threshold. The deficiencies of the prevailing
methods, such as reliance on physical parameters and indecisive predefined thresholds,
decrease their reliability and generality. In comparison to prevailing methods (HAR,
UNI, and EKF), the proposed DNN shows promising results from sample N-3, achieving
accuracy, sensitivity, and precision values of 100%. It is considered to be one of the
promising solutions for discriminating between inrush currents and internal faults. The
proposed DNN may produce errors in the presence of CT saturation. Our future work
involves developing a discrimination model for the main and backup protections that
considers CT saturation and implementing the proposed DNN to discriminate internal
faults from inrush currents in real time. The experiment will be based on hardware
implementation, which consists of RTDS and EVM boards.
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Abstract: This article presents a proportional-derivative (PD) type output voltage regulator without
the current feedback, taking into account system parameter and load variations. The main advantages
are given as follows: First, the first-order output voltage derivative observer is developed without the
requirement of system parameter information, which makes it possible to stabilize the system without
current sensing. Second, a simple self-tuner implements the feedback-loop adaptation by updating
the desired dynamics accordingly. Third, the observer-based active damping injection for the PD-
type controller results in the closed-loop system order reduction to 1 by the pole-zero cancellation,
including the disturbance observer as a feed-forward term. The prototype uninterruptible power
supply system comprised of a 3 kW three-phase inverter, inductors, and capacitors verifies the
practical merits of the proposed technique for linear and nonlinear loads.

Keywords: uninterruptible power supply; voltage control; observer; active damping; pole-zero
cancellation

1. Introduction

The power conversion between AC and DC is a pivotal task for a wide range of
industrial applications, such as home appliances, electric vehicles, factory automation,
etc. These applications require of the power converters to secure the high performance in
both transient and steady state operations. In particular, the uninterruptible power supply
(UPS) systems composed of the three-phase inverter and output LC-filter must be carefully
designed to meet the specified high-level closed-loop performance under the abrupt power
failure scenario (i.e., DC to AC power conversion) [1-5].

The combination of inner-loop current control and outer-loop voltage control has
been popularly adopted to regulate the output voltage with its implementation from the
proportional-integral (PI) regulator, due to its simple structure and tuning process. The
corresponding feedback gains were tuned via the trial-and-error, Zeigler-Nichols, Bode,
and Nyquist techniques, conventionally [6,7]. The resultant closed-loop stability and
performance were only valid for the fixed operating mode (i.e., given fixed load conditions).
The additional gain scheduling mechanism as in [8] successfully enlarged the feasible
operating region with an increased computational burden. The feed-forward terms and
specific PI gains were introduced with the use of a rotational coordinate transformation to
result in the first-order closed-loop transfer functions with desired cut-off frequencies for
each loop via pole-zero cancellation (PZC), which required the true system parameters, such
as resistance, inductance, and capacitance [9,10]. Novel online identifiers can be used as the
solution to the parameter dependence problem [11-13]. The deadbeat-type control provides
rapid regulation performance, but is sensitive to high measurement noise sensitivity due
to its exact model dependence [14]. This practical limitation was systematically handled
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by the parameter-dependent observer-based deadbeat controllers [15,16]. The optimal
state-feedback controls such as He and y-synthesis techniques solved the output voltage
control problem considering the external disturbances from the load failure [17,18]. The
sliding-mode technique with the conservative discontinuous sign function provides the
stabilization and performance recovery property by ensuring the reaching property to
the sliding surface [19]. The model predictive control (MPC) generates the optimal duty
command for the three-phase inverter considering the input and state constraints with
the requirement of parameter dependence and high computational burden [20-22]. To
address the computational burden issue, explicit MPC techniques were presented, involving
huge offline tasks for partitioning the state space properly; however, this approach could
lead to computational burdens from the significant online membership tests [23,24]. To
avoid the online optimization and membership tests, the one-step MPC control with
full-state feedback was devised, including the disturbance observer (DOB) to replace
the regulation error integrators and improving the closed-loop robustness against the
load variations [25]. The system parameter, load variations, and one-step time-delay
were explicitly considered using a robust-state feedback design technique incorporating
regulation error integrators and LMI optimization [26]. Under a similar strategy, the DOB
and one-step-ahead state predictor were included for the one-step MPC and finite control
set MPC (FCSMPC) as the optimization solution to the output voltage regulation problem
with parameter uncertainties [27-29]. There are two practical challenges in the previous
results, the parameter dependence of controls and state-observers, at least partially, and
fixed closed-loop cut-off frequency, to be handled in this study; it is desirable for the cut-off
frequency to be decreased in the steady-state and to be increased in the transient periods.

The aforementioned literature survey identifies the following practical challenges that
need to be addressed: (P1) performance inconsistency for load variations, (P2) limited
current measurement, (P3) fixed closed-loop bandwidth, and (P4) system model depen-
dence. The proposed solution forms the single-loop feedback structure without the current
loop, independent of the exact model information for both the observer and controller. The
contributions of the proposed technique are summarized as follows.

e For (P2) and (P4): The output voltage derivative observer is built by combining the
Luenberger observer and DOB design techniques without requiring the true system
parameter information; this eliminates the need of current feedback.

e For (P3): The online self-tuner adjusts the desired dynamics to implement the feedback-
loop adaptation according to the transient and steady-state operation modes.

e  For (P1) and (P4): The injection of the active damping term and special form of
feedback gain for the DOB-based proportional-derivative (PD) controller result in the
stable PZC to render the closed-loop system order to be 1.

A prototype 3 kW UPS system was used to experimentally confirm the effectiveness of
the proposed technique under the resistive and rectifier loads, deriving from the beneficial
closed-loop properties.

There are five sections to organize this paper. Section 2 introduces the servo mo-
tor model with the strategy of handling the parameter and load variations. Section 3
describes the design purpose and presents the proposed solution. Section 4 proves the
accomplishment of the design purpose by analyzing the closed-loop dynamics. Section 5
experimentally validates the effectiveness of the proposed solution. Section 6 concludes
this paper.

2. Uninterruptible Power Supply System Dynamics

The UPS systems are comprised of a three-phase inverter, inductor, and output capaci-
tor, as shown in Figure 1. The application of Kirchhoft’s voltage law to the UPS systems
leads to the linear time-invariant system (LTI):

Cvc,ubc = iabc - iload,ﬂbcr (1)
Ligpe = ugpe — Rigy — Ve,aber vt >0, 2)
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where x = a,b,c. The load current is denoted as ijoai00c = | floada lloadp iloade | +tO
be treated as the unknown disturbance due to the load uncertainties. It should be noted

that the capacitor voltage reference is normally given by the three-phase balanced form

Veaeref = 1] cos(wst) cos(wy — ) cos(wit — %) |7 for some r > 0 and

wy = 27f rad/s.

Su ﬁg} fé}
i R i
a load ,a
v, > W >
ih R il()ad,b
Vit SAM—NN ] Load
VC_ lc ARA A ,\,\LA,\ lla&dw
s, s S
*vr a|Vew +V( ¢
c__— —_— _—

Figure 1. The UPS system topology.

The alternative system behaviors (1) and (2) make the tracking controller design task
difficult. The coordinate transformation defined as

cos(6,)  cos(B, —2&)  cos(f, — &

- 3
W(or): —sin(6;) —sin(6, — 2) —sin(6, — 1) |

synchronized to the phase angle 6, := w,t with desired frequency w,, eliminates the
alternative component of system dynamics as

Cv, i+ CwrJve —ijaq, @)
Li = (—RI+Lw])i—ve+u, Vt>0, ©)

through the calculations resulting in the d-q axis variables i = [ l.d ], Ve = [ Ve },

. 1 u
ij0ad = [ loadd ],andu = [ d },such that
Zload,q Ug

.2 ] 2 . 2 . 2
1= gw(er)labu Ve = gw(er)vc,abcr ogd = 7W<er)lloud,abc1 and u = gw(er)uahcr

3

Vt > 0. The two symbols I and J denote the 2 x 2-dimensional identity and skew-symmetric

0 1 -1 0
The passive component (capacitance and inductance) values C and L can be dramat-
ically changed depending on the magnitude of current and voltage, which are assumed
to be unknown, but their nominal values Cy and L are available from the manufactur-

matrices, respectively, which are I = [ 1o } and J = [ 0 1
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ers. To remove the true system parameter dependence, this study introduces the nominal
parameters Cy and Ly to systems (4) and (5), yielding the modified system (5) such that

Cove = i+ Cowr)ve + dv,o/ 6)
Lot = (—Rol+Low])i—ve+u+d;, Vt>0, )

with the unknown lumped disturbances d,, and d; , modeling the parameter and load varia-
tions, which are used for the following controller design and closed-loop analysis sections.

3. Proposed Control Algorithm
The control objective is to render the output voltage v, to exponentially behave as the
. T . .
target trajectory Vegeso = | Ucddes0 Ucgdeso | , driven by given reference

T e . :
Ve ref = [ Uedref Uegref | . satisfying the desired first-order system

Ve des) = Wo, (Vc,ref - Vc,des,O)/ vVt >0, 8)

with the closed-loop specification w,. > 0 as the convergence rate of system (8). The
next subsection presents the self-tuner through a modification of the desired system (8) to
implement the feedback-loop adaptation.

Remark 1. Taking the Laplace transform to desired system (8) (e.8., Ve g des,0(5) = L{V¢,d des ),

Vc,q,des,O (S) = E{vc,q,des,O}/ Vc,d,ref (S) = E{vc,d,ref}/ and Vc,q,ref (S) = E{vc,q,ref}) derives the
transfer function forming the low-pass filter (LPF):

VC,x,des,O (S) _ Wyc
Vc,x,ref (S) s + woyc ’

x=d,q, Vs eC, 9)

with the cut-off frequency wyc (rad/s, 5% Hz). Therefore, the closed-loop specification wy, can be
determined as the cut-off frequency of the LPF (9) from the reference to the desired output.

3.1. Self-Tuner
To implement the feedback-loop adaptation, this study slightly modifies the desired

system (8) as Ve ges = Ve des,0 , yielding
Wy :a)vg

Ve, des = Wy, (Vc,ref - Vc,des)r vVt >0, (10)

with the proposed self-tuner driving the cut-off frequency @, initiated from
(DUC (O) — C()-UC as

(bvc = fyvC(H‘?C,dESHZ + pvf(’bvc)' Vt Z 0' (11)

with errors defined as Vi jes 1= Veref — Vedes, and @y, 1= wy, — @y, and tuning factors
Yo > 0and py. > 0. The self-tuner (11) automatically adjusts the cut-off frequency @,. to
increase the error decay ratio of V¢ des With the boundedness property of Wy, > wy,, ¥Vt > 0.
For details, see Section 4. The next issue is designing an observer for the output voltage
derivative, which makes it available to inject the active damping term and to feedback the
regulation error derivatives.

3.2. Observer

It is undesirable to apply the time derivative operation to the output voltage mea-
surement v, to make the signal a. := V. available for feedback, due to the high-frequency
measurement noise. To avoid this problem and system parameter dependence, the observer
for a, is proposed as
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Ve = kopseo. + ac, (12)
2o, = —laza — lfcevc + 1o, (ac + kopser, ), (13)
éc - ch + luceyc, Vt 2 O, (14)
with the estimation error e,, := v, — ¥, and observer gains k,,; > 0 and [,, > 0. The

proposed observer of (12)—(14) drives the estimate &, to tend to their actual measurement
of V., exponentially, without any use of plant parameters, which corresponds to a feature
of this study, unlike the conventional Luenberger observers. The first part (12) is devised
by the standard Luenberger observer design technique for the plant dynamics v, = a.. The
remaining parts (13) and (14) come from the DOB design technique using the observer error
dynamics for (12). The estimation error convergence property is provided in Section 4.

3.3. Control Law

To remove the current-loop dependence, this study applies the additional derivative
to system (6) to obtain the second-order open-loop system given by

LoCoVe = L0i+ LoCow;Jve + Lodv,o
= (LoCow?? —I)ve +u+dy, Vt >0, (15)

with the lumped disturbance defined as dy, := Low,J (i + do,0) + (—RoI + Low,))i+d;, +
Lody,0, where the current dynamics (7) is used for the second equation above. Due to the
unavailability of voltage derivative, the observer-based PD-type control law is proposed by
involving the estimated variable &, such that

u = —kocdc + LoCotoe (Ve ges — Ac) + kocAocVe — dyp — (LoCow?J? — T)ve, ¥t >0,  (16)

for the error V. := v 4.5 — V., active damping coefficient k,c > 0, feedback gain Ay > 0,
and observer-based DOB are given by

2, = —lyzy —2LoCoa, — I, ((LoCow?J? — I)ve +u), (17)

dv = zy+ 1 LeCoa., ¥Vt >0, (18)

with the gain I, > 0. It should be noted that the DOB (17) and (18) ensures the convergence
of deo —+ doo (lim;_,e0 £ = fo for any function f), and that the combination of active damping
coefficient k. and PD gains ky.wye and LyCowy, results in the closed-loop system order
reduction to 1 by the PZC. For details, see Section 4. Figure 2 shows the control system
structure.

Self-Tuner
(11)

\4
cref DeNred
*» Dyna}ﬁ\(m)
o

A 4
Control Law (16)

Figure 2. Proposed control system structure.
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4. Analysis

This section proves that the proposed control system depicted in Figure 2 accomplishes
the control objective (10) without offset errors, by ensuring the performance recovery
property. First, Section 4.1 derives the properties of proposed self-tuner (11) to make the
closed-loop analysis process simple.

4.1. Self-Tuner
The stability of the desired system (10) remains questionable due to the time-varying

nature of Wy driven by the self-tuner (11). Lemma 1 addresses this issue by analyzing the
two dynamics (10) and (11).
Lemma 1. The cut-off frequency ., from the proposed self-tuner (11) ensures that

li =

[g]; O¢ des vc,ref/
as V¢ rer — 0 exponentially.
Proof. The error V. ges = V¢ ref — Ve des yields that

éc,des = _wvc(’c,des + d)vcvc,des + Vc,refr vt >0, (19)

using (10). Then, the time derivative of Vs defined by

1,. 1
Vst = §||Vc,des||2 + mw?,c, vt >0, (20)
is obtained as
Vst = Vz:dgs (—wvcf’c,des + C"v)vc{'c,des + Vc,ref) - (Dvc ( ||‘~Ic,des ||2 + Pvc@vc)

& 2 ~2 T
= Wy ch,des [ PoWye + VerefVedess
< st Vet + Vo Vo des, VE2 0, (21)
with the positive coefficient defined as as; := min{2wy,, 274,00, }, which confirms the result

of this theorem, since the strict passivity of v, or + V¢ 45, as shown in (21), implies the
L-stability for the same mapping [30]. O

Lemma 2 asserts that the proposed self-tuner (11) renders the convergence rate of the
desired system (10) higher than its original version (8), by ensuring the existence of a lower
bound of the time-varying gain wp,.

Lemma 2. The cut-off frequency @, adjusted by self-tuner (11) is bounded below by its initial
value wy, for all time, i.e., Wy, > Wy, Yt > 0.

Proof. The proposed self-tuner (11) can be written as follows in the form of an LTI system:
d\]Uc = _vvcpvcwvc + r)/Uchcwvc + ,)/Uc ||€'C,d65||2/ Vt 2 0/
whose equivalent form is obtained by the integration of both sides as

A,

t
Wy, = e*%cPvctva + /0 67%’5‘0”6 (tiT) (,Y'Ucpvcwvc + Yo, ||‘~’C,d65 ||2)dT

> Wy, YVt 2> 0.

This completes the proof. [
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The inequality (21) is useful to prove the performance recovery property in Theorem 1
as the main result of this section. Lemma 3 derives the state estimation behavior by
investigating the observer implementation of (12)—(14).

4.2. Observer and DOB

It is easily seen that the filtering error e,. = v, — ¥, gives the dynamics using (12) as

€y, = —kops€o. + €4, VE >0, (22)

c

with estimation error e, := a. — 4., which is obvious due to the Luenberger observer
form of (12). The estimation error dynamics (22) make it possible to show the acceleration
estimation error dynamics in the first-order LPF form.

Lemma 3. The proposed observer of (12)—(14) yields the following first-order state estimation
behaviors:

dc = 1o, (ac —ac), YVt > 0. (23)
Proof. The observer output (14) gives the dynamics as
Ac = —lo (A — loeo.) — 2 eo, + Lo (A + kopsen, ) + Lo €0, V>0,
using the observer dynamics (13), which can be written as
ac = I, (€, +kopsev.) = lo.€q., Vt >0,

with the application of (22), which completes the proof. [

The estimation error a, = a. — 4. satisfies that ¢;,, = —I, e;. + a. because of (23),
which implies that &,, = —I,.e,, as l;, — oo. Therefore, it is reasonable to assume that
éac - *laceac, Vi’ Z 0, (24)

for a sufficiently large value of /;. > 0.
Lemma 4 shows the estimated disturbance behavior from the DOBs, which helps for
the proof of performance recovery to be considerably simple with the use of Lemma 3.

Lemma 4. The DOB of (17) and (18) yields the first-order disturbance estimation behavior:

A

dy = Iy (dy — dy) + Iyl, LoCoeq,, ¥t > 0. (25)
Proof. The differentiation on (18) gives

dy = 2o+ lLoCoAc
~Iy(dy — IyLoColc) — I2LoCoac — lu((LoCow?J* — T)ve +u) + I LoCoae
—lyLoCoe,,
= Iy(dy — do) + lols LoCoeq,, Yt >0,

with the utilization of (17), (18), and (24) for the second and third equations above, sequen-
tially, which completes the proof. [

Defining the disturbance estimation error e; := dy, — d,, it holds that é; = —ley +
lvla. LoCoeq, + dy because of (25), which implies that é; = —I,e; + 15, LoCoeq, as Iy — 0.
Therefore, it is reasonable to assume that

ey, = —lveq, +lols LoCoey,, Vt >0, (26)

65



Energies 2024, 17, 1738

for a sufficiently large value of I, > 0. The two results, (24) and (26), can be compactly
written as

é=Ace Vt>0, (27)

—lolaxo  lola. LoColax2
02,2 —l Ioxo

T T

T
with e := [ e; € } and stable matrix A, := , which is

used for the following analysis.
Remark 2. Assuming e,, =~ 0 by result (27), the Laplace transform to the system (25) (e.g.,

Dv,d(s) = L{dyq}, Dvrq(s) = [,{dAv,q}, Dya(s) = L{dy4}, and Dvrq(s) = L{dyq}) derives the
transfer function forming the following low-pass filter (LPF):

Dy (s) _ b
Dyx(s) s+l

,x=d,q, Vse€C, (28)

with the cut-off frequency I, (rad/s, = Hz). Therefore, the DOB gain I,, can be determined as the

721

cut-off frequency of the LPF (28) from the disturbance to its estimate.

4.3. Control Loop

The combination of active damping and specific form of PD gain occurs in the closed-
loop system order reduction to 1 by the stable PZC, which is asserted in Lemma 5.

Lemma 5. The proposed control law (16) forces the output voltage dynamics to be governed by
Ve = )\vcﬁc + Be,FeFr (29)
with

er = —acrer + Bee, Vt >0, (30)

T
el r } for some B, € R¥*4,

where ae, = %, Bor:=| Ly DLy |, andep := { el?er
Proof. The substitution of (16) to (15) gives the following closed-loop voltage dynamics:

LOCOVc = _kvcéc + LOCO/\vc (vc,des - éc) + kchvcvc + €d,r
= —kpcve+ LOCOAvc‘:?c + kypeAocVe + €4, + (kvc + LOCOAvc)eacz vt > 0.

Taking the Laplace transform to both sides above, it follows that

(LOCOSZ + (kyc + LOCO)\U(_')S + kyc/\vc)Vc (S) = )\UC(L()C()S + kUC)Vc,des (S) + Edy (S)
+(kvc + LOCO)\UC)EaC (5)/

which shows that
(5 + Aoc)Ve(s) = AucVedes(s) + Eg, p(s) + Ea r(s), Vs € C,

due to the PZC by the factorization (LoCos?® + (koe + LoCoAwe)s + koeAve) = (LoCos +

1 koc+LoCprouc
koc)(s + Aoc), where Ey p(s) = Sjofi and E, r = Sioifi]z“c (s). The application of the
LoCo LoC

inverse Laplace transform to both sides above verifies the result of (29) and (30). O

The performance recovery property, as a main result, can be easily proven by the
Lyapunov analysis thanks to the results of Lemmas 3-5.
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Theorem 1. The closed-loop system driven by the proposed control law depicted in Figure 2
guarantees that

hm Ve = vc,desr
t—oc0
as ve,ref — 0 exponentially.
Proof. Let us consider the error dynamics from ¥, = v, 4,5 — v as

Ve = Vedes T Ve
= —)\UCVC — Be,FeF + djvcvc,dey vt >0, (31)

with the applications of (11) and (29). The combination of (27), (30), and (31) gives the
perturbed linear system

Xl = AgXg + Bcldjvcvc,des’ (32)

withxg = [ ¥I el el ]T, By:=[ Ly 0Opy4 ]T, and stable matrix A, defined as

—Avdoxo —Ber  0ay4
Ay = 0452 —a1lya Be
0452 0454 A,

The stability of matrix A makes it solvable for the matrix equation of AZP +PA, =1
with a unique solution P = PT > 0. The solution P > 0 defines the positive-definite function as

1
Vi= SxGPxg + ngt/ x>0, Vt >0, (33)

with the positive—definite function V;; given in (20), whose time derivative is obtained using
(21) and (32), and Young's inequality (e.g., xTy < §||x||2 + 5 |y||%, Vx,y € R", Ve > 0) as

y 2 T A T  ~
Vv = - ||xcl H + XCZPBCleCVC,dES — Kaest Vst + KVc,rerc,des

IN

1 - T -
— 5 lIxatll?* = (catse — [IPI[[Ber|[25,) Vst + 5V o ¥ es, ¥t > 0,

cre

with |@y.| < @,,. The constant k = a%t(HPHZ Bt ||?@3, + 1) eliminates the indefinite term
so that V satisfies

<
VAN

1 1 T .
_EHXCIHZ - EVSf + KVZ:rngc,des

< gV ARV Vedes, VE2 0,

11
Amin (P) K
completes the proof. O

with &y := min{ }, which concludes that x; — 0 as v, ,, ¢ — 0 exponentially. This

The proposed PD-type controller shown in Figure 2 does not incorporate any integral
action, which may suffer from the offset errors in the actual implementations. The DOB
as a feed-forward compensation term makes it possible to remove the offset errors in the
absence of regulation error integrators, which are addressed in Theorem 2 as another main
result of this study.

Theorem 2. The proposed control law consisting of (12)—(14) and (16)—(18) guarantees

Uco0 = Vg ref 00 i the actual implementations, where f., denotes the steady-state value of f for any
convergent function f.

67



Energies 2024, 17, 1738

Proof. The closed-loop dynamics of (23), (25), and (29)—~(30) result in the steady-state equations

luceac,oo/
= erdy,oo + lvlaCLOCOeac,oo/

= —a1€4,Feo T 02€4, 0/

= —a1€4, Feo T 3€4,,00,

S ©O © © o

= Avch,OO + ey Feo €. F oo

which show that Vce = 0 is equivalent t0 Voo = Veges,co = Veref,c0r due to the steady-state
equation of self-tuner 0 = Wy, 0oV dos oo Obtained from (10). Therefore, the claim is true. [J

Remark 3. The closed-loop analysis results in this section reveal a design parameter tuning process
as follows:

1. Observer:

e (Lemma 3) Choose 1, and k,ps such that l,, >> ks satisfies the desired observer error
dynamics e, = —lg e, and é,, = —kgpseq,.

2. DOB:

Dox(s) _ lp_ d,q.

e (Lemma 4 and Remark 2) Choose I, for a given specification Peals) = 7

3. Controller:

®  (Lemma 5 and Theorem 1) For a given specification wy.(= @Wo(0)) in the nominal
system (8), increase ky to obtain the error dynamics 9. ~ —Ay:D. for some choice
Ave >> Wye.

4. Self-tuner:
o (Lemma 2) After specifying ps; = Bt with Bst > 0, increase ps; and Bs; considering the

s

maximum closed-loop bandwidth (&W,c > @y) from the hardware specification.

This process obtains the closed-loop tuning results for Section 5.

5. Experimental Results

Figure 3 visualizes the experimental setup comprised of the prototype 3 kW three-
phase inverter, inductor, output capacitor, and digital signal processor (DSP; Texas Instru-
ment (TI) DSP28377, Dallas, TX, USA) board. The passive component (e.g., inductance and
capacitance) values were given as R = 0.038 (3, L = 1 mH, and C = 80 pF. The DC-Link
level was set to V;. = 90 V with the bi-directional power supply. The synchronization
for control and pulse-width modulation (PWM) periods was done to 0.1 ms of internal
interrupt service routine. An additional laptop PC using MATLAB/Simulink (2022a) was
used to observe and collect the real-time system responses, such as current and voltage,
under the controller area network environment.

The control algorithms were realized using the nominal parameter values Ry = 0.8 R,
Ly = 13 L, and Cy = 0.9 C for taking into account the parameter variations in this ex-
perimental study. The design parameter tuning result was given as follows: (observer)
kops = 20, 15, = 628, (DOB) I, = 942, (self-tuner) s+ = 20, pst = 10/ s, and (active damping)
ky =5 x 1073 with the cut-off frequency wy, = 12.56 rad/s (foc = woc /27w = 2 Hz).

The conventional PZC technique comprised of proportional-integral control and
feed-forward compensators was chosen for comparison and given by the following specifi-
cations [10]:

e (Outer-loop)
T
iref = —bapVe + Lowoc¥e + by pwoc /0 Vodt — Cow,Jve

e  (Inner-loop)
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~ t ~ ~
u = Lowedi + Rowee / T — Low,Ji, T = irey — i, ¥ > 0,
0

The specifications also included with the additional inclusion of active damping term
—b, ,v. for a better performance and tuned parameters b;, = 0.5 and w.. = 1885 rad/s
(fee = wee /21 = 300 Hz); this control also tries to assign the desired cut-off frequency wey,
to the closed-loop system, which is identical to the control objective of proposed controller.

Control Bdard

: (DSP28377)

Figure 3. Experimental setup.

The next sections clarify the practical advantages of the proposed PD-type controller
through the comparison study with the PZC controller in the output voltage tracking and
regulation tasks under the linear (resistive and resistive-inductive) and nonlinear (rectifier)
load variations.

5.1. Performance Comparison for Linear Load Variation
5.1.1. Tracking Task

This section observes the tracking performance variations under the use of three
resistive loads Ry = 2, 4, 10 Q. The output voltage reference was suddenly increased
from its initial value r = 15V to v = 30 V. Figure 4 shows that there were no tracking
performance variations under the proposed control, but they were present under the PZC
control, in the absence of current feedback for the proposed control system. Moreover,
the proposed self-tuner effectively improved the closed-loop performance in the transient
periods by increasing and restoring the feedback gain (e.g., feedback-loop adaptation).
This beneficial point comes from the observer, online self-tuner, active damping, and
DOBs embedding in the proposed controller. The resultant a-phase voltage responses
are depicted in Figure 5 with the consistent closed-loop performance with the proposed
controller in the presence of operating condition changes. Figures 6 and 7 show the d-q
current responses to be driven more rapidly by the proposed controller than the PZC
controller. The load current waveform for each controller is presented in Figure 8, resulting
in the total harmonic distortion (THD) calculation result of 1.1% (approximately the same
with both controllers), which is acceptable for the actual applications. Figure 9 presents
the observer error behaviors in this task with the successful state estimation results by
rendering the estimation error to be convergent to zero by the proposed observer. The DOB
and self-tuner responses are shown in Figures 10 and 11.

69



Energies 2024, 17, 1738

< Proposed Controller > ' < PZC Controller >
30[V] 30[V]

’ —v, (@R, =20Q)
—:v,, (@R, =4Q)
_:v(-,d(@RL =10Q)
==V, 0 (@@, =12.5 rad/s)

15[V]

5 [V/div] Time [ZQOm/diV] I S [V/div] Time [200m/div]

-
il

Figure 4. d-axis output voltage tracking performance variation comparison for three resistive loads

Ry =2,4,10 Q.

v, (@R, =2Q)
Vo (@R, =4Q)
v, (@R, =10Q)

L

Time [SOm/div] 110 [V/div]

< PZC Contyoller >

Time [50m/div]

Figure 5. a-phase output voltage (V) tracking performance variation comparison for three resistive
loads R;, = 2,4,10 Q.

" < Proposed <PZC Controller >

—:i,(@R, =2Q)
—:i, (@R, =4Q)
—:i,(@R, =10Q)

7

{2 [A/div] {2 [A/div]

Time [2QOm/diV] 3 Time [200m/div]-

Figure 6. d-axis current response comparison under tracking task for three resistive loads Ry = 2, 4, 10 Q.

" < Proposed Controller > " <PZC Controller >

il —:i, (@R, =20Q)
—:i,(@R, =4Q)
—:i (@R, =100Q)
11200 [(mA/div] Time [200m/div] | 1200 [mA/div] _ Time [200m/div]

Figure 7. g-axis current response comparison under tracking task for three resistive loads Ry = 2, 4,10 Q.

70



Energies 2024, 17, 1738

i+

Time [S'Om/di\(] Time [50m/div] |

Figure 8. a-phase load current response comparison under tracking task for three resistive loads

Rp =2,4,10Q.
IH
—:v'««z—@(@Rn:m) | —'y,_ -7, (@R, =2Q).
—w - ‘/\/ (@R, =4Q) —_ 1""/, - \iq(@RL =4Q)
| —v., 7., (@R, =10Q) | —:vl,:[,/—\i(@RL=IOQ)'
Izo [Value/div] Time [200m/div] IZO [Value/divl " Time [200m/div]

Figure 9. Observer error responses under tracking task for three resistive loads Ry, = 2, 4, 10 Q).

i+

\ DL
AT r
Wiy, T n T L PP v

g I
i —:d_(@R,=2Q) L,
—.d (@R, =40) (@R =4Q)
_:/‘:(@RLZIOQ) i —Zdw(@RL:lOQ)
0.5 [Value/div] .
Time [200m/div] 12 [Value/div] Time [200m/div]

Figure 10. DOB responses under tracking task for three resistive loads Ry = 2, 4, 10 Q.

IIO [(rad/s)/div] i 1200m/div]

Figure 11. Self-tuner response under tracking task for resistive load R; = 10 Q.

5.1.2. Tracking Task under Resistive-Inductive Load

This section demonstrates the tracking performance variations for three resistive—
inductive load pairs of (R, =2 Q, L =1H), (R =4Q, L, =1H),and (R, =100,
L; = 1 H) under the same settings as in Section 5.1.1. Comparing the output voltage
responses in Figure 4, Figure 12 indicates the consistent output voltage responses by
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the proposed controller for resistive and resistive-inductive load operations, unlike the
conventional PZC controller. The corresponding a-phase voltage responses are presented
in Figure 13 with considerable rapidity and consistency, compared with the PZC controller.

< Proposed Controller > < PZC Controller >

30[V]

30[V]
:vz'.z[(@-RL :29)
/ _:"A.L/(@R/ :49)
© =, (@R, =10Q)

==V iae (@@, =12.5 radls)
15[V]

5 [V/div]

5 [Vidiv] Time [200m/div] Time [200m/div]

=

Figure 12. d-axis output voltage tracking performance variation comparison for three resistive-
inductive load pairsof (R =2Q, Ly =1H), (R, =4Q,L; =1H),and (R =100, Ly = 1 H).

ngroller < PZG Cantpllgr >
v (@R, =2Q)
it v, (@R, =4Q)
v, (@R, =10Q)

|

Time [50m/div]

Time [SOm/div]

Figure 13. a-phase output voltage tracking performance variation comparison for three resistive—
inductive load pairsof (R =2Q, Ly =1H), (R, =4Q,L; =1H),and (Rp =100, Ly = 1 H).

5.1.3. Regulation Task under Resistive Load

This section demonstrates the output voltage regulation performance improvement
at the fixed 30 V operation mode with three sudden resistive load change scenarios from
the initial resisitve load Ry, = 10 Q) to 1.6 ), 3.3 (), and 5 Q). Figure 14 depicts the
regulation performances from the proposed and PZC controllers by showing the d-axis
voltage responses. There were significant performance improvements rather than the
tracking task under the three load variation scenarios with the considerable reduction of
transient periods by the proposed controller. This improvement was also presented in
a-phase voltage responses shown in Figure 15. Figures 16 and 17 depict the d-q current
whose rapid behaviors result in this output voltage’s regulation performance improvement.

" < Proposed Controller > " <PZC Controller >
30[V] o 30[V]

—:v, (@R, =105 1.6Q)
—:v, (@R, =10 -3.3Q)
—:v., (@R, =10-5Q)

IS [V/div] 5 [V/div]

Time [2Q0m/div] I ITime [2QOm/div],

|||-_
Figure 14. d-axis output voltage regulation performance comparison under three resistive load
change scenarios as R, =10 — 1.6, 3.3, 5 Q).
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< Propésed Controller >n n n J‘ ﬁ L A ’L n n n " <PZC Controller >
Ve (@R, =105 1.6Q)
i Z\‘H’((R =10—-3. 7Q)
l v, (@R, =10 >5Q)
[20 [V/div] Time [100m/div] 120 [Vigiv] Time [100m/div]

Figure 15. a-phase output voltage regulation performance comparison under three resistive load
change scenarios as R, =10 — 1.6, 3.3, 5 Q).

' < Proposed Controller > } ' <PZC Controller >

!
[\ —:i, (@R, =10 1.6Q)
—:i,(@R, =10-3.3Q)
—:i,(@R, =10 5Q)

Js [A/div] [5 Adiv]

framem

Time [200m/div] ‘ | Time [200m/div]
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Figure 16. d-axis current response comparison under regulation task for three resistive load change
scenarios as R =10 — 1.6, 3.3, 5 Q).

< PZC Controller >

"< Proposed Controller >

! —:i (@R, =10 -1.6Q)
—.i (@R, =10-3.3Q)
i (@R, =10-5Q)
1500 [mA/div] Time [200m/div] | {500 [mA/div] Time [200m/div]

Figure 17. g-axis current response comparison under regulation task for three resistive load change
scenarios as R = 10 — 1.6, 3.3, 5 Q.

5.2. Performance Comparison for Nonlinear Load Variation
5.2.1. Tracking Task

This section uses the nonlinear loads comprised of the three-phase diode rectifier and
single resistor to evaluate the output voltage tracking performance improvement. This
experiment was conducted three times for three single resistors of 2, 4, and 10 Q). The same
output voltage reference for the resistive load case was used. Figure 18 shows similar result
as the resistive load case, except for the voltage ripple magnification from the three-phase
diode rectifier switching actions. There were no tracking performance variations under
the proposed control, but they were present under the classical control, in the absence of
current feedback for the proposed control system.
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< Proposed Controller > ' " <PZC Controller >

—:v,,(@Rec. Load with R, =2Q)
—:v_,(@Rec. Load with R, =4Q)
—:v_,(@Rec. Load with R, =10Q)

IS [V/div] IS [V/div]

Time [100m/div] Time [100m/div]

Figure 18. d-axis output voltage tracking performance variation comparison for rectifier load with
three resistors of R;, =2, 4,10 Q.

5.2.2. Regulation Task

This section verifies the output voltage regulation performance improvement under
the nonlinear load where the resistor value attached in the three-phase diode rectifier was
abruptly changed from 10 Q) to 1.6, 3.3, and 5 Q). The output voltage reference was fixed to
30 V. Figure 19 also shows the similar result as the resistive load case, except for the voltage
ripple magnification. The proposed controller provided a considerable better regulation
performance with the reduction of undershoot magnitude and transient periods.

< Proposed Controller > " <PZC Controller >

300v]

—:v,, (@R, =10—>1.6Q)
—:v_ (@R, =10-33Q)
—:v, (@R, =10 5Q)

IS [V/div] Time [100m/div]

IS [V/div Time [100m/div]

fin
il

Figure 19. d-axis output voltage regulation performance comparison for rectifier load with three
resistor value change scenarios as Ry = 10 — 1.6, 3.3, and 5 ).

5.3. Tracking Task: Self-Tuner Effect

This section presents the merit of variable cut-off frequency from self-tuner under the
tracking task with the resistive load R; = 2 ). The self-tuner design parameter 5 was
increased to 0, 20, and 50 with the step reference from 15 V to 30 V. As intended, Figure 20
shows that the increased cut-off frequency excitation level resulted in the improved tracking
performance without any over- or undershoots due to the performance recovery property
proved in Theorem 1.

30[V]
— a0, (@ y, =50)
— 0, (@y, =20)
—:a,(@y,=0)

- :VL'.II (@ }/.u = 50)
— v, (@y, =20)
- Vc.d (@ }/.\r = 0) ==
5 [V/div] Time [100m/div] 11256 [(rad/s) i) Time 100mydiv]

i

Figure 20. d-axis output voltage tracking performance variations and cut-off frequency behaviors as
increasing s = 0, 20, and 50 under resistive load Ry =2 Q).
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5.4. Summary
This section concludes the experimental studies in Sections 5.1 and 5.2 by showing the

quantitative comparison results obtained from the metric function | := \/ fooo Ve des — Vel|?dt.
This comparison additionally included the case of a conventional multi-loop PI controller
tuned for the base bandwidth wy, . Figure 21 shows the table summarizing the performance
comparison results indicating an improvement of 31 % at least by the proposed technique.

J Linear Load Nonlinear Load Aver

Tracking JRegulation] Tracking JRegulation] age

gmlmsed 2593 1815 2812 2733 | 2488
ontroller

c PzC 3127 3472 3715 4113 | 3606
ontroller

c P 4882 4255 5133 5739 | 5002
ontroller

Figure 21. Performance comparison results.

6. Conclusions

The proposed output voltage regulator was designed without the current feedback
with the consideration of practical constraints, system parameter and load variations. The
output voltage derivative observer was proposed to estimate the actual state without
dependence on system parameters, which removes the need for current feedback. The
improved closed-loop robustness was secured by the combination of active damping and
specific forms of PD gains, leading to the closed-loop system order reduction to 1. Moreover,
the beneficial closed-loop properties, named performance recovery and offset-free, were
guaranteed by the closed-loop analysis. The various experimental data verified the practical
advantages of the proposed controller. As a future work, the proposed technique will be
expanded as a solution to the phase voltage and current synchronization problem for
multiple power converters, providing an optimization process to automatically determine
the design parameters for the controller, observer, DOB, etc.
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Abstract: The operation envelope of distribution networks can obtain the independent p-g con-
trollable range of each active node, providing an effective means to address the issues of different
ownership and control objectives between distribution networks and distributed energy resources
(DERs). Existing research mainly focuses on deterministic operation envelopes, neglecting the op-
erational status of the system. To ensure the maximization of the envelope operation domain and
the feasibility of decomposition, this paper proposes a modified hyperellipsoidal dynamic operation
envelopes (MHDOEs) method for distribution networks based on adjustable “Degree of Squareness”
hyperellipsoids. Firstly, an improved convex inner approximation method is applied to the non-
convex and nonlinear model of traditional distribution networks to obtain a convex solution space
strictly contained within the original feasible region of the system, ensuring the feasibility of flexible
operation domain decomposition. Secondly, the embedding of the adjustable “Degree of Squareness”
maximum hyperellipsoid is used to obtain the total p-q operation domain of the distribution network,
facilitating the overall planning of the distribution network. Furthermore, the calculation of the
maximum inscribed hyperrectangle of the hyperellipsoid is performed to achieve p-q decoupled
operation among the active nodes of the distribution network. Subsequently, a correction coefficient is
introduced to penalize “unknown states” during the operation domain calculation process, effectively
enhancing the adaptability of the proposed method to complex stochastic scenarios. Finally, Monte
Carlo methods are employed to construct various stochastic scenarios for the IEEE 33-node and
IEEE 69-node systems, verifying the accuracy and decomposition feasibility of the obtained p-g
operation domains.

Keywords: distributed power supply; distribution network; the voltage exceeds the limit; convex inner
approximation method; operational envelope; hyperellipsoid; unknown state; operational domain

1. Introduction

In response to the national dual carbon goals, in recent years, there has been a high
penetration of distributed energy resources (DERs) in distribution networks, accompanied
by a significant increase in flexible and controllable resources [1,2]. Consequently, the
operational risks of the systems have risen sharply. However, there are differences in the
focus of control between the dispatch center and DERs. The dispatch center primarily
coordinates system operations while satisfying constraints for safe operation, while DERs
primarily aim to maximize their own benefits. There is some conflict between the two
parties during operation. To achieve safe and reliable operation of the distribution network
and flexible control of controllable resources, it is particularly important to carry out
precise calculations of the operating domains [3] of each active node (i.e., nodes connected
to flexible and controllable resources such as DERs) in the distribution network, and to
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achieve decoupled operation of each active node by controlling the output of flexible
resources, such as distributed generation at each node.

In order to achieve the safe and reliable operation of the distribution network and
the flexible regulation of controllable resources, the operation domain [3] of each active
node in the distribution network (that is, nodes that flexibly regulate resources such as
access to DERs) is accurately calculated, and the decoupling operation of each active node
is realized by controlling the output of each node’s flexible resources, such as distributed
power supply.

The relevant literature proposes reactive voltage [4], active voltage [5], sag control
curves, and reactive—active cooperative control strategies [6] for the direct control of DERs,
enabling them to satisfy the safe operation constraints of the distribution network. However,
it is challenging to monitor the operation status of DERs in real time [7].

The authors of [8] proved for the first time the existence of all distribution network
security operation domains and provided a strict definition thereof. The calculation of
the safe operating domain for distribution networks relies on the precise localization of
stable operating boundaries. The authors of [9] gradually observed the system’s operating
status to obtain the local boundaries of the safe operating domain in distribution networks,
while [10] obtained a collection of flexible operating points for DERs in terms of active
and reactive power through extensive simulations of practical application scenarios using
the Monte Carlo method. In [11], the problem of determining the critical point of stable
operation of the system is transformed into the problem of finding the optimal solution,
and the piecewise linearization method is used to fit the security domain boundary and
generate the observable security domain space.

However, the above study cannot fit the boundary of the operation domain more
accurately, and the related study [12] further proposes using the dynamic operation en-
velopes (DOEs) method of the distribution network operation domain to compute the
safe operation domain of the distribution network. The solution of the flexible operation
domain of distribution networks needs to follow two principles: one is to maximize the
volume of the operating domain under the premise of approaching the actual solution, in
order to improve the utilization rate of system capacity and ensure the flexible operation of
the system; the other is to ensure the decomposition feasibility of the resulting operation
domain, i.e., without violating the operation constraints of the network or the DERs, a com-
plete trajectory of the total power in the feasible region can be obtained by appropriately
scheduling the DERs.

The papers [13,14] are based on the exact unbalanced three-phase power flow method.
On the premise of ensuring safe system operation, this method gradually adjusts the input or
output power of fixed loads according to the system’s operating status [15]. However, the
method involves multiple iterations, the safe operating domain enveloped is conservative, and
the conservative use of the network capacity leads to the waste of system resources [16-18].
Some scholars have proposed a method based on the unbalanced three-phase optimal power
flow (UTOPF) computation [19], which takes the maximum of the scheduling region as the
objective function to obtain the allowable regulation range of DERs. However, this method
sacrifices the accuracy of running domain calculations. To solve the problem that UTPF and
UTOPF methods are too conservative or have low solution accuracy, [20] collected a large
amount of system data and used machine learning algorithms to fit a black-box model of
the system for predicting DERs. However, this type of method relies on the accuracy and
real-time nature of the data.

Existing studies mainly use conventional parameterized convex sets to fit the flexible
operation domain of distribution networks; however, due to the randomness of DERs
and the diversity of distribution network equipment, this method has poor adaptability
to complex and stochastic scenarios, leading to the intensification of the system security
risk during network operation. Considering that the ellipse has high adaptability and
can dynamically adjust its parameters to change its size and shape, adapting to different
operating states of the system, [21] proposes the p-q optimal elliptic safe operation domain
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envelope method for distribution networks with time decoupling, but this method only
provides the total safe operation domain for the system operation, and it cannot provide
the safe operation range for each active node separately. The authors of [22] constructed a
rotating rectangular model for the operating envelope for each active node to obtain the
p-q flexible operating domain between each active node, but the p-g of each active node
cannot be independently regulated and cannot provide a specific scheduling scheme for
the distribution network.

The operating domains of the active nodes in the distribution network exist in different
spaces, and mapping from high-dimensional feasible domains to low-dimensional ones
can result in the loss of depth information. However, most current research focuses on
low-dimensional operating domains, which can easily lead to system violations [23-25]
even when all active nodes follow the calculated flexible operating domains.

To solve the above problems, this paper first adopts the improved convex inner
approximation method to obtain the convex solution space strictly contained in the original
feasible region of the system, so as to ensure the feasibility of the flexible operation domain
decomposition of the distribution network under the high proportion of new energy
penetration. In order to avoid the loss of depth information accompanied by the mapping
of the high-dimensional feasible domain to the low-dimensional one, a superellipsoid is
proposed to obtain the maximum inner connected super-rectangle of the multidimensional
feasible domain, and to realize p-q decoupling of the operation between each active node
of the distribution network. A “Degree of Squareness” adjustable superellipsoid with
higher adaptability is further proposed to envelope the flexible operation domain of the
distribution network, which is closer to the optimal solution while achieving a pre-specified
level. In view of the randomness of DERs and the diversity of distribution network
equipment, a penalty term is added to the objective function considering the running state
of each node to improve the applicability of the model to calculate multiple scenarios.
Finally, for IEEE 33-node and IEEE-69 node systems, the Monte Carlo method is used to
construct a variety of random scenarios, and the accuracy and decomposition feasibility of
the p-g running domain are verified.

The remainder of this paper is structured as follows: Section 2 examines the use of an
improved convex inner approximation method to obtain a convex solution space within the
original feasible region of the distribution network, ensuring the feasibility of decomposing
the flexible operation domain of the distribution network. Section 3 proposes a new flexible
envelope method for the operation domain of distribution networks based on adjustable
“Degree of Squareness” hyperellipsoids. Section 4 presents the simulations and analysis,
while Section 5 provides the conclusions.

2. Feasible Domain Modeling Based on Network Operational Constraints

The active distribution network model encompasses multiple sets of constraints, with
the power flow constraints exhibiting non-convex nonlinearity [26]. To ensure the feasibility
of decomposing the flexible operation domain of the distribution network, it is crucial to
rewrite the original distribution network model.

2.1. Rewriting of the Power Flow Model of the Distribution Network

Although the traditional distribution network model convex relaxation method [27-29]
provides a good solution space for distribution network optimization, it cannot guarantee
that the model is strictly contained in the original feasible region of the system, and
the boundary conditions are often difficult to meet. Therefore, this paper introduces an
improved convex inner approximation method to obtain a convex solution space strictly
contained in the original feasible region of the system.

A feeder line of a distribution network is generally expressed, as shown in Figure 1.
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Figure 1. Radial network equivalent model.

In Figure 1, Uy is the voltage of the first node; U; and Uj; are the voltage of node i and j,
respectively; p; and g; are the net injected active and reactive power, respectively, at node 7;
Pjj and Q;; are the active and reactive power of branch ij, respectively; [;; is the current of
branch ij; and Z;; = R;; + jXj; is the impedance of branch ij.
izj' P= [PZ-]-}T, Q= [Qij]T, and reference [30] were used to process
the original distribution network model, and the following results were obtained:

In this paper, [;; = I

{PICPDRI (1)

Q= Cp—Dyxl’

where C= (I—A) 5 p=[p]';Dx = I-A) 'AX;Dg = (I-A) 'AR;C= (I-A) " ;
I = [Iizj]n ; A is the association matrix of nodes and branches; and the matrix (I — A) is
invertible [30].

The variables P and Q are coupled to each other [31,32], and the rest of the variables
except for the branch currents are decision or state variables, using I as an intermediate
quantity to denote the other variables.

Using p and [ as decision quantities, the upper and lower bounds for each proxy
variable can be obtained:

P" = Cp — Drlmin

P~ = Cp — Drlmax

Q" = Cq — DxtImin — Dx—Imax
Q™ = Cq — Dx+Imax — Dx—Imin

)

where Dy is a non-negative element in matrix Dy; g = [qi]T ; Dx_ is a negative element in
Dx; g7 = g(p™); Imax and L, are the maximum and minimum values of I(p), respectively;
andP- <P<P',Q <Q<Q".

The state variables P and Q are functions of the branch currents . Therefore, the
accuracy of the relaxation depends on the values of the upper and lower bounds of I. The
relaxation bounds of / will be illustrated below.

For the branch ij, the second-order Taylor expansion of the branch power flow rate

2
based on the rated operating point x?j = col { Pi(])., Q?j, (U?) } of the system is given by the
following expression:
I~ 45+ %JTH(S, (3)

where [0 = l(x%) indicates | when the system is at the rated operating point, while the
matrices J, |, and H are defined in reference [33]:

2 2 2
ali]' ) l;j ) l,']' ) lij
Pij o PI(; aPl‘/' aP’_j aP,'jaQi]‘ aP,-javj
. A0 . ol;; . leij leij azl,»j
o= Qj Q1] = Qi |’ H= 0Q;;0P; Q5 0Q;j0v; |
.0 y
Z)] U]’ gi‘l;] azl,‘j azl,‘j a2li]'
] Bv]aPl] a’()]an] 80]2
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The derivation of the upper and lower bound expressions for [ is shown below:
1=l ~ ‘10 +JT5 + %(5TH§’
< [1°] + [17o] + |36 THS| @
< 1%+ max{2|]J"§|, |§THS|},

(STH(S‘} = Imax, ®)

7

1 <194 max{Z’]LLr,]T_J,

1> 4706 4756, = lnin, ©)

where ], and J_ are matrices consisting of non-negative and negative elements in J, respec-
tively, while J, and §_ are matrices consisting of non-negative and negative elements in &,
respectively. I\jn may be negative, but /;; = I 12] > 0, so the lower bound of /;; should take
the value of max{0,/,in}-

After defining the upper and lower bounds of [, P and Q can be replaced by proxy
variables to obtain a convex solution space inside the initial non-convex region.

2.2. Distribution Network Constraints

The following constraints need to be met for distribution network operation:

Lij < lijmax
Uimin < Ui < Ujmax
Pijmin < Pjj <
Pl% + lej <82

ij,max

b j,max

, @)

P,

n
qi PL,i =U; 'Zl UJ(GZ] Ccos 91‘]' + Bij sin 91])
]:

n
Qgi — Qi =U; '21 U;(Gijjsinb;; — Bjj cos b))
j=

where: [jj max is the upper limit of the branch current amplitude; U; and U; are the voltage
amplitudes at nodes i and j, respectively; U; max and U; nin are the upper and lower limits
of the node voltage amplitudes, respectively; P;; and Q;; are the active and reactive powers
of the branch i7j, respectively; Pjjmin and Pjjmax are the upper and lower bounds of the
active power of the branch ij, respectively; G;; is the conductance of the line ij; 6;; is the
phase-angle difference between the voltages at nodes i and j; S;j max is the apparent power;
P, ; is the active power injected by the power supply at node i, and P ; is the active power
consumed by the load at node i; Q, ; is the reactive power injected by the power supply at
node 7, and Q ; is the reactive power consumed by the load at node i.

3. Construction and Improvement of Flexible Operational Domain Models

Due to the loss of depth information accompanying the mapping from high-dimensional
feasible regions to lower dimensions, even if all active nodes are located within the cal-
culated flexible operation domain, the network may still face operational safety risks.
Therefore, when using polygon or ellipse approximation methods to solve for the flexible
operation domain of the distribution network, the obtained capacity allocation schemes
may not all be practically feasible.

3.1. Distribution Network Operating Envelope Definition

The feasibility region (FR) model developed above, denoted as F(p, q), is represented

as follows:
F(p,q) ={(p.9) | up+nq+ BA =, uA <}

- ] 8
={(p0) | —um ap < b+~ (0 - w) |, ®
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where: p={Py, ..., Py}, and g ={q1, ..., qu}; p and g are the variables corresponding to the
active and reactive power to be optimized, respectively; A is the vector consisting of all the
variables of the distribution network (including state and control variables); 11, T2, T3, T4,
{1, and /; are the constant parameter matrices of suitable size, and T4 = —147; LogA<i,
indicates all distribution network operation constraints, including the voltage amplitude
and current amplitude constraints of distribution lines.

F(p,q) provides a guideline for the safe operation [34,35] of the distribution network;
however, the high penetration rate of resources such as DERs exacerbates the risks asso-
ciated with active distribution network operations. Issues like voltage overruns and line
overloads become prominent, and to achieve practicality within this feasible domain, it
is necessary to consider the coupling between controllable resources at each node of the
distribution network [36,37].

In this paper, we aim to find a decoupled feasibility region (DFR) within the convex
solution space of the original feasible region of the system, which allows p-7 independent
scheduling among active nodes, and each active node can control its power independently
within the boundary of the DFR without violating the network operation constraints, so as
to achieve the decoupled operation of each active node in the active distribution network.
The DFR is represented as a hyperrectangle in multidimensional space, and Figure 2 shows
the schematic diagram of the decoupled p-g operation domain between active node 1
and active node 2, where HF is the high-dimensional feasible domain space. From the
perspective of spatial geometry, the power planes of each active node should be orthogonal
to each other [22].

Figure 2. A p-q decoupling diagram between active nodes.

The mathematical expression for the hyperrectangle is as follows:

- < < pt
E(po,a) —{ peEnER )

where v is the vth active node of the distribution network; p,” and p, are the upper and
lower bounds of active power after decoupling of node v, respectively; g, and g, are the
upper and lower bounds of reactive power after decoupling of node v, respectively.

3.2. Tunable Superellipsoid Running Envelope Solution Model Based on “Degree of Squareness”

Due to the loss of depth information associated with the mapping from high-dimensional
to low-dimensional feasible domains, the network may still face the risk of safe operation
even if all active nodes are located in the calculated flexible operation domain. There-
fore, the capacity allocation schemes obtained by using polygon or ellipse approximation
methods to solve the flexible operation domain of the distribution network may not all be
practical and feasible.
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As shown in Figure 3, the blue indicates the baseline operating point, and the
red “*” indicates the actual operating point. it is assumed that active nodes 1 and 2 have
operation points ©’ and ©”, respectively, at a certain moment, both of which are located in
their respective flexible operation domains, but the risk of voltage overrun still occurs for
the system. The process of mapping the high-dimensional model to the low-dimensional
model is irreversible with missing depth information.

Proja(Hr)

Projl (Hp)\

Figure 3. Run domain assignment: non-feasible example.

In Figure 3, Pyoj1 and P are its mappings on different low-dimensional running
domain spaces for three-dimensional examples, while O syp are the ellipsoidal running
domains obtained from the low-dimensional feasible domain approximation.

Aiming at the above problems, this paper proposes a flexible operation domain
envelopment method based on hyperellipsoids to avoid the loss of depth information due
to dimensionality reduction; by embedding the maximum hyperellipsoid in the polyhedron
FR in order to obtain the maximum hyperrectangle, we achieve the p-q decoupled operation
among the active nodes of the power distribution network.

The hyperellipsoid is essentially a stretching transformation of the unit sphere, with

the following formula:
O =0+ Lw
e= {0 e s (10)
w: ol <1

where w is the coordinate vector of the point inside the superellipsoid, O, is the center of the
superellipsoid, and L is a positive definite v — 1-dimensional diagonal matrix representing
the lengths of all axes of the ellipsoid.

Figure 4 shows the schematic diagram of the flexible operation domain envelope
method based on the superellipsoid, which first searches for a maximal superellipsoid
within the convex solution space of the original feasible region of the system to obtain the
total p-q operation domain of the distribution network, which is convenient for the overall
planning and operation of the distribution network, and further calculates the maximal
internally connected super-rectangles of the superellipsoid, which achieves the decoupling
of the p-g operation among the active nodes.

Assuming that the coupling of multiple active nodes is not considered in this paper,
the ellipsoid approximation method has a good envelope for the two-dimensional flexible
operation domain projected by an active node, but the actual operation of the system needs
to take into account the coupling of multiple active nodes in order to determine the feasi-
bility of the capacity allocation scheme; therefore, the construction of a high-dimensional
p-q operation domain is particularly important. According to the existing studies, the
three-dimensional running domain derived from multiple sets of two-dimensional p-g
elliptic running domains is not necessarily a standard ellipsoid but, rather, an ellipsoid
with “square degree”. This conclusion can be extended to higher dimensions.
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— DFR

g

Figure 4. Dynamic operation envelope method based on hyperellipsoids.

From the above analysis, the dynamic envelope of the flexible operation domain of the
distribution network considering the “Degree of Squareness” adjustable superellipsoid can
be closer to the optimal solution based on reaching the pre-specified level. Figure 5 shows
the power boundary curves of the active nodes with different squareness parameters .
The power curves are convex when > 1 and are closer to the rectangle as 5 increases.
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Figure 5. The concept of a “square” adjustable hyperellipsoid.

Consider the “Degree of Squareness” adjustable hyperellipsoid, which can be ex-

pressed as follows:
®=0:;+Lw
SZ{w:HaJHgél}’ (11)

In this paper, the squareness parameter § is adjusted in order to expand the volume
of the superellipsoid, but the volume of the superellipsoid changes slowly as the param-
eter becomes larger, so in this paper we take B = 2K (K is a positive integer), and the
superellipsoid equation is further expressed as follows:

oo {@:@C—f—Lw}l (12)
w:w ey

where v, = {yl \ yii < Yig1,i Vi, Yk <K =15 |y, < 1} is the set of constraints, where
Yk is an intermediate vector variable,y; ; is the ith element of vy, and 7}, contains mK + 1
quadratic constraints.

Using the “Degree of Squareness” adjustable hyperellipsoid parameters, the formula
for the volume of the tangent hyperrectangle is obtained as follows:

Vh = 2KH|Liiwi| = 2Kdet(L)H wi;, (13)
i
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where wj; is the ith element of w.
The optimal solution w; is denoted when the volume of the interior hyperrectangle
is maximized:

w; = argmax ‘§:12Kdet(L)210g(wi) =9 1/, (14)

w:||w|

where w :|| w ||g: 1 is the surface of the “square” adjustable hyperellipsoid.
The hyperellipsoid’s internal tangent hyperrectangle can be re-expressed as follows:

Vi, = (20" det(L), (15)

Most of the existing studies ignore the operation state of each active node, and the
solved operation domain is fixed. In order to reflect the flexibility of the operation domain
solution and weaken the unfavorable effects of the uncertainty and complexity of resources
such as DERs, this paper presents the following discussion:

(1) Disregarding node operational states

The problem of computing the maximum internally connected hyperrectangle of a
hyperellipsoid can be expressed as follows:

Vimax = max log(det(L))
’ P, L Be

:maxn(pf +Pi_)(qi+ +qi_)
i o (16)
:maleog(pi +p7)(a +a;)
— maxZ[log(p;r +p;)]
1
+log(q;" +4;),
st. p<p<pq<q<y,
sttt w
<l -1t (6 —109),

where p and p are the upper and lower bounds of the active power constraints, respectively,
while 7 and g are the upper and lower bounds of the reactive power constraints, respectively.
(2) Consideration of node operational state
When the operating state of the node is unknown, introduce correction coefficients 7,
penalizing ) |O.(7)| in the objective function to ensure that the inputs and outputs are as

1
equal in magnitude as possible and V), can be maximized as follows:

Vimax = max log(det(L)) —n ¥ ¢;
p.4,L,Oc i
= Y log(Lij) —n L&i
=max[](p] +p; )(q +4;7) —nLG
: Nt~ l (18)
=maXZlog(Pi +p; )(‘7,‘ +4; )"72@1’
= max }_[log(p;” + p; )]

+log(q +4q;) — L&
1
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st. psp<pqgsqg=7q
Ty Ly + TamOc < b +T4(l1 — 1q) , Vi1 € i) (19)
~& < 0c(i) — ALV < &, Vi,

where 7 is the correction coefficient, ¢; is the slack variable introduced by considering the
operating state of the node, ©.(i) is the ith element of the vector O, A; is a 0-1 variable

denoting the operating state of node 7, A; = 1 denotes the input power, A; = —1 denotes the
output power, and O, (i) — A;L;;/+/n is the proposed input/output limit to be assigned to
each node.

Formula (19) Constraint (3) ensures that the limit of output power is as close to 0 kW
as possible when the node inputs power, and the limit of input power is as close to 0 kW as
possible when the node outputs power, so that the node can freely vary its power between
0 kW and the assigned capacity limit. For example, if the node is outputting power, it will
be penalized as its input limit @, (i) + Lo~/ 2 in the objective function. Then, consider
the operational state of the customer after replacing n with 2K.

The upper and lower limits of the capacity of the active node are denoted as follows:

O (i) — Lijo /%, (20)

O (i) + Lo~ V%", 21)

where O, (i) and L;; need to be optimized.

For the uncertain y; € 7, in (19), a generalized formula for the maximum value
of T471Ly; is derived in order to enable it to express the general case of distribution
network operation:

T
maX(yy,..y)*" Yk

s.t. y,zcll- < Yk, Vk < K- 1/Vi(“k,i)/ (22)
[ykllo < 1(ax)

where x is a known vector, a row of 7471 L; &) and «; ; are Lagrange multipliers.
The Lagrange function of Equation (22) is

Wiagi e, yp) =Xy — L L oy — &x—1,ik,i]
2<k<K-1 i
~ w3 — ] — vl — 1)
1

23
2 2 (23)
i + k—1,i
doy;  p<k<x—17 A

—ax([lykll, = 1),

<xTy+ L
1

Then, amigl n;axW(zxk,i, ag,Yx) is an equivalent problem of Formula (22), which can be
ki®K YK

further expressed as follows:

2 2
x; K1,

minag + Y ,
i TAny o gck<k—17 4 (24)

st flag—1|| < ag,
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By introducing the intermediate variable t,,  ;, replacing x with [T47; L] ;’, and remov-
ing the minimum operator in the objective function of Formula (24), Formulas (18) and (19)
can be reformulated as follows:

max log(det(L)) — 7 YX¢;,
p4,LOc i

st.p<ps<pg=q9=q,
Wpk+ L Ltuki + [Ta110Ocl,
k<K-1 i

< [la +T4l1], — [Tam24],,), Ym, (25)

2
([?4T1 L]m,z‘) < 4o itm,,i,Ym, Vi,

02 S Ay itk Ym, k€ {2,...,K—1},Vi,

1

H“%k—le < X kr Vm,
_gi < @c(l) — Al'Ll'l"Uil/zK < éi,Vi,

where [-];; denotes the mth row of the matrix or the mth element of the vector, and [-],, ;
denotes the (m, i)th element of the matrix.
The corresponding maximum internally connected super-rectangle M is obtained by
solving the above formulas:
—L¥ y L* .
T;—i_@c,i <Spi s ﬁ—i_@c,i

M= i=1,...,0, (26)

~L; L
T 0L <4< 0,
where L* and O} are the maximal hyperrectangles L and @, respectively, and ¢ =i+ 1,
corresponding to the maximal hyperellipsoid at its maximum.

4. Experimental Verification

In this paper, IEEE 33-node and IEEE 69-node systems were used for simulation
and analysis, the system topology and related parameter settings were derived from the
literature [38,39], and the Monte Carlo method was used to construct a variety of stochastic
scenarios to verify the accuracy of the resulting p-g operation domain of each active node
and the feasibility of decomposition. The IEEE 33-node system used in this paper selects
nodes 6, 13, 9, 24, 30, and 33 as active nodes, while the IEEE 69-node system selects nodes
4,8,21,25,36,40, 45, 48, 52, and 60 as active nodes. The specific configurations of the IEEE
33-bus system and the IEEE 69-bus system are detailed in Appendix A.

Line loss is not considered in this study, so the line power flow constraint depends on
the network structure. The reference capacity of all examples was set to 10 MVA, and the
node voltage constraint ranged from 0.95 p.u. to 1.05 p.u. The CONOPT solver in GAMS
31.1.1 software was used to obtain the security domain boundary points. The hardware
environment of the test system was an AMD A10-8700P 1.80 GHz processor by AMD (Santa
Clara, CA, USA), and the memory capacity was 8 GB.

4.1. Total Operational Domain Envelope Security Assessment

Taking the IEEE 33-node system as an example, 1000 actual operating points were
randomly selected during the whole time period of the distribution network to analyze the
coverage of the actual operating points by the superellipsoid enveloping method and the
adjustable superellipsoid enveloping method with the “Degree of Squareness” compared
with the traditional convex dynamic operation envelopes (CDOEs) [40]. Considering
that there are errors in the prediction of the actual operation scenarios of the system, this
paper improves the prediction accuracy requirement by setting the maximum of hazardous
scenarios to not exceed 5%.
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Figure 6 shows the actual operating point coverage of the IEEE 33-node system
based on the CDOEs approach. Most of the actual operating points in the analyzed high
percentage penetration of distributable power are located inside and on the boundaries of
the operating domain of the envelope, where 14% of the actual operating points are located
outside the operating domain, exceeding the upper limit of the hazardous scenario setup.

Active power/p.u.

Figure 6. Envelope of actual running points for the CDOEs method.

Figure 7 shows the running domain covering the actual running points enveloped by
the HDOEs method adopted in this paper, and the analysis shows that the running domain
established by the HDOEs method can cover 91% of the actual running points, which is an
overall improvement of about 5% compared with the effect of the CDOEs method.

)
s

, Active power/paL.
= - =
Ly ooy Ty

5

Figure 7. Envelope of actual running points for the HDOEs method.

In order to obtain higher envelope accuracy and a larger envelope range, we added
the “Degree of Squareness” on the basis of the HDOEs method, and Figure 8 shows the
HDOEs method with an adjustable “Degree of Squareness” on the envelope of actual
operating points, which is able to cover 97% of the selected actual operating points, while
the envelope range is further improved by about 6% to meet the maximum upper limit of
hazardous scenarios set by the system.
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Figure 8. The envelope of actual operating points for the MHDOEs method.

4.2. Active Node Independent Regulatory Scope Analysis

The envelope of the distribution network operation domain needs to maximize the
operation domain in close proximity to the actual solution in order to improve the utilization
of the system capacity as well as the flexibility of the operation. Figure 9 compares the p-q
operation domains of each active node generated by the rectangular DOEs (RDOEs) [22]
method with the method proposed in this paper.
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Figure 9. Comparison of p-q operating domains of active nodes generated by different methods.

The blue color in Figure 9 shows the area covered by the rectangular envelopment
method, while the light orange color shows the area covered by the method proposed in
this paper. Figure 9a shows the p-g operation domain range of 6 active nodes of the IEEE
33-node system, while Figure 9b shows the p-g operation domain range of 10 active nodes
of the IEEE 69-node system, and both methods ensure that the benchmark operation point
is within the feasible domain of the enveloped area.

Figure 10 shows the area analysis of the operating domains enveloped by different
methods. Compared with the conventional RDOEs method, the HDOEs method proposed
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in this paper increases the operation envelope area, with an average enhancement effect
of 144.82% for the IEEE 33-node system and 131.21% for the IEEE 69-node system. By
using MHDOE:s to correct the operation domains encompassed by the HDOEs method,
the IEEE 33- and 69-node systems’ envelope areas are further improved by 9.87% and
1.37%, respectively.

157 — B RDOEs
T O HDOEs
5 | B MHDOEs
\9.1.0
<
8 4
=
0.5- I

IEEE 33node  IEEE 69 node

Figure 10. Different methods to run the envelope area comparison.

The above analysis verifies that the p-g operation domain envelopment method based
on the “Degree of Squareness” adjustable superellipsoid can expand the operation domain
on the basis of the existing method, providing more operable p-g adjustment ranges for the
active nodes, and the operation domain areas of the active nodes enveloped by the method
in this paper do not differ much, which is in line with the actual operation situation.

Table 1 shows the average errors generated by the RDOEs method, HDOEs method,
and MHDOEs method applied to the operating domain envelope of the IEEE 33-node
system and the IEEE 69-node system.

Table 1. Comparison of envelope mean error of different methods.

RDOEs HDOEs MHDOEs
IEEE 33 0.21 0.09 0.01
IEEE 69 0.23 0.13 0.02

As can be seen from Table 1, compared with the conventional RDOEs method, the
HDOEs method proposed in this paper improves the accuracy of the operational envelope,
where the average error of the IEEE 33-node system is reduced by 0.12, and that of the
IEEE 69-node system is reduced by 0.1. Using MHDOESs to modify the operating domain
enclosed by the HDOEs method, the envelope area of the IEEE 33- and 69-node systems is
further reduced by 0.08 and 0.11, respectively, so the security domain constructed by the
method in this paper is more accurate.

4.3. Operational Domain Envelope Time Analysis

Table 2 shows the analysis of the runtime domain computation time for different methods.

Table 2. Different methods to run envelope time analysis.

RDOEs HDOEs MHDOEs
IEEE 33 0.039 s 16.154 s 18.674 s
IEEE 69 0.055s 24.564 s 28.389 s

By analyzing Table 2, it can be seen that the HDOEs method and MHDOEs method
proposed in this paper directly envelope the operational domain in high-dimensional
space; thus, compared with the conventional RDOEs method, the calculation time of the
operational domain is longer, and the calculation time is slightly increased compared with
the RDOEs method but still remains at a small order of magnitude. The calculation time
of the operational domain meets the needs of the calculation of the operational domain of
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the distribution network. Moreover, for the IEEE 33- and 69-node systems, the operating
domain can be maximized on the premise of ensuring model accuracy, and the distribution
network resources can be flexibly regulated under the high proportion penetration of DERs.

4.4. Operational Domain Envelope Security Validation

While verifying the accuracy of the envelope method in this paper, it is also necessary
to verify the security of each actual operation point in the operation domain; in this paper,
the Monte Carlo method is used to simulate the actual operation of the distribution network,
the flexible resources (such as DERs) of each active node are controlled to satisfy the active—
reactive power of randomly selected operation points, the power of the baseline operation
point is used as the injected power of the nodes (except for the active node), and we analyze
whether the voltage of each node overruns the limits.

Figure 11 shows the node multi-scenario voltage fluctuation curves for the IEEE
33-node and IEEE 69-node systems.
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(b)
Figure 11. Run envelope security verification: (a) IEEE 33-node system voltage fluctuation curve;

(b) IEEE 69-node system voltage fluctuation curve.

The results show that there is no overrun in the voltage of each node within the flexible
operation domain of the DOEs methodology envelope, as shown in Figure 11. It is able to
ensure the safe operation of the distribution network.

5. Conclusions

This paper proposes a dynamic envelope method for the operation domain of distribu-
tion networks using an adjustable “degree of squareness” superellipsoid, which achieves
p-q decoupling operation among various active nodes in the distribution network. This
provides an effective means to address the issues of different ownership between distri-
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bution networks and distributed energy resources (DERs) and discrepancies in control
objectives. Furthermore, considering the operating states of the distribution network, a
margin measure with a penalty term was added to the model to enhance the network
applicability of the proposed method. Finally, simulation analyses were conducted on the
IEEE 33-node and IEEE 69-node systems, leading to the following conclusions:

(1) The method adopted in this paper uses an improved convex inner approximation
approach, providing a convex solution space that is strictly contained within the
original feasible region of the system for subsequent envelope construction of the
distribution network operation domain.

(2) This paper employs a “degree of squareness” adjustable superellipsoid envelope
method with high network adaptability, capable of dynamically adjusting parameters
to change its size and adapt to different operating states of the system, achieving p-g
decoupling operation among various active nodes in the distribution network. Com-
pared with traditional methods, the proposed method significantly enhances the range
of the operation envelope while ensuring the feasibility of solution decomposition.

(3) Inresponse to the high penetration of DERs, compared with traditional convex en-
velope methods, this paper’s method adds a penalty term to the model to penalize
unknown states of each node during the calculation of the operation domain, effec-
tively mitigating the adverse effects brought by the uncertainty and complexity of
resources such as DERs.

The method proposed in this paper can adjust the shape and size of the envelope
by changing the envelope parameters according to the operating state of the system, and
it introduces the margin measure with a penalty term. This flexibility is an important
embodiment of the extensibility of the method. In the future, the design of envelope
parameters and margin metrics could be further strengthened to consider more types of
system disturbances and uncertainties, such as weather changes, equipment failures, etc.,
to enhance the robustness and practicability of the method.
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Nomenclature
The following are some of the symbols and abbreviations used in this text:
Symbol
F(p.q) Mathematical expression of feasible domain
A <l The set of all run constraints
Fe(pv,qv) Mathematical expression of hyperrectangle
L The length of all axes of a hyperellipsoid
& Hyperellipsoid with adjustable “square”
Vi Built-in hyperrectangular volume
i Introduced relaxation variable

Oc(i) — AjL;j/+/n  The input/output quota to be allocated by each node
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Abbreviations
DERs

DFR

UTOPFE

DOEs

CDOEs
RDOEs
HDOESs
MHDOEs

Appendix A

Distributed energy resources

Decoupled feasibility region

Unbalanced three-phase optimal power flow
Dynamic operation envelopes

Convex DOEs

Rectangular DOEs

Hyperellipsoidal DOEs

Modified HDOEs

Figure Al is the schematic diagram of the IEEE 33-node system, and Table Al shows
the distributed power configuration of the IEEE 33-node system.

13 14 15 16 17 18

11

12

23 24 25

Figure A1. Distributed power supply configuration of the IEEE 33-node system.

As shown in Table A1, the DG1 active power output of nodes 6, 9, 13, and 24 is 0.5 MW,

and the DG2 active power output of nodes 30 and 33 is 0.35 MW and 0.65 MW, respectively.

Table A1. Parameters of added DGs of 33-bus systems.

No. DG Type Quantity Location Active Power/MW
DG1 PV cell 1 6,9,13,24 0~0.5
DG2 WTG 1 30 0~0.35
DG2 WTG 1 33 0~0.65

Figure A2 is the schematic diagram of the IEEE 69-node system, and Table A2 shows

the distributed power configuration of the IEEE 69-node system.

28 29 30 31 32 33 34 35

59 60 61 62 63 64 65 66 67 68 69

Figure A2. Distributed power supply configuration of the IEEE 69-node system.

93



Energies 2024, 17, 4096

As shown in Table A2, the DG1 active power output of nodes 4, 8, 21, 25, and 36 is
0.35 MW, and the DG2 active power output of nodes 40, 45, 48, 52, and 60 is 0.25 MW.

Table A2. Parameters of added DGs of 69-bus systems.

No. DG Type Quantity Location Active Power/MW
DG1 PV cell 1 4,8,21,25,36, 0~0.35
DG2 WTG 1 40, 45, 48, 52, 60 0~0.25

Considering that the distribution area covers a small area, all loads, photovoltaic
(PV) cells, and wind turbine (WT) units adopt the same time-series curve, using a typical
summer curve of a certain place, as shown in Figure A3.

1.0
0.8
0.6
0.4
0.2

Active power/p.u.

0.0 6:00 1200  18:00 24-00
Time

Figure A3. Daily load curve and daily operation curve of wind turbines and photovoltaic cells.
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Abstract: In Korea, the demand for complete underground installation of power distribution equip-
ment installed on roads and green areas is increasing. In addition, KEPCO is making efforts to
build a more reliable system for the underground distribution system. To meet these needs, this
paper proposes the S-substation. In the S-substation, an RMU, a large power transformer, and an
LV-Board (including ATCB and MCCB) are installed within the underground structure. This paper
proposes three models to apply the S-substation to the underground distribution system. Power flow
analysis is conducted for each model by simulating a variety of loads and DERs, and the frequency
fluctuations are also examined under different distribution system events. An economic analysis is
also conducted to select the optimal model. The economic analysis focuses on VOLL and construction
costs. Based on power flow and economic analysis, one model is selected, and the underground
distribution system that the model is applied is presented.

Keywords: secondary substation; power flow; underground distribution system; underground
compact station; ring main unit; power quality; MCCB; MATLAB/SIMULINK; value of lost load

1. Introduction

This paper analyzes the optimal Low Voltage (LV) distribution system for introducing
the Secondary Substation (S-substation) in underground distribution systems. The S-
substation has been implemented in the underground distribution system in Korea for the
following reasons:

e  The need for complete undergrounding of Power Distribution Equipment (PDE) for
underground Distribution Lines (D/Ls) supply.
A desire to improve the aesthetics of PDE installed on sidewalks.
The introduction of a highly reliable underground distribution system.
The expansion of the LV supply range.

To meet these requirements, the S-substation installs a larger and more reliable PDE
than the existing PDE for supplying underground D/Ls. The Ring Main Unit (RMU) is
installed in place of the pad-mounted switchgear, and the oil-filled transformer replaces the
pad-mounted transformer. Transformers in S-substations can be installed with capacities
ranging from 1 to 2 MVA, which is larger than conventional transformers. This paper
concentrates on the LV distribution system rather than the High Voltage (HV) distribution
system. In the S-substation, the LV-board (including Automatic Transfer Circuit Breaker
(ATCB) and Mold Case Circuit Breaker (MCCB)) is installed to reduce the fault duration
time in the LV distribution system and to prevent cascading failures. Additionally, all PDE
are waterproof so that the structures can operate under flood conditions [1].

Unlike the HV distribution system, the LV distribution system operates as a radial
system, and in the event of a fault on the transformer, all connected loads experience a
power outage. In contrast, during a power outage in the HV distribution systems, only
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a short power outage is experienced due to switching HV D/Ls. However, in case of
a transformer fault, the recovery time is prolonged, so the customers experience a long
power outage.

Only now has the LV distribution system received less attention than the HV distribu-
tion system. The HV distribution system is equipped with an automated system known as
the Distribution Automation System (DAS), and continuous efforts are made to reduce fault
duration and sections through protection coordination analysis. In contrast, the LV distribu-
tion system lacks such automation and coordination efforts. In particular, the underground
LV distribution system should be of greater interest due to the following characteristics.

e  The capacity of transformers in underground systems is typically larger than those in
overhead distribution systems.
Three-phase cables are installed under the assumption of three-phase loads.
The fuses within the transformer protect the entire LV distribution system.
Fault sections are challenging to locate due to the underground installation.

Therefore, this paper focuses more on the LV distribution system than on the HV
distribution system, as installing the S-substation requires modifications to the existing LV
distribution system model.

This paper also introduces the concept of the S-substation and presents a case study of
its installation by KEPCO. The current underground distribution system is introduced, and
three types of LV distribution system models suitable for S-secondary are presented. Power
Flow (PF) and economic analysis are conducted to compare each model. The “Result &
Discuss” section presents the example model and considerations when the model selected
as the optimal LV model is currently applied to the underground distribution system.

The main keywords in this paper are power flow, the LV distribution system, and
secondary substation. Previous studies on these topics include a paper on PF in distribu-
tion systems, which primarily analyzed the influence of the Distributed Energy Resources
(DERs) connection. The algorithm for PF focuses on the economic dispatch of energy and
ancillary services based on market prices at the system level. Simulation results show
the effectiveness of the approach [2]. The main aim of the second paper is to enhance
solar performance distribution and increase photovoltaic (PV), providing an overview
of unbalanced optimal power flow [3]. The third paper provides a comprehensive un-
derstanding of the optimal power flow problem and proposes potential solutions. This
paper proposes a comprehensive overview of prospective advancements and compares the
diverse methodologies employed in optimal power flow [4].

Few studies specifically examine the LV distribution system. One paper examined
the control of electric currents from renewable energy sources (RESs) in Microgrid sys-
tems [5], while another analyzed algorithms that control voltage and reactive power in LV
distribution networks [6].

Finally, one of the studies on S-substations includes that S-substations devote au-
tonomous management of the connected LV network and provide grid flexibility ser-
vices [7]. With the digitalization of these nodes, S-substation allows the development of
innovative solutions for predictive maintenance and life extension of the assets [8]. Other
studies primarily focused on testing the electrical characteristics of its structure or internal
PDE (such as dielectric tests, internal arc tests, and temperature rise tests) [9-11]. However,
previous studies have not examined the optimal LV distribution system model for applying
S-substations.

2. Secondary Substation
2.1. S-Substation

The distribution station improves the aesthetics of the city by collecting and installing
many PDEs installed on the ground in one space. In addition, RMUs, large power trans-
formers, and LV boards are installed to enable more reliable operation of the distribution
systems. However, applying distribution stations (inside large Buildings) in all areas is
challenging due to difficulties in securing and maintaining buildings. In particular, se-
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curing a building or a place where LV loads range from 500 to 2000 kW can be difficult;
otherwise, using S-substations is increasingly attracting attention as a solution in such cases.
This method involves installing and supplying PDE in underground structures without
requiring the construction or purchase of a separate building. Figure 1 shows the circuit
diagram of the station and Figure 2 depicts actual pictures of the S-substation installed
in Korea.

RMU Transformer L(VM?:(::aBr)d LOAD
v,=22.9kv i V, =400V
p=13.2kV Secondary Substation V,=230kV

Figure 1. S-substation concept figure.

Figure 2. S-substation in Korea.

2.2. Underground Distribution Systems

For LV distribution systems, both overhead and underground D/Ls are supplied as
radial systems. On overhead D/Ls, single-phase transformers ranging from 10 to 150 kVA
are used, while for underground D/Ls, three-phase transformers ranging from 150 to
500 kVA are currently used. Large power transformers are also expected to be used in the
future (Currently, individual load is limited to less than 1000 kW). A figure of the current
underground distribution system is shown below [12].

In this figure, solid lines indicate HV D/Ls, whereas dotted lines represent LV D/Ls.
The switchgear mainly uses four circuits, and the HV D/Ls comprise an open-loop system.
Conversely, the LV D/Ls connected to the transformer are connected in a radial system.
Figure 3 illustrates an example of a system currently operating as an underground distri-
bution system in Korea. In the system shown in the figure, LV systems of pad-mounted
transformers are operated independently. Thus, when a transformer experiences a fault,
it is impossible to connect the LV distribution system to other transformers. As a re-
sult, LV customers may experience prolonged power outages until the transformer is
repaired [13].

98



Energies 2024, 17, 4345

Switchgear Underground Distribution Line Switchgear
cB 112 112 112 12—
3|4 Pad-mounted Transformer 34 3|4 3|4
Primary
Substation PTr PTr PTr PTr

50~300kVA

{7

—
-

vy

Ad

e o C----_{1F---
1 1 1 Y

: L g

1 1

1

1
I i H
i : i i
o : |
! I ; 5 NEE S

1
: 5 ; :
1

--- ----- —————-— ------- .

v v v v l -

v
Low Voltage Loads Low Voltage Loads Low Voltage Loads

Figure 3. Underground distribution system (Current).

2.3. RMU Method for Strengthening Reliability

The introduction of an RMU-based method is being considered in the underground
distribution system. The RMU is a PDE for constructing a ring-type distribution system. It
includes a circuit breaker function to protect the PDE connected to the RMU and isolate
the D/Ls in case of faults. This method can be applied when building a more reliable
system [14].

Figure 4 illustrates the configuration of the S-substation where the RMU method is
applied. The S-substation is not connected to the main D/L connected to other D/Ls or the
HV Loads but only to the branch D/L. This S-substation has an RMU, a transformer, and
an LV board in the same underground structure [12].

RMU Transformer LV-board
SW| CB CB CB >
I ¥ [] 7 I >
ES ES ES ES _

Figure 4. S-Substation with PDE.

3. Three Types of Distribution System Models
This paper proposes three types of distribution system models for the S-substation.

3.1. Model A (Dual S-Substation)

The first model is composed of supplying power to each S-substation by installing
two S-substations. For instance, if one transformer experiences a fault, the power can
be supplied by replacing the transformer installed in another S-substation. In this case,
after detecting a fault in the transformers installed in the two S-substations, power cut-
off/power-on through ATCB should be performed to minimize fault. This model allows
loads to be shared between S-substations. Therefore, in the event of a fault, the transformer
installed in one S-substation shares all the loads, so it is important to consider the load
factor of the transformers. Model A is shown in Figure 5.
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3.2. Model B (Auxiliary Transformer)

Model B involves installing two transformers in the S-substation. In this approach,
power is primarily supplied by one transformer, and in the case of a transformer fault,
the power is switched and supplied with an auxiliary transformer installed in the same
S-substation. In this model, since two transformers are housed simultaneously in the S-
substation, it has the advantage of reducing the replacement time in the case of a peripheral
voltage fault compared to Model A, thus improving reliability. Model B is shown in
Figure 6.
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Source DER

F H H A4
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Figure 6. Underground distribution system based on model B.

However, since two transformers are installed in a single S-substation, not only does it
take up significant space, but due to space constraints, it can also cause problems such as
ventilation and waterproofing.

3.3. Model C (Pad Transformer and S-Substation Connection)

In the case of Model C, only one S-substation is applied to the existing underground
distribution system. Model A installs two substations, whereas this model utilizes only
one. It is considered that this model is suitable for existing subordinate consumers outside
of housing site development districts due to the limitations associated with the installation
of underground structures. The current underground D/Ls are a type in which one to four
transformers are connected to one terminal of a four-circuit switchgear, and the switchgear
does not have a circuit-breaking function, as shown in Figure 3. Model C switches the
power source during a power outage via the ATCB upon detecting a fault of a transformer
installed in the S-substation, reducing power outage time. Model C is shown in Figure 7.
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Figure 7. Underground distribution system based on model C.

4. Power Flow and Parameters
4.1. Power Flow
4.1.1. Definition

PF is a numerical analysis of the flow of electric power in interconnected power
systems. In this paper, the PF is analyzed using MATLAB/SIMULINK, which calculates
the PF using the Newton-Raphson method [15].

4.1.2. Direction of Power Flow

The key parameters of interest in the PF results in MATLAB/SIMULINK are voltage
and phase. Each load is connected in parallel and must be supplied with the specified volt-
age. The phase information can also tell the direction of the tide. In MATLAB/SIMULINK,
the phase is displayed in degree units, and one can observe the difference in the direction
and time of the tide by looking at the difference in phase.

V=V Y Vie ° — Vg jwC'l

I — Vg =
K 7/ 2 R X! 2

Vr (1)

Vi

Vseld — VR> N jwC'l Ve <Vse_f‘5 - VR) N ij’lVI% _ jVRVscosd+ VgVssind — jVg N jwC'l

= Vols =
Sr = Vrlg VR( X 2 X/ 2

!/

Vi Ve
P =Ps = Pg = R,(Sg) = RX S sin 5[W] 3)

Figure 8 depicts the distribution system as a 7-type equivalent circuit, with Vs and Ig
representing the sending-end voltage and current and Vr and I representing the receiving-
end voltage and current. Z' denotes the total series impedance, while Y’ represents the
total shunt admittance. Additionally, 5 represents the voltage-phase angle between the
sending and receiving ends. From the above equations, it can be seen that, in AC, the active
PFs come from the point where the phase is leading to the point where it is lagging [16].
In MATLAB/SIMULINK, the slack value is typically set as 120, so the load side can be
expected to come out as a negative value.

Figure 9 illustrates a waveform for active power. For example, if the phase angle at
Bus 1-2 is 0 deg but there is a difference of —0.01 deg in Bus 1-3, which is the subsequent
load, it would be necessary to verify whether power is supplied after a few seconds.

1 2n 1 16.7 ms x —0.01 deg

T= == g, = 001666 [s] = 167 ms (= ~360 deg) — 360 deg

= 0.46388 us
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Figure 8. Simple power system equivalent circuit.
A
“M80deg -0.01deg
» <€<—> >

freqaency

BUS 1-3 BUS 1-2

Figure 9. Example of the phase difference of load bus.

As shown in the above equation, since the power system in Korea uses 60 Hz, 1 cycle
can be regarded as 16.7 ms; therefore, based on the above formula, a phase angle difference
of 0.01 deg corresponds to 0.4638 ps.

4.2. Standard Voltage

In the distribution system, the loads are connected in parallel. A parallel load is a
connection method in which the voltage is the same and the current varies depending on
the load. The standard voltage ranges are listed in Table 1.

Table 1. Standard voltage ranges in Korea.

Standard Voltage Range
110V 110+ 6V
220V 220 £13V
380V 380 £38V

From the above standard, it can be seen that the voltages must be maintained from
207 V to 238 V for single-phase 220 V and from 342 V to 418 V for three-phase 380 V.

Proper arrangement of the loads is required to maintain the standard voltage ranges
to the loads connected at the end of the D/Ls. Even if the impedances of the D/Ls are
small, a voltage drop occurs when the current is large, so it is preferable to connect heavy
LV loads directly to a source (transformer). Figures 10 and 11 illustrate this concept.
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Figure 10. Calculation formula for voltage drop D/L.
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Figure 11. Comparison of load displacement.

In MATLAB/SIMULINK, one can set the voltage value of the slack bus to 1 [pu] and
calculate the PF, which allows one to determine the amount of voltage drop that occurred
as a result of the calculation.

4.3. Load Placement

This paper analyzes in detail the load placement that was briefly addressed in “B.
Standard Voltage.” The kVA ratings of the transformer installed in the S-substation are
500, 1000, and 2000. Additionally, heavy LV loads are connected. In the LV, i.e., on the
transformer’s secondary side, the current varies according to the capacity of the loads, even
though the voltage connected to the loads is the same.

For optimal load placement, this paper analyzes how the voltage drop changed for
three cases: (1) direct connection to the transformer, @) end of the D/L, (3) separation
connection. To calculate the voltage drop for each of the three cases, the configuration in
Model A is modified in the proposed system types. The first case is that heavy LV loads
(250~500 kW) are directly connected to the transformer’s secondary side (directly under
the transformer), and the second case is that the heavy LV loads are connected to the end of
the D/L. The third is separately connected to other LV loads. Additionally, in the third case,
the branch D/L is long, so the line impedances are set to be large [12]. Figure 12 describes
the simulation results.

The voltage is expressed as a PU value and the specified voltage maintenance range
must be 0.855 [pu] or higher; however, when connected with heavy LV loads at the end of
the D/L, there is a significant voltage drop from Bus 1-3/2-3, making it difficult to maintain
Power Quality (PQ). When heavy LV loads are directly connected to the transformer, the
specified voltage is maintained (0.855 pu) in all buses. In contrast, when connected to the
end of the D/L, it is observed that the voltage drops rapidly from Bus 1-3. In the case of a
separate line configuration, Bus 1-2 is configured as a bus on a separate line rather than
on the existing line. The simulation results indicate that the optimal arrangement is to
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connect heavy LV loads directly under the transformer’s secondary side. The transformer’s
secondary side current and voltage drop can be expressed using the following formula.

Trans former capacity [kKVA] 1000 [kVA]

Rated Current[A
Al = V/3 x rated voltage, | [V] ~ V/3x380 V]

~ 1500 [A]  (5)

A rated current of 1500 A is calculated while assuming the transformer capacity is
1000 kVA. As indicated by the above equations, when heavy LV loads are connected to
the end of the D/L, the current of heavy loads flows through the D/L, thus resulting in
a voltage drop due to line impedance, which shows that the specified voltage cannot be
maintained; therefore, in the system model presented in this paper, the PF is analyzed
while assuming that all heavy LV loads are placed directly under the transformer.

Loadyta = Z Loadg + ELoadR + ELoadE + ELoadI + ZLoadA (6)

Several LV loads are connected to the bus. These are General ( Load ), Residential
(Loadg), Educational (Loadg ), Industrial (Load;), and Agricultural (Load 4) Loads. These
5. Analysis of Power Flow by Model

loads are connected to each bus [17].
U
5.1. Model A

Figure 13 shows the equivalent circuit of Model A, and Table 2 lists the results of PF
when it is operated in a normal state (steady state) without any fault or conversion. As
shown in Table 2, it can be observed that there are cases where it does not reach standard 1
[PU]. In this simulation, since the transformer’s secondary side is set to 380V, if it is 0.8808
of Bus 1-5, which is the lowest value, 380 x 0.8808 = 334 V, which is lower than the standard
voltage range; however, since the actual transformer supplies the secondary at 400 V, it
can be seen that it is necessary to maintain up to 342/400 V = 0.855 [PU] to maintain
342 V (380 £ 38 V), which is the minimum standard voltage. That is, the simulation results
show that the load connected to each BUS is receiving power within the standard voltage
range. To compare the PF results for the three models, it is necessary to examine not only
the steady-state operation (Normal state) but also the operating conditions under other
scenarios. In this paper, we review the following conditions: (1) Normal state, (2) Line
switching, and (3) Dual Line. Additionally, changes in voltage and phase due to the
connection of DERs are compared.
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Figure 12. Bus voltage drop cases.
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Figure 13. Underground distribution system based on model A.
Table 2. Comparison of power flow result by model A.
BUS Normal State  Normal + DER  Line Switching  Line Switching + DER Dual Line Dual Line + DER
\" Deg \'% Deg \% Deg \% Deg \'% Deg \% Deg
swing 1 0 1 0 1 0 1 0 1 0 1 0
Bus1 0.9995 —0.13 0.999% —0.12 0.9999 0 1 0 0999 —0.12  0.9997 —0.11
Bus1-1 09795 787 09855 —7.03 0.9998  —0.01  0.9998 —0.01 0.9839 —7.08  0.9882 —6.63
Bus1-2 09198 —9.01 09326 —812 0.8204 —14.08 0.8403 —13.16 0.9455 —8.32 0.953 —7.79
Busl-3 0.8835 —232 09137 892 0788  —2827 0.8172 —10.58 09082 —225  0.9349 —9.2
Bus1-4 0881  —26.27 09087 —1.58 0.7858 —31.34  0.8099 —0.65 0.9056 —25.57 0.9305 —2.33
Bus1-5 0.8808 —26.93 09085 —224 0.7856 —32 0.8096 -1.3 0.9053 —26.23 0.9302 —2.99
Bus2 09989 —-09  0.999 —-09 09959 135  0.9966 -1.29 0.9985 —0.96  0.9987 —0.94
Bus2-1 09903 —6.14 09904 —6.14 09619 —13.16 0.9685 —-12.26 09854 —713  0.9872 —6.72
Bus2-2 09504 —696 09504 —696 0.8732 —13.82 0.8859 —13 09374 -79 0.9418 —7.51
Bus2-3 09446 —12.06 09446 —12.06 0.8679 —18.92  0.8805 —18.1 09317 13 0.9361 —12.61
Bus2-4 09442 1294 09442 1294 08675 —19.8  0.8802 —18.98 09313 —13.88 0.9356 —13.49
Bus2-5 09441 1316 09441 —13.16 0.8675 —20.02  0.8801 —19.2 09312 —14.1  0.9356 -13.71
Bus3 09991 —-0.81 09992 081 0998 —1.15 0.9973 -1.11 0.9988 —0.86  0.9989 —0.84

The table above lists the PF results for all cases [12]. As a result of the simulation, it
can be confirmed that most of the methods of supplying power from an auxiliary source
after the main power source is cut off cause voltage drop and the phase delay. In the case
of parallel operation of transformers, dual power is supplied to the loads. Moreover, when
DER is connected, a power source is present midway along the D/L other than the Slack
(main source). Therefore, when DER is operational, it can be understood that the voltage
of the D/L increases and the phase becomes faster. To facilitate understanding, the paper
presents the following comparative graphs (Refer to Figure 14).

The upper graph shows the voltage value for each bus for line No. 1 to which the DER
is connected, while the lower graph shows the voltage value for each bus to which the DER
is not connected. The simulation for the second type of Line Switching sets the route where
the power supply of the transformer supplying line 1 is cut off, so it can be confirmed that
power is supplied when it is supplied from the transformer of line 2 after the power is cut
off, but the voltage drop, in this case, is very large. Although the power in line 2 is not cut
off, it can be confirmed that loads of line 2 are also affected because it also divides the line 1
loads. The graph on the right of the upper/lower graph shows how the voltage changes
when DER is connected. It can be seen that the voltage increases when DER is applied to
both lines 1 and 2. In this paper, the DER is configured to 99 kW. If additional DERs are
connected, the voltage drop can be further compensated.
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Figure 14. Power flow comparison graphs based on model A.

From the results, it can be seen that parallel operation is the most effective configu-
ration for maintaining PQ, and when DER is connected, the phase becomes faster. Buses
1 and 2 represent the HV terminal on the primary side of the transformer. Buses 1-1 and
2-1 represent the transformer’s secondary side, while loads are connected from Buses 1-2
and 2-2.

As shown in the table and graph, if we compare buses 1-2 and 2-2 with buses 1-3 and
2-3, it can be seen that the phase is significantly left behind. This is because heavy LV loads
are connected to the 1-2 and 2-2 buses, and the phase from the next bus is delayed; that is,
when heavy LV loads are connected, it can be seen that the flow of the current is delayed.

Figure 15 demonstrates that the first line is bus 1, followed by buses 1-2 and 2-2, and
the last line is bus 2-5; thatis, Bus 1 >2>>1-1>2-1>2-2>1-2>>2-3>2-4 >2-5>>1-3 >
1-4 > 1-5. This sequence highlights the differences in phase angles across the buses.

v1/2

V1_1/2
V1_2/2
V1_3/2
V1_4/2
V1_5/2
Vv2/2

Vv2_1/2
V2 2/2
V2 _3/2
V2 _4/2
V2 5/2

1 | | 1 | | |
0 002 0.04 006 008 0.1 012 o1

Figure 15. Phase change over time based on the bus.

To determine the frequency change according to major events, (1) in 20 cycles, main
transformer fault, (2) in 40 cycles, Line switching (to reduce power outage), (3) in 60 cycles,
connecting DER, (4) in 80 cycles, recovery fault (with dual line state), (5) in 100 cycles,
1 phase ground fault (Refer to Figure 16). During most of these events, the frequency
deviates from the specified frequency range, but it returns to normal immediately. The
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frequency drops when power is lost or the load factor increases; the frequency rises when
power is supplied or DER is applied.
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Figure 16. Frequency changes according to specific orders.

The above simulation is conducted with each transformer operating at 70~90% of its

rated load; therefore, it is noticeable that the voltage drop is large when switching power
to another transformer due to a transformer fault. It is necessary to examine how the PF
changes according to the transformer load factor. To this end, the load factor is adjusted to
50% or less and the simulation is performed again.

The results of the analyses are presented in the following Figure 17.

Figure 17. Change in power flow after adjusting the loads.

107

1.05 1.05
1 1
0.95 095 .—’-—K*‘
09 09
085 0.853pu 085
0.8 0.8
075 After DER 075
Connection
0.7 0.7
swing Bus1 Bus1-1 Bus1-2 Bus1-3 Bus1-4 Bus1-5 swing Bus1 Bus1-1 Bus1-2 Bus1-3 Bus1-4 Bus1-5
Normal == Line Switching - Dual Line Normal+DER = Line Switching+DER Dual Line+DER
1.05 1.05
1 1
09 09
085 0.85%pu 085
After DER
06 Connection 08
swing Bus2 Bus2-1 Bus2-2 Bus2-3 Bus2-4 Bus2-5 swing Bus2 Bus2-1 Bus2-2 Bus2-3 Bus2-4 Bus2-5
Normal Line Switching Dual Line Normal+DER Line Switching+DER Dual Line+DER




Energies 2024, 17, 4345

The above graph shows that when the loads are maintained within 50%, the standard
voltage range is maintained without a significant decrease in voltage even in the case of
Line switching.

5.2. Model B

In the second model, B, the main and auxiliary transformers are installed simultane-
ously in the same S-substation. The Figure 18 is represented as an example circuit for easy
understanding.

PV(DER)

Bus
1-4

|
I Load

Load

Figure 18. Underground distribution system based on model B.

In this model, the 1000 kVA transformer for the upper line is supplied under normal
conditions, and in the event of a fault in D/Ls due to a transformer fault, the loads
are switched and supplied to the auxiliary transformer; in other words, the auxiliary
transformer is normally operated with no load, and it is only operated with loads applied
when there is a transformer fault.

To maintain the standard voltage in Model A in this paper, a value of 0.855 [pu] should
be maintained. As a result of the simulation, the loads connected to each bus do not satisfy
0.855 [pu]. Of course, this sample drawing also satisfies the standard because the load
arrangement and impedance are considered such that 0.855 [pu] or more is obtained in the
normal state.

Next, let us identify the situation where the main transformer fault, which is not in
the normal state, and the parallel operation in which the main/auxiliary transformer is
operated at the same time using the Table 3 below.

Table 3. Comparison of power flow results by case.

Normal Normal + DER Line Switching Line Switching + DER Dual Line Dual Line + DER
BUS \% Deg \% Deg A\ Deg \% Deg \% Deg A\ Deg
swing 1 0 1 0 1 0 1 0 1 0 1 0
Bus 1 0.9995 -0.13  0.9996 -0.12  0.9995 -0.13 0.9996 -0.12 09996 —0.14 0.9997 -0.12
Bus 1-1 0.9795 —7.87  0.9855 =7.03 09795 —7.87 0.9855 —7.03 09912 —4.18 0.994 —3.8
Bus 1-2 0.9198 -9.01 0.9326 —-812  0.9198 —9.01 0.9326 —8.12 0.9629  —5.43 0.9688 —4.96
Bus 1-3 0.8835 -232 09137 —892  0.8835 —23.2 0.9137 —8.92 0.9248 —19.62 0.9537 -7.93
Bus 1-4 0.881 —26.27  0.9087 —1.58 0.881 —26.27 0.9087 —1.58 09223  —22.69 0.9507 —2.25
Bus 1-5 0.8808 —26.93  0.9085 —2.24  (.8808 —26.93 0.9085 —2.24 0.922 2334 0.9505 -291
Bus 2 0.9994 —0.68  0.9994 —0.68  0.9994 —0.68 0.9994 —0.68 0.9994  —0.68 0.9994 —0.68
Bus 2-1 0.9845 —8.08  0.9846 —8.08  0.9845 —8.08 0.9846 —8.08 0.9845 —8.08 0.9845 —8.08
Bus 2-2 0.9676 —842  0.9676 —842  0.9676 —8.42 0.9676 —8.42 0.9676  —8.42 0.9676 —8.42
Bus 2-3 0.9617  —13.52  0.9617 —13.52  0.9617 —13.52 0.9617 —13.52 0.9617 —13.52 0.9617 —13.52
Bus 2-4 0.9613 —144  0.9613 —144  0.9613 —144 0.9613 —144 09613 —14.4 0.9613 —144
Bus 2-5 0.9612 —14.62  0.9612 —14.62  0.9612 —14.62 0.9612 —14.62 09612 —14.62 0.9612 —14.62
Bus 3 0.9995 -0.64 0.9995 —0.64  0.9995 —0.64 0.9995 —0.64 0.9995 —0.64 0.9995 —0.64
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The data in the table are shown in the form of Figure 19 as follows:
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Figure 19. Power flow comparison graphs based on model B.

From the table and graphes, it is evident that the voltage and phase values are the same
in the normal state and the line connection as a result of the PF calculation. The auxiliary
transformer does not have other loads and it has the same capacity.

In the case of parallel operation of transformers, the load capacity is enough to supply
one transformer, and as two transformers are connected, the load factor is lowered as a
result; therefore, as a result of the simulation, it can be seen that the voltage is close to the
reference voltage and the phase is fast, meaning that fast power supply is possible.

For line 2 (bottom), as a line that is irrelevant to the load switching and parallel
operation of line 1, all three cases (normal, connected, parallel) show the same waveform.

As analyzed in Model A, buses 1 and 2 represent the HV terminal as the primary side
of the transformer. Buses 1-1 and 2-1 are the transformer’s secondary side, and the loads
are connected from buses 1-2 and 2-2. As shown in the table, if one compares buses 1-2
and 2-2 with buses 1-3 and 2-3, it can be seen that the phase is largely left behind. This is
because heavy LV loads are connected to buses 1-2 and 2-2, and the phase from the next bus
is delayed; that is, it can be seen that when heavy loads are connected, the PF is delayed.

5.3. Model C

The last Model C is a system wherein only one S-substation is installed and connected
to an existing transformer in the case of a transformer fault. To maintain the load at almost
the same as that of other models and to match the capacity of the existing transformer to
the 300 kVA that is typically used, only the heavy LV loads are partially adjusted. Figure 20
shows the equivalent circuit of Model C.

Similar to other system models, the PF results for each Model C situation are shown
in the following Table 4.
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Figure 20. Underground distribution system based on model C.
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Table 4. Comparison of power flow results by case.

Normal Normal + DER Line Switching Line Switching + DER Dual Line Dual Line+ DER
BUS \'% Deg \% Deg \% Deg \% Deg A\ Deg \% Deg
swing 1 0 1 0 1 0 1 0 1 0 1 0
Bus1 09995 —-0.13 0.9996 —-0.12  0.9999 0 1 0 0.9996 —0.13 0.9997 —-0.12
Bus1-1 0.9795 -—7.87 0.9855 —7.03  0.9998 —0.01 0.9998 —0.01 0.9891 —-791 0.9935 —7.27
Bus1-2 09198 —9.01 0.9326 —-8.12 0.738 —30.12 0.7804 —27.3 0.9393 —9.34 0.9483 —8.6
Bus1-3 0.8835 —23.2 09137 —-8.92  0.7089 —44.31 0.7539 —21.64 0.9022 —23.53 0.9301 —9.88
Bus1-4 0.881 —26.27 0.9087 —1.58 0.7069 —47.38 0.7447 —-9.33 0.8997 —26.59 0.9255 —291
Bus1-5 0.8808 —26.93 0.9085 —224  0.7067 —48.03 0.7445 -9.99 0.8994 —27.25 0.9252 —3.57
Bus2 09986 —0.97 0.9986 —-0.97  0.9937 —1.31 0.9947 —1.28 0.9978 —0.97 0.998 —0.96
Bus2-1 0.9837 —8.38 0.9838 —838  0.8463 —29.17 0.8768 —26.43 0.9488 —8.54 0.9549 -79
Bus2-2 0.9668 —8.72 0.9668 —-872  0.7857  —29.34 0.8216 —26.67 09328 —-8.62 094 —8.01
Bus2-3 09609 —13.82 09609 —13.82 0.7809 —34.44 0.8167 —-31.77 09271 —13.72 09343 —13.11
Bus2-4 09605 —14.7 0.9605 —-147  0.7806 —35.32 0.8163 —32.65 09267 —14.6 09339 —13.98
Bus2-5 0.9604 —14.92 09604 —14.92 0.7805 —35.54 0.8162 —32.87 0.9266 —14.82 0.9338 —14.2
Bus3 09988 —0.87 0.9989 —-0.87  0.9951 —-1.13 0.9959 -1.1 0.9983 —0.86 0.9984 —0.86
Bus4 09932 —-554 0.9933 —5.54  0.9884 —5.88 0.9894 —5.86 0.9925 —554 0.9927 —5.53
Bus5 09821 —10  0.9821 —10 09773  —10.34 0.9783 —10.32 09814 —-10  0.9816 —-9.99

Under normal operational state, there is no difference from other models, so the set
standard voltage is maintained; however, the voltage drop appears to be larger when
switching to another transformer due to a fault in the transformer installed in the S-
substation. Although the voltage drop in the load connected to line 1 (top) is large, the
voltage drop in the load connected to line 2 (bottom) is also large, so a normal power supply
cannot be said to have been achieved. This is judged to be a problem that occurs because
the transformer installed in the S-substation is operated at 1000 kVA, whereas the existing
pad-mounted transformer is operated at 300 kVA.

As shown in the PF results (Table 4 and Figure 21), since there are more loads connected
to the 1000 kVA transformer, it is not appropriate to only connect to the 300 kVA transformer;
therefore, when three 300 kVA transformers in operation are connected or two 500 kVA
transformers are connected, the loads must be switched to the connected transformer when
there is a fault in the 1000 kVA transformer; furthermore, to maintain standard voltage, the
load factor of the transformer should be limited to 50% or less. The PF results when three
300 kVA transformers are connected and the load factor is less than 50% are as following
Figure 22.
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Figure 21. Power flow comparison graphs based on model C.
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Figure 22. Power flow change graphs after 50% load factor.

When three 300 kVA transformers are connected and the load factor is kept below
50%, it can be confirmed that power is supplied stably.

6. Economic Analysis
6.1. Economic Analysis Issues

This paper also examines construction cost and VOLL for economic analysis [18].

6.2. Construction Cost

To calculate the construction cost, the quantity of equipment, cable length, manage-
ment, etc., should be decided by models. The equipment output for Model A is as follows
in Figure 23:
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Figure 23. Required quantity of each piece of equipment for model A.
The equipment and materials for each model are as follows in Table 5:
Table 5. Equipment and materials required.
Equipment Model A Model B Model C
Switchgear 2 EA 2 EA 2 EA
RMU 2 EA 1EA 1EA
Manhole 2 EA 1.5EA 1EA
Transformer (1000 kVA) 2 EA 2 EA 1EA
Transformer (300 kVA) - 1EA 3 EA
Joint Box 8 EA 8 EA 8 EA
HYV cable (400 mm?) 100 cm 65 cm 65 cm
HV cable (95 mm?) - 10 cm 50 cm
LV cable (240 mm?) 310 cm 290 cm 310 cm
HYV cable tube (200 mm) 100 m 75m 65 m
LV cable tube (100 mm) 310 m 290 m 310 m

Calculations for the construction costs are presented in the following Table 6:

Table 6. Calculations of construc

tion costs.

[Unit: One Thousand Won]

Assortment Labor Cost  Material Cost  Other Expenses SUM

HVD/L 23,191 103,007 269 126,467

Model A LVD/L 35,056 30,946 135 66,137
SUM 58,247 133,953 404 192,604

HVD/L 21,675 93,058 244 114,977

Model B LVD/L 40,081 41,075 165 81,321
SUM 61,755 134,134 409 196,298

HVD/L 23,806 97,463 263 121,532

Model C LVD/L 46,108 47,523 192 93,823
SUM 69,915 144,986 455 215,356
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The results indicate that Model C has the highest construction cost, which is at-
tributable to the large number of transformers and the increase in cables caused by line con-
nections. In contrast, Model A, which involves the installation of two nearby S-substations,
has the lowest construction cost and is economical.

6.3. Value of Lost Load

The Value of Lost Load (VOLL) represents the monetary cost associated with all the
consequences that arise when consumers pay for electricity but do not receive it. For
example, in the event of a power outage, VOLL includes the costs of damage and repairs
to products under production due to the interruption of the power supply, labor costs
incurred from work stoppages, additional expenses related to business resumption, fuel
costs from operating emergency generators, and losses such as the death of livestock due
to interrupted oxygen supply or fish mortality. Essentially, VOLL encompasses any costs
expected by customers due to power outage. The formula for each industry is as follows in
Table 7:

Table 7. VOLL function cost.

Industry VOLL Calculation Method
Industrial Load (Load;) y = ¢~0-00001992*+0.0200631+11214620
Educational Load (Loadg) y = ¢~0-0000273x*+0.0274188x—0.07049408
General Load (Load) y = ¢~ 00000287 +0.0280840x-+0.1159222
Agricultural Load (Load 4) y = ¢~ 0.00004013+0.0392395v~1.2240430
Residential Load (Loady) y = 8—0.00003777(2+O.0331652x+4.3880440

Where X is the power outage duration time; if it is less than 1 min, it is calculated as
1 min. The calculated results are as follows in Table 8:

Table 8. VOLL cost per hour and use.

[Unit: One Thousand Won]

Industry 1 min 20 min 1h 2h 4h 8h
Loady 3132 4548 9522 25,597 120,345 476,654
Loadg 508 846 2321 8955 73,928 476,355
Loadg 1155 1947 5461 21,601 181,810 1,078,970
Load 5 306 634 2680 18,307 359,127 4,323,744
Loadg 83 154 514 2502 26,270 111,442

The formula is converted into a function by examining the amount of damage that is
expected by the consumer when a power outage occurs. It is observed that, for short power
outages, the amount of damage is large for industrial and general loads, while it increases
rapidly over a long period of time for agricultural loads; for example, if the oxygen supply
in aquaculture farms is interrupted due to a power outage, it may lead to huge damages,
such as mass death.

The basic analysis is set on the premise that the ATCB is put in immediately after
the occurrence of a fault; however, the operation time of the ATCB should be taken into
account—the manufacturer’s performance is confirmed to be 15 ms.

Due to the phase difference for each bus, the supply time is different even when the
power is turned on again; however, as can be seen in the Table 9, the convert to time for
each bus is very small compared to the operation time of the ATCB, so it has little effect.
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Table 9. VOLL cost of model A.

Bus ID Classification V_LF Vangle_LF Di?f}; izzce Convert to OAe];St]ian Sum VOLL
of VOLL (PU) (Deg) Time perating " Cost
(Deg) Time
Bus 2-1 Reference Value 0.9619 —13.16 - - - - -
Bus 1-2 Load; 300 kW 0.8204 —14.08 —0.92 4.2677 x 1077 150 x 1071 1.50 x 10~* 3132
Bus 1-2 Loadg 500 kW 0.8204 —14.08 —0.92 4.2677 x 1077 150 x 1071 1.50 x 101 508
Bus 1-3 Load 4 50 kW 0.788 —28.27 —15.11 7.0092 x 10° 150 x 10°1  1.50 x 10! 306
Bus 1-3 Loadg 10 kW 0.788 —28.27 -15.11 7.0092 x 10~° 150 x 1071 1.50 x 10! 1155
Bus 1-3 Loadg 30 kW 0.788 —28.27 -15.11 7.0092 x 10° 150 x 1071 1.50 x 107! 1155
Bus 1-4 Loady 20 kW 0.7858 —31.34 —-18.18 8.4333 x 107° 150 x 1071 1.50 x 10! 3132
Bus 1-5 Load s 10 kW 0.7856 —32 —18.84 8.7395 x 10~° 150 x 1071 1.50 x 107! 306
Bus 1-5 Loadg 5 kW 0.7856 —32 —18.84 8.7395 x 106 150 x 1071 1.50 x 107! 83
Sum (unit: 1000 won) 9777
7. Results and Discussion
7.1. Selecting the Optimal Distribution System
An optimal model is selected based on the results of the review of the PF by system
model and economic analysis. The analysis results based on models are shown in Table 10.
Table 10. Analysis results based on models.
Model Power Flow Economics Field Applicability
Vol h . installati f
oltage .drop occurs when Installation of two underground Need to secure insta 21.th1’1 space for
A connecting lines when the . underground burial of two
o structures for S-substation
transformer operates at over 50% structures
Since there are no loads of auxiliary . Difficulty in construction due to
. Increased construction cost (due to .o . . o1
transformers, the voltage/phase is 1 additional installation of auxiliary
B . the larger structure and auxiliary .
stable even when replaced with a transformer in the underground
. transformer)
peripheral voltage structure
Voltage drop occurs when Increased construction cost (due to It is necessary to connect a number
C connecting lines when the multiple connections of other of other lines for alternative supply
transformer operates at over 50% transformers for line conversion) of large power transformers.

The detailed analysis results are as follows:

7.1.1. Distribution System

The currents of Model A~C are stable in normal operation without fault in D/Ls.
The PF analysis indicates that the parallel operation of transformers appears to be the
optimal operation method.

e Itis difficult to supply stable power due to voltage drop during load switching due to
transformer faults. — Normal power supply is possible when the transformer load is
operated at less than 50% capacity.

e Heavy LV loads (2~500 kW) need to be kept close to the transformer in consideration
of the voltage drop.

7.1.2. Economics

e  Model A has the lowest construction cost and Model C has the highest.
e  Construction cost is affected by the number of structures/equipment and the length
of the D/Ls.

7.1.3. Construction

e  Since the S-substation is a structure installed underground, construction methods are
also important.
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e If an auxiliary transformer is installed, the area occupied increases, and if an ATCB is
installed, additional area is required.

e In the case of Model C, the existing transformer is connected, but due to its heavy
weight, many interconnected lines are required.

7.1.4. Optimal Model Selection

e  Asaresult of the analysis, it is judged that Model A is the most suitable. Due to the
characteristics of the S-substation, the transformer capacity is large, but they can be
installed near each other to complement each other, and the construction efficiency
can be improved by installing an underground structure nearby.

e In consideration of load arrangement, heavy LV loads should be placed close to
the transformer, and the load factor should be kept below 50% in consideration of
the transformer’s fault. Moreover, S-substations should be installed in proximity to
each other to reduce the load factor and voltage drop. The detailed criteria are as
follows [4,19]:

The transformer should be kept at under 50% of the load factor.
S-substations should be installed near heavy LV loads.
S-substations should be installed adjacent to each other.

Load arrangement should consider voltage drop.

LV boards should be installed to secure LV system reliability.

7.2. Example of Application of Model A of Power Distribution System

The underground distribution system to which Model A is applied is shown in
Figure 24. It is different from Figure 3. When two S-substations are installed, it can
be confirmed that they are connected through ATCB to prevent power outages. In addition,
considering the voltage drop, heavy LV loads are placed close to the S-substation.

Switchgear

Underground Distribution Line
cB 112 112 112 112>
3|4 3|4 314 3|4
. Second: Second: Second:
Primary | Substation Stbatation | Substation j
Substation me [ e
T
P i i
Heavy H I-_, Heavy I-_' Heavy
LV Load 1 : LV Load : LV Load
1
1 1
1

Figure 24. Underground LV distribution system for S-Substation based on Model A.

8. Conclusions

This paper addresses the optimal LV distribution system for applying the S-Substation
to an underground distribution system. Three models were proposed, and both PF and
economic analysis were conducted to determine the optimal distribution system model. PF
analysis was conducted to determine the voltage and phase of each model; additionally,
frequency variations were observed. MATLAB/SIMULINK was utilized for accurate
analysis, and changes in power flow were also examined with the connection of DERs.

In LV distribution systems, voltage drop must be considered based on load placement,
as the voltage drop can vary depending on the location of heavy loads, potentially falling
outside the standard voltage range at the end of the D/Ls; therefore, load placement was
also considered in this study. The voltage and phase values from the PF analysis are derived
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from the BUS. To support this analysis, we examined the standard voltage ranges in Korea,
strategies for load deployment to prevent voltage drops, and how phase differences change
over time. For underground areas in Korea, it is crucial to consider the placement of the
PDE once potential load locations are confirmed. Unlike the transmission system, the
distribution system connects to various loads, including motor, nonlinear, and unbalanced
loads. The loads could fluctuate in capacities and positions, causing PF results to change
occasionally; additionally, since the S-substation is an underground structure, factors such
as installation methods and securing underground space must be considered. Therefore,
it is necessary to analyze the field conditions and PF specific to each location where the
S-substation is installed. This is because construction costs fluctuate greatly depending on
the field conditions.

Construction costs and VOLL were compared across the models for economic feasibil-
ity. The optimal location and selected model can be determined by incorporating the PF
analysis results and economic feasibility discussed in this paper. Ultimately, Model A was
selected as the optimal model. An exemplary system was presented to demonstrate the
application of this model to the underground distribution system.

Korea is more sensitive to power outages and faults than other countries; therefore,
reliable equipment and system configurations are increasingly important. To build a more
reliable LV distribution system, the following areas of research should be considered:

Underground LV closed-loop or multi-LV distribution systems.
Power quality management in LV distribution systems.
Protection coordination methods for LV distribution systems.
Fault detection methods in LV distribution systems.

In the future, we believe that the models presented in this paper as well as other
models can be studied and applied in the field.
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Abstract: Recent research has focused on vanadium redox flow batteries (VRFBs) to address the
short lifetimes and fire risks associated with lithium battery systems. While VRFBs offer advantages
in safety, they suffer from low energy density and efficiency compared with lithium batteries. To
improve VRFB performance, studies are exploring improvements in materials such as anodes,
cathodes, and separators and optimizing operations by controlling electrolyte flow rates. However,
the impact of current magnitude on VREFB efficiency has been less studied, with few analyses
addressing both current and flow rate effects. This research proposes an experimental procedure to
evaluate charge/discharge efficiency, energy efficiency, and system efficiency across varying current
magnitudes and electrolyte flow rates, using a 40 W VRFB stack composed of four 10 W cells in
series. In addition, we introduce a design method for an electrical equivalent circuit model that
simulates the VRFB stack, reflecting experimental findings. The model’s accuracy was validated
by comparing it with data from 11 full charge/full discharge cycle tests, which varied current and
electrolyte amounts.

Keywords: vanadium redox flow battery (VRFB); energy storage system (ESS); efficiency; electrical
circuit model (ECM); flow rate; electrolyte; current magnitude; charge/discharge cycle test

1. Introduction

Because the use of fossil fuels, such as o0il and coal, causes global warming, environ-
mental pollution, and resource depletion, industries that use eco-friendly renewable energy
sources, such as solar and wind power, are attracting attention to solve these problems.
However, renewable energy power generation systems have intermittent characteristics
that depend on environmental conditions such as solar irradiance and wind speed. Energy
storage systems (ESSs) that overcome these renewable energy problems and enable stable
and efficient power and energy management are growing steadily [1,2]. The electrical
energy sources used in ESSs include lead—acid batteries, lithium batteries, sodium-sulfur
batteries, redox flow batteries, supercapacitors, and compressed air. Table 1 lists the energy
densities, energy efficiencies and lifetimes of the electrical energy sources in an ESS [2].
Currently, lithium-ion batteries with high energy densities and efficiencies are widely used
in ESSs to maximize energy efficiency [2,3].

However, energy storage devices that use lithium-ion batteries have several problems.
As can be seen from the fire accidents of large-capacity batteries applied to electric vehicles,
energy storage devices composed of lithium-ion batteries using flammable nonaqueous
organic solvents face the problem of fire when thermal runaway occurs because of internal
short circuits [4-6]. In particular, energy storage devices manufactured by combining a
large number of lithium-ion battery cells in series and in parallel have a higher possibility of
fire occurrence if the maximum and minimum voltages of the applied battery cells cannot
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be managed and if the failure status cannot be accurately predicted to maintain the cells or
modules. Therefore, when lithium-ion batteries are used in large-capacity energy storage
applications, considerable effort must be made to prevent fires and prevent them from
spreading. Accordingly, to estimate the battery status, recent research on fault detection
using gas sensors and force sensors, as well as voltage and temperature measurements,
has been conducted [7]. In addition, research is being conducted on estimating SOC and
temperature by training an artificial intelligence model using measurement signals using
non-destructive techniques such as ultrasonic sensors [8]. In addition, lithium-ion batteries
cause environmental pollution during disposal after their lifespan ends [9]. To solve
these problems, research is being conducted to improve lithium-ion battery deterioration
diagnosis and reuse. However, this increases the operational complexity and cost of the
system [10,11].

Table 1. Energy and efficiency of energy storage system [2].

Lead-Acid Lithium-Ton Na$ VRFB Super CAES *
Capacitors
Energy Density y . g g B g
(Wh/L) 50-80 200-500 150-250 16-33 2-10 3-6
Energy Efficiency (%) 70-90 85-95 80-90 70-85 90 45-60
%;fyectll:;‘)e 500-800 2000-3000 4000-40,000 1500-15,000 50,000 >10,000

* CAES: Compressed Air Energy Storage.

Therefore, research is being conducted on battery systems that can replace lithium-ion
batteries in ESSs, and the Vanadium Redox Flow Battery (VRFB), which uses an aqueous
solvent with a longer lifespan than lithium batteries, is being studied extensively [12-19].
In a VRFB system, positive and negative electrolytes are stored in two electrolyte tanks,
and the flow is supplied in parallel to the series-connected cells inside the stack through
a pump. The transferred electrolyte undergoes an oxidation/reduction reaction at the
electrode, ions move to the ion exchange membrane of the Nafion material, and energy
is stored in the electrolyte. The oxidation/reduction reaction of the VRFB is shown in
Figure 1 and can be expressed by the anode, cathode, and overall electrochemical reaction
formulas in Equations (1) to (3). The ionic reaction of the vanadium electrolyte is that when
charging, the V3* ions at the negative electrode are reduced to V?* ions, and the V** ions
at the positive electrode are oxidized to V°* ions. During the discharging process, the V°>*
ions at the positive electrode are oxidized to V4 jons, and the V2% ions at the negative
electrode are oxidized to V3* ions, thereby performing charging and discharging.

VO +2H" +e~ < VO*" + H,O @Positive Electrode (1)
V¥« V3T ™ @Negative Electrode )
VO +2H' + VT & VO*' + HyO + V3 @Overall (3)

The output of the VRFB was determined by the area of the electrode, and the voltage
of the system was determined by the number of cells connected in series. Unlike lithium-
ion batteries, which increase capacity by connecting cells with the same characteristics in
parallel, the VRFB is determined by the amount of electrolyte stored in the tank. Therefore,
VREBs have the advantages of increasing capacity and being more flexible in mechanical
design than existing cylindrical, square, and pouch-shaped lithium-ion battery packaging
designs [13]. However, VRFBs have a lower energy density and efficiency than lithium-ion
batteries, and to achieve the same energy capacity as an ESS using lithium-ion batteries,
the VRFB system requires a larger installation area and initial investment costs.
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Figure 1. Diagram of VRFB energy storage system [19].

In order to overcome the disadvantages of low energy density and efficiency of VRFBs,
research is being conducted on the materials of vanadium electrolytes and felt electrodes,
as well as on membranes that affect crossover by ion selectivity [20,21]. To this end, VRFBs
require an analysis of system efficiency, including charge/discharge Coulomb efficiency,
energy efficiency, and pump loss through charge/discharge experiments according to
current and flow conditions. In addition, to analyze the electrical characteristics of the
VREB system according to the flow rate and current conditions, electrical equivalent circuit
modeling of the VRFB and parameter analysis are required. Unlike the electrical ECM
model of a lithium battery, the VRFB must be modeled such that the shunt current loss that
occurs as the electrolyte is connected in parallel to the cells inside the stack and a capacity
change depending on the amount of electrolyte is possible.

Previous studies on improving the VRFB efficiency are as follows. Kim presented
the discharge characteristics of a 1 kW /1 kWh VRFB using mixed-acid electrolytes and
the advantages of using electrolytes [22]. The study presented the VRFB discharge char-
acteristics and efficiency results according to the current and flow rate conditions but
did not present the parameter analysis results of the electrical equivalent circuit model.
Karrech analyzed charge and discharge experimental results according to variable flow rate
conditions and presented a flow rate control method for optimal efficiency [23]. However,
the shunt current loss was not considered because it was conducted on a single cell and
its characteristics depended on the current size. Ma. X conducted a study on the optimal
flow condition at the VRFB stack level but did not mention the influence of the current
size for optimal efficiency control in detail [24]. Thus, to improve the efficiency of the
VREB battery system, it is necessary to comprehensively consider the influence of the shunt
current and analyze the VRFB system characteristics on the charge/discharge current and
flow conditions during operation.

Previous studies on the design of electrical equivalent circuit modeling are as follows:
Fornaro presented the same electrical equivalent circuit model used in this study and
estimated its parameters using recursive least squares (RLS) [25]. However, the study
presented parameter estimation results from short-term simulations that did not consider
the influence of the shunt current loss. However, in a series-connected stack system,
the influence of shunt current should be considered. Yu Zhang also presented the same
electrical equivalent circuit model considering the shunt resistance and showed that the
stack could be well simulated with the estimated parameters using RLS [26]. This study
considered the influence of the shunt current and flow rate; however, because the simulation
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results were for a short period, a method to simulate the change in electrolyte volume
owing to crossover was not presented.

Therefore, in this study, we propose an experimental method that can analyze the
charge/discharge Coulombic efficiency, energy efficiency, and system efficiency according
to the current size and electrolyte flow rate conditions and present the results of the system
efficiency analysis for a 40 W VRFB stack composed of four 10 W cells in series. In addition,
we systematically present an electrical equivalent circuit model that can simulate the VRFB
stack and an experimental procedure and analysis method for estimating its parameters.

2. Experimental Setup and Characteristic Experimental Profile Design of VRFB
2.1. VRFB Experimental Setup

The VREB stack used in this study has the configuration shown in Figure 2. The stack
was manufactured with a structure in which a pair of bipolar plates, flow frames, electrodes,
and membranes formed a cell, and four pairs were connected in series. The VRFB cell /stack
used in this study has four input/output ports on one endplate for electrolyte transport.
The four ports comprise two inlet ports through which the electrolyte is transferred to
the cells inside the stack and two outlet ports through which the electrolyte that has
undergone oxidation/reduction reactions inside the cell is transferred to the outside. The
felt and bipolar plate are made of graphite for electrical conductivity, and the ion separation
membrane is NR212, with a thickness of 50 pm [27].

Bipolar N
Plate \-‘« elt
1\
N

| Frame
Membrane

Insulation
Plate

Outlet (-)
Outlet (+) :

Current

Collector

Inlet (+)

Inlet (-)
Endplate

Figure 2. VRFB stack configuration diagram.

The charge/discharge experimental configuration of a 40 W VRFB stack with four 10 W
cells connected in series used in this study is shown in Figure 3a, and a diagram of the
actual constructed system is shown in Figure 3b. The VRFB stack system had two tanks
for storing the electrolyte consisting of 1.6 M V3>* /2 M H,SOy, a diaphragm pump, and a
flowmeter to measure the flow rate. Additionally, both electrolyte tanks were connected to
a flow tube to balance the electrolyte in case of electrolyte imbalance due to crossover. The
volume of the electrolyte was measured every 5 min during the experiment using cameras
applied to positive and negative electrolyte tanks. The VRFB was charged and discharged
using a battery cycler, and the measured stack voltage, current, temperature, flow rate,
voltage, and current consumed by the pump were stored in a data logger at a sampling
time of 100 ms. Table 2 lists the main specifications of the VRFB stack and the peripheral
devices used in the experiment described above.
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Figure 3. VRFB stack system configuration; (a) experiment configuration of VRFB system, (b) experi-

mental setup.

Table 2. Specification for VRFB stack system.

40 W VRFB Stack System
Electrode Area 100 cm? (10 x 10)
Electrolyte 1.6 M V35 /2 M H,SO,
VRFB Stack Membrane Nafion-212
Electric Collector Brass
Electrode Carbon Felt
Battery Cycler Maccor 4300 K
Electrolyte Volume 210 mL (5 mL)
Pump KNEF, NF60
Flowmeter Omega, FTB-312
Thermal Sensor Teflon PT100/Thermocouple (T-type)

2.2. Design of Experimental Procedure for Electrical Characteristics of VRFB

It is difficult to experiment with VRFBs under the same capacity (electrolyte volume)
conditions because of electrolyte crossover when the experiments are conducted over a
long period. This is because the VRFB operating point changes, making it challenging
to analyze the characteristics under various experimental conditions. The crossover of
the electrolyte can be reduced through improvements such as ion concentration control,
changes in membrane thickness, and material modifications [28,29]. However, since this

122



Energies 2024, 17, 5841

paper analyzes the electrical characteristics of an already-constructed VRFB system, the
experiments were conducted following the procedure shown in Figure 4, minimizing the
impact of crossover.

Char ging and D dhar ging Cyding Sumd Cuorendt Tleasumren ent
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Figure 4. VREFB experimental profile; (a) charging and discharging experimental procedure, (b) shunt
current measurement experimental procedure, and (¢) ECM parameter measurement experimen-

tal procedure.

The experimental procedure for analyzing the Coulombic, energy, and system efficien-
cies of the VRFB stack is shown in Figure 4a. First, the charging and discharging cycles were
performed continuously under current conditions of 1, 3, and 6 A (10, 30, and 60 mA / cm?)
with a fixed flow rate. The charging and discharging capacities were measured according
to the current magnitude, and the Coulomb efficiency was analyzed. Subsequently, the
same experiment was carried out by changing the flow rate condition so that the influence
of each flow rate could be analyzed. In this study, tests were performed in the range
of 200-400 mL/min at intervals of 50 mL/min intervals. The VRFB stack used in this
experiment was charged by the Constant Charge-Constant Voltage (CC-CV) method with
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a full charge voltage of 6.4 V (1.6 V per cell) and a cut-off current of 0.18 A for terminating
CV charge, and the full discharge voltage is 3.2 V (0.8 V per cell) and discharged with
CC current.

The VRFB stack has a shunt current loss owing to internal self-discharge because the
electrolyte is connected in parallel to each cell. The experimental procedure for extracting
the shunt current and resistance parameters is shown in Figure 4b. First, the pump was
driven under conditions of no load current while the battery stack was fully charged at a
fixed flow rate. In this case, the voltage of the battery gradually decreased owing to the
shunt current, and the experiment was conducted until the battery was fully discharged
(cut-off voltage of 3.2 V). The shunt current was obtained by dividing the capacity measured
when fully charged by the time required for complete discharge. Subsequently, the same
experiment was conducted by changing the flow rate conditions, and the shunt current
loss was analyzed according to the flow rate.

The experimental profile for measuring the open-circuit voltage of the VRFB and
parameters of the equivalent electrical circuit are shown in Figure 4c. After the battery
was fully charged, a pulse current was applied to discharge the SOC to 5%, followed by a
rest period. This pulse current, including the rest time, was repeatedly applied until the
stack voltage reached the full discharge voltage. Through this experiment, the parameters
Ri, Ry, and C; of the electrical equivalent circuit were obtained from the voltage response
characteristics when a pulsed current was applied, and the open-circuit voltage (OCV) at a
specific SOC was obtained for each rest period.

3. Efficiency Analysis and ECM Modeling of VRFB

In this section, we present the energy efficiency analysis results of the VRFB system
according to the current magnitude and flow rate changes using the voltage/current and
pump power consumption data measured during the charge/discharge test of the VRFB,
using the test procedure shown in Figure 4. The Coulomb, voltage, energy, and system
efficiency of the VRFB were calculated using Equations (4)—(7). Equation (4) represents the
Coulomb efficiency, which is defined as the ratio of the charge capacity to the discharge
capacity. Voltage efficiency is an index for analyzing the influence of the polarization
voltage or overvoltage on the battery voltage and is defined in Equation (5). The energy
efficiency is expressed as the ratio of the discharge energy to the charge energy, as shown in
Equation (6). The system efficiency was calculated using Equation (7), including the energy
consumed by the pump used to drive the VRFB stack and the energy of the VRFB stack
itself during battery charging and discharging.

_ Discharge Capacity(Ah) [ Ipag(t)dt

ic Ef fici %) = = 1 4
Coulombic Ef ficiency(%) Charge Capacity(Al) T Tong (Ddt x 100 4)
.. fVDchg(t)dt

Voltage Ef ficiency(%) = ———— x 100 (5)
V t) x 1 t)dt
Energy Ef fifciency(%) = J Voeng (1) * Ipa (1 x 100 (6)

fVChg(t) X IChg(t)diL

Vbeng (t) X | Ipeng (t) | —Ppump ) dt
System Ef ficiency(%) = f( o ’ s ‘ 7 mp) x 100 (7)

[ (Vchg(t) x ‘Ichg(t) ’+ppump)dt

3.1. Efficiency Analysis of VREB According to Current and Flow Rate

Figure 5 shows the voltage and current waveforms, electrolyte volume changes, and
pump power consumption results when the VRFB stack was charged and discharged under
100% depth of discharge (DoD) conditions; the current profile is shown in Figure 4a when
the electrolyte flow rate was 250 mL/min. As can be seen in (a) voltage and (b) current in
Figure 5, as the charge and discharge currents increase, the voltage decrease size increases,
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and the CV charge arrival time becomes faster, showing the characteristic of a longer
charging time. Figure 5c shows the volume of the negative electrolyte measured during
the test. The volume of the negative electrolyte decreases when the state of charge is low
(as the voltage decreases) and increases when the state of charge increases (as the voltage
increases). And the average volume of the electrolyte during the experimental profile was
174 mL. The pump power required to transport the electrolyte in the VRFB during the
experiment is shown in Figure 5d. The pump consumed an average of 3.27 W of power
when operated at a flow rate of 250 mL/min flow rate.

(a) Stack Voltage

Voltage (V)
n

Current [A)
=)

(c) Negative Electrolyte Volume

Average 177(mL)
1 1 1 1 L
0 2 4 6 ] 10 12

(d) Pump Power

3 1 I I I 1 1
0 2 4 G & 10 12

Time (h)

Figure 5. Experimental results of VRFB system according to current magnitude at 250 mL/min flow
rate: (a) stack voltage; (b) stack current; (c) negative electrolyte volume; (d) pump consumed power.

To analyze the effect of the flow rate conditions on the charge and discharge capac-
ities, experiments were conducted by changing the flow rate conditions under the same
conditions as the current profile in Figure 5. The experimental results at the flow rates of
200 mL/min are shown in Figure 6a, 300 mL/min in Figure 6b, 350 mL/min in Figure 6c,
and 400 mL/min in Figure 6d, respectively. At this time, as can be seen in the third wave-
form of the experimental waveforms in Figures 5 and 6, for the negative electrolyte volume,
a total of five experiments for characteristic comparison were conducted with similar elec-
trolyte volumes, averaging 174-179 mL. If the electrolyte volume changes significantly as
the experiment progresses, it should be maintained by rebalancing before the experiment
is conducted. The pump consumes an average power of 3.01, 3.27, 4.58, 6.03, and 7.85 W
when controlling the flow rates of 200, 250, 300, 350, and 400 mL/min, respectively.

Figure 7 shows the changes in the charge/discharge capacity, Coulomb efficiency, and
voltage efficiency according to the flow rate and current magnitude in the previous cycling
experiment. Figure 7a shows that the charge capacity is the largest under a current of 1 A,
and the charge capacity decreases as the current increases. It can also be observed that
the battery charge capacity decreased as the flow rate increased, even when the current
was the same. However, as confirmed from the discharge capacity results in Figure 7b, at
currents above 3 A, the same characteristic of decreasing discharge capacity was observed
as the current increased. However, when discharging the battery with a constant current
of 1 A, the result was smaller than the discharge capacity measured during the 3 A test.
This indicates that the VRFB has poor low-current discharge characteristics, owing to the
shunt current loss that occurs when the pump is driven, as mentioned in Section 3.2. When
a small current is used from the battery, energy transfer takes a long time. Therefore, as the
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time at which the pump is operated increases, the energy loss owing to the shunt current
also increases, resulting in poor efficiency.
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Figure 6. Stack voltage, current, cathode electrolyte amount, and pump power consumption of VRFB
according to flow conditions: (a) 200 mL/min; (b) 300 mL/min; (c) 350 mL/min; (d) 400 mL/min.

Figure 7c shows the Coulomb efficiency calculated using Equation (4). As mentioned
above, when charging/discharging at 1 A under all flow rate conditions, the Coulomb
efficiency is 84.9%, which is not good, whereas the results at 3 A and 6 A confirm that the
Coulomb efficiency improves to approximately 92.5% as the current increases. Therefore,
to increase the usable discharge capacity and improve the Coulomb efficiency, it can be
seen that the VRFB system tested in this study should be operated at high current under
low-flow rate conditions. In this study, results below 200 mL/min could not be tested due

to the limited speed control range of the pump used in the experimental setup. If the flow
rate continues to decrease, it is expected that the charge/discharge capacity will decrease
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due to insufficient electrolyte supply, and it is judged that appropriate low-flow conditions
can be determined based on this. In addition, it should be noted that the results above
are from the experimental set environment of this study. In a situation where the VRFB is
operated in conjunction with a renewable energy generation system, the generated energy
should be transferred to the VRFB and the utility grid as much as possible, so further
research on maximum efficiency operation control is required.
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Figure 7. VRFB charge/discharge characteristic analysis under different current and flow conditions:
(a) charge capacity; (b) discharge capacity; (c¢) Coulombic efficiency; (d) voltage efficiency.

Figure 7d shows the voltage efficiency calculated by Equation (5). As the current
increases, the voltage efficiency deteriorates owing to battery overvoltage. The voltage
efficiency does not show a large difference depending on the flow rate change, but it is
expected that the efficiency will be somewhat higher overall regardless of the current when
operating at a flow rate of 250 mL/min to 300 mL/min. However, the voltage efficiency
mentioned above is specific to the context of this study, and the efficiency characteristics
may vary when the electrode material is altered or an electrode using a catalyst is used [30].

Figure 8 shows the charge and discharge energies of the characteristic analysis experi-
ment based on the current, flow rate, and energy efficiency calculated using Equation (6).
As shown in Figure 8a, the charge energy is the largest when the current is 1 A at a flow
rate of 200 mL/min. However, the charged energy can only be transferred to the load side
at 17.65 Wh due to a low efficiency of 79.6%. When the battery is charged and discharged
at 3 A at 200 mL/min, 79.3% of the charged energy can be transferred, similar to when it is

charged and discharged at 1 A.

As shown in Figure 8c, because the energy efficiency decreased as the flow rate
increased, it was expected that the energy efficiency could be improved by operating under
low-flow conditions. In addition, the VRFB shows that the energy efficiency of the stack
itself, which does not consider the loss of peripheral devices such as pumps, is not good, as
the voltage efficiency increases as the current increases; thus, it shows that the results can
be obtained by operating under low-current conditions to obtain high efficiency. However,
because the VRFB has pump loss, the system efficiency, including this, should be analyzed

to determine an efficient operation method.
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Figure 8. VRFB charge/discharge energy and energy efficiency under different current and flow
conditions: (a) charge energy; (b) discharge energy; (c) energy efficiency.

Figure 9 shows the system efficiency calculated using Equation (7). This is inefficient
because the energy consumed by the pump increases with the flow rate. Therefore, the
system energy required for charging the VRFB stack in Figure 9a can be seen from the
fact that more energy is required when the current is small and the flow rate is high. In
addition, as can be observed from the discharge system energy in Figure 9b, driving with a
high current under low-flow conditions is efficient. This is the effect of the increased pump
loss owing to the longer usage time when charging and discharging the battery with a
low current, even under low-flow conditions. In the case of the discharge system energy,
more energy is required to drive the pump than to supply energy to the load side when
used under flow conditions of 350 mL/min or higher (the discharge system energy value is
represented as 0). Therefore, the system efficiency in Figure 9c was found to be the highest
when the battery was used with a high current (6A) of 200 mL/min.
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Figure 9. VRFB system efficiency under different current and flow conditions: (a) system energy
during charging; (b) system energy during discharging; (c) system efficiency.
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The VRFB stack system, with cells connected in series, requires optimal operating point
analysis to improve efficiency owing to shunt current loss and pump-driving loss. The elec-
trical characteristic test procedure proposed in this study is expected to facilitate rapid and
accurate characteristic analysis, aiding in the derivation of an optimal operating method.

3.2. Design of Electrical Circuit Model of VRFB

This section presents the electrical circuit model and the parameter design method for
the VREB. In the electrical circuit model (ECM) of the VRFB in Figure 10, V., represents
the open-circuit voltage according to the state of charge (SOC), which is the state of charge.
The series resistance R; and parallel connection circuit of R;/Cy; in the ECM model were
used to simulate the dynamic characteristics of the voltage according to the current. In
addition, VRFBs have an internal leakage current called a shunt current, owing to the
parallel connection configuration of the electrolyte applied to the series-connected cells.
To simulate the shunt current, the ECM has a resistor connected in parallel with the open-
circuit voltage [25,26].

Ry
VV Rj ibat
Cy o)
+

-
VOCVCiD $Rshunf Viar

= f(s0C)

T Regression Model

M

Ifdf Capacity
apacit)

Electrolyte Volume

Figure 10. Electrical circuit model of VRFB.

The parameters of the open-circuit voltage Ve, and series resistance R;, R;/C; of the
parallel circuit can be obtained by an experiment in which a pulse current is applied to
reduce the SOC by approximately 5% from the fully charged state to the fully discharged
voltage, as shown in Figure 11, tested using the procedure shown in Figure 4c. The
waveform of the period in which the discharge pulse current was applied is shown in
Figure 12. The series resistance R; is calculated from the voltage drop AV when a pulse
current with a magnitude of Al is applied using Ohm’s law. The parameters of R; and Cy4
are selected as values that can simulate the voltage relationship of Equation (8), which is
obtained by subtracting the magnitude of AV owing to the series resistance from the battery
terminal voltage during times t1 and t2 when the current is continuously applied and the
change in Ve according to the current applied, which is shown in the red waveform in
Figure 12. In this study, the R; and C; parameters were estimated by the least squares
method using Matlab software. Figure 13 shows the electrical circuit parameters of the
VREFB stack used in this study.

_ t
Ryipat <1 —e Rdcd) = Upat — Rilpat — VocV 8)

To obtain the shunt resistance (Rgp,;,t) of the electrical circuit model, the pump was
driven under no-load conditions and the time to discharge from a fully charged state
to a fully discharged voltage was measured for each flow rate. Figure 14 shows the
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results obtained when the VRFB stack was used under no-load conditions at a flow rate
of 250 mL/min. The measured charge capacity of the battery before the no-load test was
2.89 Ah, and the battery was fully discharged after 39.5 h. Therefore, the VRFB stack can be
modeled as having an Ry, resistance of 76.6 () when operated at 250 mL/min.

. Experimental Current Profile for Parameter Extraction
T T 1 T

1 1 L

-4 1 L 1 L
0 0.5 1 1.5 2 25 3 33 -
>3104
Voltage Response
7 T T T T T T T
4
Time (s) w10*

Figure 11. Current and voltage waveforms of experiment for parameter extraction of VRFB.

Al

Current T
1
v

! I
t1 t2
Figure 12. Battery voltage response during pulse current.

The shunt current/resistance values measured under flow rate conditions of 200—
400 mL/min using the same test method are listed in Table 3. From Table 3, it can be
confirmed that the shunt current increases slightly as the flow rate of the VRFB stack
increases. Therefore, in this study, the shunt resistance was modeled as a power series

function as a function of the flow rate, as shown in Equation (9).

Ryt = —288.6 x flow_rate*™¥ +76.96 () )
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Figure 14. VRFB voltage/current experiment results when the pump is driven at a flow rate of
250 mL/min under no load.

Table 3. Shunt current and resistance by flow rate.

200 mL/min 250 mL/min 300 mL/min 350 mL/min 400 mL/min

Tahunt 73.4mA 73 mA 743 mA 75 mA 77.3mA

Repunt 76.7 Q) 76.6 Q) 75.6 Q) 74.6 Q) 7250

Figure 15 shows the experimental results of the VRFB cycled ten times under 100%
DoD conditions. As shown in the third and fourth waveforms, the volume of the electrolyte
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changes during the charging and discharging processes, and the capacity decreases in
proportion to the change in the electrolyte. Therefore, in this study, a capacity estimation
model for the electrolyte volume was designed and modeled to enable the capacity change
by reflecting it in the simulation model.

Stack Voltage

Voltage (V)

0 5 10 15 20 25 30

St?ck Cl_Jrrent i

10

25

5 15 20 30
Negative Electrolyte Volume

— 200 T T T T T
—
E
(]
IS
>
S |

0 5 10 15 20 25 30

VRFB Capacity

E T T T T T
<3.3fF _
2
8 3.2t 1
Q.
©
O 31 1 1 1 1 1

0 5 10 15 20 25 30

Time (h)

Figure 15. Experimental results of electrolyte volume and capacity change during cycling of VRFB.

The capacity estimation model was designed by analyzing the correlation between the
average charge/discharge capacity and negative electrolyte volume in the fully charged
state of the battery, which is indicated by the red circle in the third waveform in Figure 15.
Figure 16 shows the capacity measurement and estimation results of the linear regression
model for the electrolyte volume at 175 fully charged points measured during the long-term
cycle of the VRFB battery. For this VRFB system, a capacity estimation model was designed
using Equation (10).

Capacity = 0.01173 x electrolyte volume (mL) +1.04 (Ah) (10)

The validity of the electrically equivalent circuit model of the designed VRFB stack
was verified through two charge/discharge experiments. First, as shown in Figure 17a,
when the VRFB was used at a flow rate of 250 mL/min, a discharge pulse current of 3 A
was applied at approximately every 5% SOC section, and the error between the battery
voltage and the simulation model voltage was analyzed. Figure 17b shows the stack voltage
measured in the experiment and the simulation model voltage, and the difference between
these two voltages is shown in Figure 17c. Except for the fully discharged voltage point
with high nonlinearity, the maximum absolute value error of the simulation model is within
0.17 V, and it can be seen that it accurately simulates the actual battery voltage with a root
mean square error (RMSE) of 0.025 V.
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Figure 16. Charge/discharge average capacity experimental data and capacity estimation model for
175 electrolyte volumes.
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Figure 17. Verification of accuracy of a simulation model for discharge pulse current under
250 mL/min: (a) experimental current profile; (b) experimental and simulation voltages; (c) simula-
tion modeling error.

The experimental and modeling simulation results for 11 full charge/discharge cycles
with varying currents and electrolyte volumes are shown in Figure 18. The VRFB was fully
charged/discharged for the first five cycles with a current of 3 A and then cycled twice,
each with currents of 1, 3, and 6 A. Except for a somewhat large voltage error at the full
discharge point, it was confirmed that the model could simulate the actual battery voltage
within an RMSE of 0.096 V, even when the electrolyte volume and current magnitude
were varied.
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Figure 18. Verification of simulation model accuracy when current magnitude and electrolyte volume
change under 250 mL/min.

4. Conclusions

In this study, we propose an experimental procedure and analysis method for analyz-
ing the system efficiency of VRFBs according to the current and flow rate conditions and
an electrical equivalent circuit modeling design method for simulating VRFBs.

According to the results of the system efficiency analysis, it was confirmed that the
VREB system has a significant impact on the system efficiency owing to the shunt current
loss and pump loss for electrolyte transport. For the VREB system used in this study, it was
found that it is efficient to operate a VRFB with a high current under low-flow conditions.
In addition, even if the VRFB system is changed, its efficiency characteristics can be quickly
analyzed by applying the test and analysis procedures presented in this study.

In addition, this paper presents an electrical circuit modeling and parameter design
method that can simulate the electrical output characteristics of VRFBs when the elec-
trolyte volume and flow rate conditions are changed. The proposed simulation model
can be used to investigate efficient operational control methods for VRFB systems. The
accuracy of the proposed simulation model was verified through comparison with the full
charge/discharge cycle experimental results of a 40 W VRFB stack comprising four 10 W
cells in series.
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Abstract: This study proposes a forecast-aided energy management strategy tailored for
industrial microgrids operating in Vietnam'’s tropical climate. The core novelty lies in the
implementation of a converter-based EMS that enables bidirectional DC power exchange
between multiple subsystems. To improve forecast accuracy, an artificial neural network
(ANN) is used to model the relationship between electric load and localized meteorological
features, including temperature, dew point, humidity, and wind speed. The forecasted load
data is then used to optimize charge/discharge schedules for energy storage systems (ESS)
using a Particle Swarm Optimization (PSO) algorithm. The strategy is validated using real-
site data from a Vietnamese industrial complex, where the proposed method demonstrates
enhanced load prediction accuracy, cost-effective ESS operation, and multi-microgrid
flexibility under weather variability. This integrated forecasting and control approach
offers a scalable and climate-adaptive solution for EMS in emerging industrial regions.

Keywords: load forecasting; artificial neural networks; Vietnam; meteorological data;
MAPE; time series; energy prediction; industrial forecasting; energy efficiency; PSO; EMS;
converter-based control; microgrid; DC grid; energy trading; battery scheduling; forecast-
aided EMS

1. Introduction

In recent years, power systems have been undergoing significant transformation,
transitioning towards more advanced and intelligent configurations such as microgrids
and smart grids. These modern systems integrate renewable energy sources directly with
energy storage systems (ESS), incorporating technologies like high-efficiency photovoltaic
(PV), solar thermal, combined heat and power (CHP), wind power generation, and ESS.
Such integrated systems enable proactive electricity supply and demand planning, allow-
ing for optimal economic operation and smart autonomous management, operation, and
maintenance (O&M) through the latest IT technologies and intelligent controls [1-4]. Given
the variability and intermittent nature of renewable energy sources, effective power gener-
ation forecasting and demand prediction technologies have become increasingly important
to ensure stability and efficiency in these evolving systems.

Accurate electric load forecasting plays a vital role in modern power systems by
enabling better alignment between energy supply and demand, improving generation
scheduling, and reducing operational risk [5-7]. With the increasing deployment of renew-
able energy sources and distributed energy storage systems (ESS), microgrids—especially

Energies 2025, 18, 3202 https://doi.org/10.3390/en18123202
137



Energies 2025, 18, 3202

those implemented in industrial contexts—require more intelligent forecasting and control
mechanisms [8,9]. In particular, load prediction helps improve the efficiency of microgrid
operation not only at the grid scale but also at the level of small-scale, site-specific microgrid
clusters [9,10].

Electric load forecasting methodologies are traditionally classified into statistical and
artificial-intelligence-based techniques. Statistical approaches such as regression analysis
and time-series models, including autoregressive integrated moving average (ARIMA),
have long been used for their interpretability and effectiveness under linear assumptions.
These models capture temporal trends and seasonal components but may lack robustness
when handling non-linear interactions among influencing variables [11-13]. Unlike in tem-
perate regions, where seasonal heating and cooling demands predominantly influence load
patterns, tropical climates such as Vietnam exhibit less pronounced seasonal variation and
more frequent short-term fluctuations due to humidity, solar intensity, and unpredictable
weather. These conditions result in non-cyclical, high-frequency load-weather interactions
that require more localized and adaptive forecasting approaches.

Artificial intelligence techniques, particularly artificial neural networks (ANNSs), have
gained popularity due to their ability to model complex, non-linear relationships between
input variables such as temperature, humidity, and past load data. ANNSs can learn these
relationships directly from data without predefined assumptions, making them suitable
for environments with fluctuating patterns and irregular behaviors. This flexibility is
especially beneficial for load forecasting in microgrid systems, where energy usage patterns
are heavily influenced by local conditions and building-specific characteristics [12-14].

This study focuses on a demonstration site in Vietnam where a microgrid system has
been deployed across three distinct buildings with unique energy consumption characteris-
tics. These buildings are interconnected through a direct current (DC) grid and enabled
with 144 kW class bidirectional DC/DC converters to allow mutual power exchange. To
ensure reliable and efficient operation of the microgrid, a combined forecasting and control
approach is proposed.

The primary contribution of this research lies in the integration of weather-based
ANN forecasting models with a converter-based EMS strategy. The EMS uses ANN
predictions along with real-time state of charge (SoC) information from each building’s
energy storage system to determine optimal power dispatch priorities. This strategy allows
for proactive control of power flows, enabling balanced energy sharing and enhancing
microgrid efficiency [15,16].

The remainder of this paper is organized as follows. Section 2 presents the me-
teorological and load data analysis, followed by the ANN forecasting methodology in
Section 3. Section 4 evaluates forecasting accuracy across buildings. Section 5 introduces the
converter-based EMS design and simulation scenarios. Section 6 summarizes key findings
and proposes directions for future research.

2. Data Analysis
2.1. Overview of the Vietnam Demonstration Site

The demonstration site, located at the Taekwang Vina industrial complex in Dong Nai
Province, Vietnam, consists of three distinct facilities: VI2, Mold, and a kindergarten. VT2
is a footwear manufacturing plant that operates many machines and equipment, resulting
in high and fluctuating electricity demand. Mold serves as a mold fabrication facility for
shoe outer structures, exhibiting a moderately lower and more stable load profile compared
to VT2. The kindergarten, designed to accommodate the children of factory employees, has
minimal power usage and operates independently from the energy-intensive production
sites. Understanding the functional role and load profile of each building provides essential
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context for the design and operation of the EMS. These contextual differences informed the
selection of target buildings for forecasting and ESS scheduling in this study.

As shown in Figure 1, the system operates as a microgrid system integrating various
distributed energy resources, including photovoltaic (PV) systems, a combined solar and
heat power (CSP/CHP) unit, an energy storage system (ESS), and a centralized Total
Operation Control (TOC) center. PV capacity includes 900 kWp on VT2 and 400 kWp on
the Mold building. The ESS consists of inverters (1.29 MW), converters (144 kW), and a
battery system (720 kWh), supported by MPPT and redundancy inverters. Through the
144 kW rated DC/DC converter, the system allows for a maximum bidirectional power
exchange of up to 144 kW between microgrid subsystems, enabling both energy import
and export depending on demand and operational strategy. These distributed resources
are managed in real time via the TOC to optimize power flow, ensure reliability, and reduce
energy costs within the site.

< MOLD > e o : p o e <Power Conversion >

PV 400kWp o 5 | PCS(Inv.) 1.29MW
MPPT(DC/DC) 1.3MW
ESS Conv.(DC/DC) - 144kW
ESS(Battery) 720kWh
Redundancy(inv.) 1.2MW

-

<VI2>

PV 900kWp

Figure 1. Overview of microgrid construction in Ho Chi Minh Industrial Complex.

This demonstration site follows a network of microgrids architecture, enabling bidi-
rectional energy exchange between local subsystems. Depending on operational strategies,
power can be imported from or exported to other buildings within the industrial complex.
This configuration enhances resilience, supports dynamic load balancing, and enables
coordinated energy management across distributed assets. Such networked microgrid
structures have been shown to improve overall system flexibility and operational efficiency
in renewable-integrated environments [17-19]. This makes the site an ideal testbed for
advanced forecasting and energy optimization techniques in real-world settings.

Additionally, the microgrid architecture includes distributed subsystems deployed
at both the VT2 and Mold buildings. As illustrated in Figure 2, each building operates an
independent PV-ESS-inverter system interconnected by a DC grid. The VT2 building is
equipped with MPPT, ESS converters, and dual PCS inverters feeding into ACB #1 and #2,
while the Mold building operates similarly with PCS #3 and ACB #3. Both sites interface
with the local Taekwang Vina transformers, enabling grid-tied and isolated microgrid
functionality depending on operational strategy.
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Figure 2. Configuration diagram of multiple microsystems based on DC grid.

2.2. Analysis of Meteorological Data in Vietnam

Meteorological variables are generally considered to be among the key factors influ-
encing electric load demand. For this study, temperature, dew point, humidity, and wind
speed were selected as input variables for load forecasting [12-14].

To determine which weather parameters are most closely correlated with electric load,
Pearson correlation analysis was employed. This method quantifies the linear relationship
between each meteorological variable and power consumption.

Figure 3 presents the meteorological data collected from Ho Chi Minh City, Vietnam,
which consists of hourly observational records. These historical data serve as the foundation
for training and validating the forecasting model, providing key input variables such as
temperature, dew point, humidity, and wind speed.

CURRENT CDNDl—HDNS As of 30 September, 2019 @ 10:30 am ICT

(40 Minutes Ago)

Temperature Humidity Wind Sunrise/Set

4 o 705 % 3.7 km/h 05:42 am

% t\r'f 31 -0 C 0544pm
Scattered Clouds Visibility Dew Point Pressure Local Time
6 km 250°C N/A 11:10 am ICT

30 September, 2019

Figure 3. Example of Ho Chi Minh meteorological data.

The available meteorological dataset includes various features, from which temper-
ature, dew point, humidity, and wind speed were selected for modeling. Figures 4-7
visualize the trends and characteristics of these variables—temperature, dew point, humid-
ity, and wind speed—over the data collection period from 10 March to 27 November 2018.

Unlike temperate climate regions in Northeast Asia, which exhibit distinct seasonal
variations across spring, summer, fall, and winter, tropical climates in Southeast Asia,
including Vietnam, do not show such pronounced seasonal temperature changes. Likewise,
other weather features such as humidity and wind speed in tropical regions tend to display
weaker seasonal patterns compared to those in temperate zones.
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This observation suggests that, unlike in temperate regions, seasonality need not be
a major consideration in the model structure for Vietnam. However, since power load is
generally known to respond sensitively to heating and cooling needs driven by temperature,
a strong correlation between load and temperature is expected.
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Figure 4. Temperature data.
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Figure 5. Dew point data.
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Figure 6. Humidity data.

Figure 7. Wind speed data.

2.3. Analysis of Load Data in the Vietnam Demonstration Site

To further illustrate the load behavior at each site, representative load profiles were
visualized. Figures 8-10 illustrate the hourly load patterns of these buildings—VT2, Mold,
and Kindergarten—for the period between 10 March and 27 November 2018. While some
data points show abrupt spikes or drops in load, overall, the load tends to be higher
during the winter season (December to March) and the summer season (July to September)
compared to other periods.

Additionally, a broader review of historical load patterns reveals a general increasing
trend in power consumption from 2015 to 2017, suggesting long-term load growth at the site.
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The electric load data collected from the Vietnam demonstration factory site was obtained
from three key buildings within the site—VT2, Mold, and Kindergarten—each representing
different usage patterns and operational characteristics. By analyzing historical load trends,
we were able to identify temporal patterns and assess variations between weekdays and
weekends. This insight formed the basis for training individual ANN models per building
to optimize forecast accuracy under localized conditions [20].

While some data points show abrupt spikes or drops in load, overall, the load tends to
be higher during the winter season (December to March) and the summer season (July to
September) compared to other periods.

Additionally, a broader review of historical load patterns reveals a general increasing
trend in power consumption from 2015 to 2017, suggesting long-term load growth at the site.
The electric load data were collected from the Vietham demonstration factory site. Load data
were obtained from three key buildings within the site—VT2, Mold, and Kindergarten—
each representing different usage patterns and operational characteristics. By analyzing
historical load trends, we were able to identify temporal patterns and assess variations
between weekdays and weekends. This insight formed the basis for training individual
ANN models per building to optimize forecast accuracy under localized conditions.
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Figure 9. Mold load pattern.
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Figure 10. Kindergarten load pattern.

2.4. Correlation Analysis

Correlation analysis in this study is supported by the use of the Pearson correlation
coefficient, which quantitatively evaluates the degree of linear relationship between a
meteorological variable and electric load. The formula used is as follows:

ny, XmY — (sz)(ZY)

Ry = @
J (X~ (£%0%) (nv2 - (£77)
where
Ryu: Pearson correlation coefficient between meteorological variable X, and power
load Y;

n: number of data points;

X;: meteorological data (e.g., temperature and humidity);

Y: power consumption data.

Interpretation:

Ry = 1: perfect positive linear relationship;

Ry = —1: perfect negative linear relationship;

Ry = 0: no linear relationship.

This formula is a standard statistical tool that helps in determining the strength and
direction of a linear relationship between two continuous variables. It forms the basis of
variable selection in our forecasting model.

Correlation analysis is a statistical method used to assess the linear relationship
between two variables. The correlation coefficient quantifies this relationship, where a
value close to 1 or —1 indicates strong positive or negative correlation, respectively, and
values near 0 suggest little to no linear correlation.

In this study, Pearson correlation coefficient was used to evaluate the relationship
between meteorological variables (temperature, dew point, humidity, and wind speed) and
power consumption. This method was applied over the entire period of data collection (10
March to 27 November 2018) to identify which variables have the strongest association
with load patterns.

Visualizations using scatter plots were also generated to provide an intuitive under-
standing of these relationships. To enhance this analysis, we visualized the relationship
between VT2 building load and meteorological variables over the entire data collection
period (10 March to 27 November 2018), as shown in Figures 11-14. The scatter plots
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below illustrate these correlations clearly, allowing us to visually interpret the strength
and direction of each variable’s influence on power demand. The results show that, while
temperature and dew point exhibit weak linear correlations with load, humidity and wind
speed have even weaker or negligible associations, as quantified in the following figures.
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Figure 11. VT2 load vs. temperature.
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Figure 12. VT2 load vs. dew point.
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Figure 13. VT2 load vs. humidity.
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Figure 14. VT2 load vs. wind speed.

Temperature exhibits a weak positive linear correlation with power load, indicated by a
Pearson correlation coefficient of 0.1194. Dew point also shows a very weak negative linear
relationship with load, with a coefficient of —0.0828. Similarly, humidity demonstrates a
weak negative correlation of —0.1077 with load. In contrast, wind speed displays virtually
no linear association with load, as shown by a near-zero correlation coefficient of —0.0020.

Temperature and power load for the Mold building exhibit a weak linear correlation,
with a Pearson correlation coefficient of 0.1073. Dew point and load show a very weak
negative linear correlation, with a coefficient of —0.0598. Humidity shows a similarly weak
negative relationship with load, with a coefficient of —0.0906. Wind speed demonstrates
virtually no linear correlation with Mold load, as shown by a correlation coefficient of
—0.0279. These relationships are illustrated in Figures 15-18.
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Figure 15. Mold load vs. temperature.
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Figure 16. Mold load vs. dew point.
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Figure 17. Mold load vs. humidity.
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Figure 18. Mold load vs. wind speed.

Kindergarten building load data show similar patterns. Temperature shows a weak
positive linear relationship with load, with a Pearson coefficient of 0.1149. Dew point
and load have a very weak negative correlation of —0.0729, while humidity correlates
negatively with a coefficient of —0.1104. Wind speed shows a very weak positive correlation
with kindergarten load, with a coefficient of 0.0548. These relationships are illustrated in
Figures 19-22.

The results above differ somewhat from the expectations formed during the meteoro-
logical data analysis in Section 2.1. It is commonly understood that electric load is highly
sensitive to temperature due to heating and cooling demands, which would suggest a
strong correlation between temperature and power load. However, the observed Pearson
correlation coefficients indicate that the relationship is not significantly strong. Similar
weak or negligible correlations were found for other meteorological variables as well.
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Figure 19. Kindergarten load vs. temperature.
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Figure 22. Kindergarten load vs. wind speed.

The weak overall correlation between temperature and electric load observed in this
study can primarily be attributed to the non-linear and intermittent nature of weather
influences under Vietnam'’s tropical climate. In such environments, sudden changes in
humidity, solar radiation, or wind may affect energy usage in brief, irregular patterns
that are not consistently captured over long-term aggregations. Additionally, the load
characteristics of the studied buildings reflect the operational realities of industrial footwear
manufacturing for globally recognized consumer brands. As original equipment manufac-
turing (OEM) sites, their production schedules tend to follow market-driven demand and
fashion cycles rather than seasonal climate changes, further decoupling electric load from
meteorological conditions.

2.5. Daily Correlation Trend Analysis

While the previous section analyzed the overall correlation between meteorological
variables and power load across the entire dataset, this section presents the distribution of
Pearson correlation coefficients calculated on a daily basis. Given that power forecasting is
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often performed over 24 h periods, understanding the day-to-day variation in correlation
can provide more granular insight into the strength of relationships over time.

Histograms were generated to visualize the daily correlation coefficient distributions
for each building (VT2, Mold, and Kindergarten) across the four meteorological variables:
temperature, dew point, humidity, and wind speed. These distributions offer a more nu-
anced view of the dynamic relationships between weather conditions and power demand,
which can vary significantly based on operational schedules, weather fluctuations, and
building use patterns.

For the VT2 building, Figures 23-26 present the histograms showing the distribution of
daily Pearson correlation coefficients between power load and each meteorological variable.
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Figure 23. Histogram of daily Pearson correlation coefficients between VT2 load and temperature.
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Figure 24. Histogram of daily Pearson correlation coefficients between VT2 load and dew point.
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Figure 25. Histogram of daily Pearson correlation coefficients between VT2 load and humidity.
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Figure 26. Histogram of daily Pearson correlation coefficients between VT2 load and wind speed.

Temperature and power load demonstrate a strong linear relationship, with most
daily Pearson correlation values ranging between 0.6 and 0.8. This suggests a consistent
and strong dependency between temperature and load throughout each day. Dew point
shows a moderate relationship with daily load values, where the majority of correlation
coefficients fall between 0.3 and 0.5, indicating a weaker but present linear trend.

Humidity also reflects a strong correlation pattern, with values similarly clustered
within the 0.6 to 0.8 range. Wind speed, on the other hand, exhibits a notably weaker
correlation, with most values distributed between 0 and 0.4, suggesting limited influence
on the daily power load.

For the Mold building, Figures 27-30 illustrate the daily Pearson correlation coefficient
distributions for each meteorological factor.
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Figure 27. Histogram of daily Pearson correlation coefficients between Mold load and temperature.
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Figure 28. Histogram of daily Pearson correlation coefficients between Mold load and dew point.
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Figure 29. Histogram of daily Pearson correlation coefficients between Mold load and humidity.
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Figure 30. Histogram of daily Pearson correlation coefficients between Mold load and wind speed.

Temperature and power load show a moderately strong linear relationship, with most
daily correlation values falling within the 0.4 to 0.6 range. Dew point also displays a
moderate correlation, where daily coefficients typically range from 0.3 to 0.5, indicating a
consistent linear association across days.

Humidity demonstrates a stronger linear relationship with load, with correlation val-
ues predominantly between 0.6 and 0.8. In contrast, wind speed correlations are generally
weaker, with daily coefficients mostly distributed between 0 and 0.4, suggesting minimal
impact on daily load patterns.

For the kindergarten building, Figures 31-34 illustrate the histograms representing
the distribution of daily Pearson correlation coefficients with respect to the selected meteo-
rological factors.
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Figure 31. Histogram of daily Pearson correlation coefficients between kindergarten load and
temperature.
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Figure 32. Histogram of daily Pearson correlation coefficients between kindergarten load and dew point.
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Figure 33. Histogram of daily Pearson correlation coefficients between kindergarten load and humidity.
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Figure 34. Histogram of daily Pearson correlation coefficients between kindergarten load and
wind speed.

Temperature and load correlations are consistently strong, with values mainly dis-
tributed between 0.4 and 0.8. This suggests a reliable and moderately strong relationship
throughout the day. Dew point shows a weaker but still notable linear association, with
daily correlation coefficients ranging between 0.2 and 0.5.

Humidity demonstrates a strong linear correlation with load, as coefficients are pri-
marily within the 0.6 to 0.8 range. Wind speed again shows only a weak relationship, with
most correlation values falling between 0 and 0.4.

The daily correlation histograms in Figures 23-34 reveal a different trend from the
aggregated analysis. For example, in the VT2 building, daily correlations between tem-
perature and load frequently range from 0.6 to 0.8, suggesting a strong and consistent
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relationship at the intra-day level. This indicates that HVAC usage may spike during
specific temperature conditions or time windows (e.g., mid-day peak hours), even in the
absence of pronounced seasonal changes. Such transient behaviors are masked in the over-
all analysis due to temporal averaging. This reinforces the importance of day-level analysis
when forecasting load in climates with minimal seasonality but high daily variability.

The following Table 1 summarizes the key findings from Sections 2.4 and 2.5, highlight-
ing both overall and daily Pearson correlation coefficient trends between meteorological
variables and electric load for each of the three buildings.

Table 1. Summary of correlation analysis results.

Building Variable Overall Correlation Daily Correlation Range Strength of Relationship
Temperature 0.1194 0.6-0.8 Strong
VT2 Dew Point —0.0828 0.3-0.5 Moderate
Humidity —0.1077 0.6-0.8 Strong
Wind Speed —0.002 0-0.4 Weak
Temperature 0.1073 0.4-0.6 Moderate
Mold Dew Point —0.0598 0.3-0.5 Moderate
© Humidity —0.0906 0.6-0.8 Strong
Wind Speed —0.0279 0-0.4 Weak
Temperature 0.1149 0.4-0.8 Moderate to Strong
Kinderearten Dew Point —0.0729 0.2-0.5 Weak to Moderate
& Humidity —0.1104 0.6-0.8 Strong
Wind Speed 0.0548 0-0.4 Weak

The observed discrepancy between overall and daily correlation coefficients can be
attributed to several interacting factors. Daily operational schedules, such as work shifts
and equipment usage in VT2 and Mold buildings, vary significantly across weekdays and
weekends, causing fluctuations in hourly load patterns. In addition, transient weather
conditions—such as sudden humidity surges or temperature drops—may influence short-
term cooling or ventilation demands. Each building’s unique usage profile, including the
kindergarten’s non-production-based occupancy, also contributes to the varying sensitivity
of load to meteorological changes. These factors, when combined, lead to non-linear and
temporally dynamic relationships between weather and load, which are better captured in
daily correlation analyses than in aggregated values.

3. Methodology

This section outlines the structure and implementation of the load forecasting model
developed in this study. The model is based on artificial neural networks (ANNSs), which are
capable of capturing complex and non-linear relationships between weather variables and
electric load. By employing building-specific models and incorporating multiple weather
variables, the proposed methodology aims to enhance short-term forecasting accuracy in
industrial microgrid environments.

3.1. ANN Model Design

The output of the Softplus activation function used in the hidden layers is defined as:
f(x) = In(1+e7) 2

This activation function is continuous and differentiable, which makes it well-suited
for gradient-based optimization. Unlike the ReLU function that outputs zero for negative
inputs, the Softplus function maintains a smooth gradient for all input values, enabling
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more stable learning during training. It serves as a smooth approximation to the ReLU
function while avoiding issues related to gradient vanishing in deeper layers.

]’l(l) = ln(l + eW<1)x+b<1))
7 =wWOnh® 4 pG)

This equation describes the sequence of transformations applied to the input data
through each layer of the neural network. The first hidden layer computes a non-linear
mapping of the input weather variables, enabling the model to capture direct influences on
load. The second hidden layer processes the output of the first to uncover higher-order
dependencies and interactions among the features. The output layer then generates the final
predicted load value. This architecture allows the model to approximate highly complex,
non-linear relationships in the data that traditional models may fail to capture, making it
particularly suitable for energy forecasting in diverse environmental conditions.

This equation illustrates the full forward propagation process of the ANN used in this
study. It includes two hidden layers, each applying the Softplus activation function, and a
linear output layer that produces the final power load prediction.

This function allows the network to handle non-linearity while avoiding issues related
to vanishing gradients commonly seen in sigmoid or tanh functions.

The proposed forecasting model utilizes a multi-layer perceptron (MLP) architecture.
The input layer receives four normalized weather variables: temperature, dew point,
humidity, and wind speed. The model is structured to produce hourly electric load forecasts
for a 24 h horizon, enabling day-ahead prediction of power demand.

Each ANN consists of one input layer, two hidden layers, and one output layer. The
hidden layers use the Softplus activation function, which was selected for its ability to
handle non-linearities while maintaining smooth gradients for optimization. The output
layer generates the predicted hourly load values. These two hidden layers enable the
network to capture more complex non-linear relationships between inputs and outputs.
The first hidden layer identifies basic interaction patterns among weather variables, while
the second layer builds upon these to learn higher-level abstractions. This multi-layered
structure increases the model’s capacity to approximate intricate patterns in load behavior,
improving forecast accuracy over single-layer designs.

This model is particularly suitable for capturing non-linear dependencies between
weather variables and load patterns. Given the frequent short-term fluctuations in tropical
climates like Vietnam, the ANN structure helps maintain prediction robustness even under
abrupt weather shifts or irregular factory operation schedules, which are difficult to handle
with traditional linear approaches.

3.2. Model Training and Evaluation

The loss function minimized during training is the Mean Squared Error (MSE), ex-
pressed as:

MSE = (rll) « X(yi — 91)° 4)

where yj is the actual load and ¥; is the predicted load for instance i.
The forecasting performance was evaluated using the Mean Absolute Percentage Error

(MAPE), calculated as:
MAPE — (100) « 2<|y1_y1> (5)
n Yi

This metric quantifies the accuracy of the forecasts as a percentage of the actual load.
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The model was trained using historical weather data and corresponding load mea-
surements for the VT2, Mold, and Kindergarten buildings. Data was split into training
and validation sets with a typical 80:20 ratio. Mean Squared Error (MSE) was used as the
loss function, and model performance was evaluated using the Mean Absolute Percentage
Error (MAPE) metric.

The input data was standardized to have zero mean and unit variance to enhance
learning efficiency and convergence. Model training was conducted independently for
each building to account for their different load characteristics and operational profiles.

The ANN architecture consists of an input layer, two hidden layers with 16 and
8 neurons, respectively, and an output layer. The Softplus activation function is applied to
the hidden layers, and a linear activation is used in the output. The network was trained
using the Adam optimizer with a learning rate of 0.001. The batch size was set to 32,
and training was conducted over 100 epochs. These parameters were selected based on
preliminary experiments to balance convergence speed and prediction accuracy. Model
performance was monitored using validation loss under K-fold cross-validation.

3.3. Forecasting Approach

Separate ANN models were trained for each building using the respective historical
data. Forecasts were performed on a day-ahead basis, with the model generating 24 hourly
load predictions at once. Figure 35 illustrates the end-to-end architecture and flow of
the ANN-based forecasting model developed in this study. The model receives multiple
meteorological variables (temperature, dew point, humidity, and wind speed) along with
load history as inputs. The forecasting engine consists of a multi-layer perceptron with two
hidden layers using the Softplus activation function. To ensure generalization, the model
undergoes K-fold cross-validation, where each fold is used once for validation while the
remaining folds are used for training. Hyperparameters, such as the number of hidden
nodes and regularization coefficient, are tuned based on the average validation error. This
approach enables the selection of an ANN configuration that minimizes generalization
error and enhances prediction reliability. By tailoring the ANN model to each building’s
data, the method improves localized forecasting accuracy, capturing site-specific behaviors
and weather sensitivities.
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Figure 35. Overall structure and algorithmic flow of the ANN-based forecasting model, including

input data sources, neural network architecture, and K-fold cross-validation for hyperparameter

optimization.
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4. Results and Performance Evaluation

This section presents the results of the electric load forecasting using the proposed
ANN-based models for the VT2, Mold, and Kindergarten buildings. Each building’s model
was evaluated based on its ability to accurately predict 24 h ahead load values using
meteorological inputs.

The models demonstrated consistent and reliable prediction performance across all
three buildings. For each case, the ANN model captured the daily load pattern with suffi-
cient accuracy, despite differing operational schedules and sensitivities to meteorological
inputs. As shown in Table 2, MAPE scores ranged from 8.8% to 10.6%, suggesting effective
learning and generalization by the ANN model.

Table 2. Forecasting accuracy for each building.

Building MAPE (%)
VT2 10.2
Mold 8.8
Kindergarten 10.6

To further validate prediction performance, Figures 36-38 compare actual and pre-
dicted load values over a representative day for each building. In the figures, the actual
load is shown in blue, while the predicted load is illustrated in red. Among the three
buildings, both VT2 and Mold are factory buildings, while the kindergarten is an educa-
tional facility. VT2 has the highest average power consumption, whereas Mold represents
one of the lower-load industrial sites. Interestingly, despite its lower total load, the Mold
building shows better prediction alignment. This suggests that stable and predictable load
behavior, rather than total consumption, may play a more critical role in achieving accurate
forecasts. The results show that the ANN model effectively captures both peak and off-peak
load trends, even during times of abrupt changes. This is especially evident in the Mold
building, where the ANN demonstrates higher precision, likely due to consistent usage
and more predictable weather—load interaction.
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Figure 36. Actual vs. predicted load—VT2.
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Figure 37. Actual vs. predicted load—Mold.
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Figure 38. Actual vs. predicted load—Kindergarten.

In contrast, VT2 and Kindergarten buildings showed slightly higher MAPE values,
possibly due to variable schedules or complex usage behaviors not directly explained
by the four weather variables used. Nevertheless, the visual alignment of predicted and
observed values in these figures supports the model’s robustness.

Overall, these findings suggest that the proposed ANN model is well-suited for site-
specific energy demand forecasting and has the potential to support microgrid optimization
and operational planning.
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5. EMS Operation Strategy Based on Load Forecasting
5.1. Forecast-Aided Load Scheduling

Although load forecasting was conducted for three sites—VT2, Mold, and a
kindergarten—the EMS operation and ESS scheduling in this study focused only on the
VT2 and Mold buildings. This is because the kindergarten’s electric load was significantly
smaller and less variable compared to the industrial facilities, rendering it unnecessary to
include in the economic scheduling and control framework. However, its load patterns
were still considered as part of the overall demand profile for monitoring purposes.

Figures 39 and 40 illustrates the forecasting system, which is built upon the integration
of local climate data, historical load patterns, and facility schedule information. As shown
in the diagram, key meteorological parameters such as temperature, dew point, humidity,
and wind speed, along with factory-specific load history, are processed through Pearson
correlation analysis to identify significant relationships. This data is then fed into a multi-
layer artificial neural network (ANN) for prediction, the integration of local climate data,

historical load patterns, and facility schedule information.
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Figure 39. Overview of the load forecasting system using local weather, historical load data, and
ANN model.
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Figure 40. Comparison of actual measured load and ANN-based forecast results for VT2 and Mold
on 17 May 2022.

To ensure reliability, a K-fold cross-validation approach is employed during model
training, verifying performance across multiple data splits. The resulting ANN model can
then deliver a 24 h ahead load forecast for each building.

This forecast supports real-time scheduling for industrial microgrids. It enables the
EMS to proactively plan charging and discharging of energy storage, schedule surplus
power exchanges, and maintain operational efficiency even under fluctuating load condi-
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tions. The model achieves a mean absolute percentage error (MAPE) within 12%, as shown
in the following illustration.

This image shows actual versus predicted electric load values for the VI2 and Mold
buildings on 17 May 2022. The upper chart corresponds to VI2, where an MAPE of
12.71% was observed, and the lower chart shows Mold with an MAPE of just 2.46%.
Each bar represents measured load (green), while the blue line denotes the forecasted
demand. The error values and temperature inputs are tabulated on the right side. The
higher accuracy in Mold likely reflects a more consistent load pattern compared to VI2's
operational fluctuations.

5.2. Economic Operation with PSO Algorithm

The proposed Energy Management System (EMS) integrates a Particle Swarm Opti-
mization (PSO) algorithm to generate optimal charge and discharge schedules for each
building’s Energy Storage System (ESS). This optimization minimizes operational cost
while satisfying system constraints and responding to forecasted load conditions.

5.2.1. PSO Algorithm for ESS Scheduling

The PSO algorithm emulates the social behavior of particles in a swarm to find the
global optimum. In this context, each particle represents a candidate ESS schedule vector
that minimizes the total energy cost.

Objective: minimize total electricity cost over time:

T
i Ci( Poyi P -P 6
Pg}ll’zht;( t ( grzd,t"’ dch,t ch,t)) 6)
Subject to:
Socmin S SOCt S SOCmax
0< Pch,t/ Pdch,t < Prax
1
SOCty1 = SOCt + ey Pop p- At — ——Pyepy - At
Mdch
where

Cy: electricity price at time t;

Pep s Pycn p: charging and discharging power;

Hens Nacn: charging /discharging efficiency;

SOC;: battery state of charge at time t.

To provide a clearer understanding of the PSO implementation, Figure 41 illustrates
the detailed logic of the ESS scheduling algorithm and the swarm-based optimization
process. In this study, the PSO algorithm utilizes a swarm size of 100, where each particle
represents a candidate charge/discharge schedule for the ESS over a 24 h horizon. The
particles are initialized randomly within feasible operational ranges, and their velocities
and positions are updated iteratively based on inertia and acceleration parameters. The
objective function is evaluated at each step, and the process converges within approximately
50 iterations. The global best solution obtained defines the optimal ESS schedule.

The DC-based multi-microgrid system allows energy sharing between VT2 and Mold.
In the event of equipment failure or scheduling deviation, the system dynamically real-
locates excess power where needed. The structure supports independent operation and
cooperative balancing, improving the robustness of the overall EMS.
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Figure 41. ESS scheduling algorithm and PSO optimization logic illustrating particle initialization,

evaluation, and convergence.

5.2.2. VT2 ESS Operation Results

Figure 42 presents the PSO-based operation schedule for the VI2 ESS with 30 min
resolution. During the off-peak hours from midnight to early morning (00:00-05:00), the
system performs aggressive charging to elevate the state of charge (SOC). Later, the battery
discharges during peak pricing windows (09:00-11:00 and 17:00-19:00), corresponding to
the predicted high-demand periods.
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Figure 42. PSO-based ESS command and SOC profile for VT2 on a 30 min interval.

The SOC rises from 10 percent to 90 percent early in the day through continuous
70 kW charging, discharges at minus 70 kW during load peaks, and then stabilizes above
65 percent post-peak to maintain redundancy and supply backup.

This pattern demonstrates that the PSO-based control effectively anticipates future
load using 24 h forecasts, prevents inefficient overlapping charge/discharge actions, and
maintains battery longevity through shallow discharge cycles.
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5.2.3. Mold ESS Operation Results

Figure 43 shows the PSO-generated schedule for the Mold ESS, which operates under
the same control framework but with a more consistent load profile. The SOC increases
steadily from 10 percent to 90 percent by 06:30 due to continuous overnight charging, then
follows a two-stage discharge, first from 10:00 to 12:00 and again during the evening peak
between 17:30 and 20:00.
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Figure 43. PSO-based ESS command and SOC profile for Mold on a 30 min interval.

Throughout the day, the SOC profile remains stable with minimal fluctuation,
which is indicative of the steady-state operation of the Mold facility. This stable re-
sponse enables Mold to engage in power trading activities efficiently while preserving its
operational reliability.

While both VT2 and Mold ESS systems follow the same PSO-based scheduling ap-
proach, their operation patterns differ significantly: VT2 shows sharper SOC transitions
due to more variable and peak-heavy load profiles, whereas Mold exhibits a smoother and
more balanced charging—discharging behavior. This difference stems from the operational
characteristics of each site—VT2’s production-based shifts lead to higher fluctuations, while
Mold maintains a more constant load. As a result, Mold is better positioned to consistently
participate in energy trading, while VT2 focuses on peak shaving and internal efficiency.

5.3. Multi-Microgrid Flexibility and Fault Resilience

In addition to energy forecasting and ESS scheduling, maintaining power quality un-
der variable load and generation conditions is critical in industrial microgrid settings [21].
Figure 44 illustrates the real-time multi-microgrid (MG) operational structure deployed
at the VT2 and Mold buildings, where distributed energy resources (DERs) such as pho-
tovoltaic (PV) systems and energy storage systems (ESS) are coordinated through an
integrated Energy Management System (EMS).

Within the EMS, a Power Management System (PMS) supports key functions such
as inverter parallel operation, fault-tolerant DER coordination, and real-time energy flow
optimization based on load and generation forecasts, electricity tariffs, and ESS state of
charge (SOC). It further contributes to system stability through features like inverter margin
control, automatic restart, and AC voltage monitoring.

The PMS incorporates a PSO-based ESS scheduling algorithm, which considers
building-specific load profiles, time-of-use pricing, and battery constraints to generate
cost-optimized operational schedules. This approach enhances both economic performance
and system flexibility.

As shown in Figure 45, the EMS autonomously generates charging and discharging
schedules for each building. Both VI2 and Mold systems perform off-peak charging and
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peak-time discharging, but the patterns vary depending on site-specific load behavior. This
demonstrates the EMS’s ability to implement adaptive, site-aware strategies using a shared
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Figure 44. DER-integrated multi-microgrid control system with PMS and PSO-based scheduling
algorithm.
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Figure 45. Automatically generated ESS operation schedule and SOC profile for VT2 and Mold.

5.4. ESS Power Transaction and Settlement

The EMS facilitates power trading between VI2 and Mold based on predictive ana-
lytics. By using forecasted load demand, time-of-use electricity prices, and current SOC
levels, the system generates a power trade plan that optimizes cost and balances surplus
and deficit.

When VT2 accumulates excess energy during low-price charging periods, it supplies
Mold during high-price intervals. This inter-facility transaction is automatically scheduled
and managed within the EMS, as illustrated in Figure 46.

The platform also performs real-time execution and settlement of these trades. On
18 May, for example, Mold sold 240 kWh of power to VT2, generating a total revenue
of 610.08 kVND. Detailed transaction records, including timestamps, exchanged energy,
and corresponding settlement values, are continuously logged for audit and operational
transparency, as illustrated in Figures 47 and 48.
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Figure 48. ESS deal status and financial settlement records for VI2 and Mold on 18 May.

6. Conclusions

This study presented an integrated energy management strategy that combines load
forecasting, economic operation scheduling, and inter-facility energy trading for indus-
trial microgrids. By leveraging meteorological data and historical load information, an
artificial neural network (ANN) model was developed to achieve a 24 h ahead forecast
with an error margin within 12%. This predictive capability enabled the implementa-
tion of Particle Swarm Optimization (PSO)-based ESS scheduling tailored to site-specific
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consumption patterns. The PSO algorithm successfully minimized operational costs by
generating optimal charge/discharge schedules under time-of-use pricing and SOC con-
straints. Distinct operational behaviors were observed between VT2 and Mold sites due to
differences in load variability, which the EMS accommodated effectively through dynamic
schedule customization.

Furthermore, the deployment of a Power Management System (PMS) facilitated real-
time control of DERs and multi-microgrid coordination. Through this system, surplus
energy transactions between facilities were executed automatically, with corresponding
financial settlements logged and verified.

While the current study focused on load forecasting, the integration of photovoltaic
(PV) generation forecasting could further enhance the efficiency and economy of microgrid
operations. Accurate supply-side forecasting would allow the EMS to better align genera-
tion and storage strategies, reduce curtailment, and improve renewable energy utilization.

In addition, future pricing models must evolve beyond simple time-of-use rates.
Factors such as ESS state of health (SOH), the number of charge-discharge cycles, site-
specific peak periods, and weekday-dependent tariff variations should be incorporated to
enable truly optimized economic dispatch strategies.

Future research will expand on this by incorporating generation forecasts and devel-
oping coordinated scheduling algorithms for each component of the microgrid, including
ESS, PV, and real-time pricing models. This modular optimization approach will further
refine the system’s ability to deliver cost-effective and reliable energy management across
diverse industrial environments.

These results demonstrate the feasibility and scalability of a forecast-driven EMS that
enhances flexibility, reliability, and cost-efficiency in industrial microgrid environments.
Future work may explore extensions to multi-site coordination involving external grids or
market-driven dispatch frameworks. Additionally, from a system architecture perspective,
future research should also address the development and deployment of a robust DC grid
infrastructure. Such work is essential to support stable, bidirectional energy exchange and
coordinated converter-based control strategies across interconnected microgrid units.

One limitation of this study is the absence of explicit photovoltaic (PV) power generation
forecasting in the EMS framework. Although PV output profiles were considered in the
simulation environment, real-time or day-ahead PV prediction was not integrated into the
control strategy. Incorporating accurate PV forecasting—using machine learning or hybrid
models—would significantly enhance the effectiveness of PSO-based scheduling and enable
more proactive coordination between renewable generation and energy storage systems.

In addition, the current EMS utilizes a simplified time-of-use (TOU) pricing model,
which does not fully reflect practical economic dispatch conditions. Future research will
incorporate advanced pricing mechanisms that account for the state of health (SOH) of
ESS, degradation from charge/discharge cycles, dynamic price fluctuations, and site-
specific peak periods. These enhancements will allow for more realistic and cost-optimized
energy management, enabling the EMS to operate effectively in more complex and variable
industrial microgrid environments. Future work will thus aim to jointly optimize both
load and PV forecasts while integrating dynamic, cost-aware dispatch models to establish
a more robust, adaptive, and economically efficient EMS.
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Abstract: This paper proposes a novel three-phase two-level DC-AC inverter with signifi-
cantly reduced common-mode voltage. The proposed inverter combines a conventional
three-phase H7 configuration with a voltage multiplier network, effectively doubling the
DC-link voltage relative to the input. Compared to existing solutions, the topology achieves
a remarkably low common-mode voltage, limited to only 16.6% of the DC-link voltage.
Additionally, the voltage stress across the additional switches remains at half of the DC-
link voltage. The paper details the operating principles, mathematical formulation, and
circuit-level analysis of the proposed inverter. Simulation results are provided to validate
its performance. Furthermore, a hardware prototype has been implemented using a DSP
TMS320F28379D microcontroller manufactured by Texas Instruments, headquartered in
Dallas, TX, USA in conjunction with an Altera Cyclone® IV EP4CE22F17C6N FPGA-based
digital control platform manufactured by Intel Corporation, headquarters in Santa Clara,
CA, USA. Experimental results are presented to confirm the effectiveness and feasibility of
the proposed design.

Keywords: switched-capacitor network; common-mode voltage; H7 inverter; DC-AC inverter

1. Introduction

Common-mode voltage (CMV) plays a crucial role in various applications, particularly
in transformerless photovoltaic (PV) and electric motor drives [1-5]. In conventional pulse-
width modulation (PWM) inverters, CMV with high frequency and amplitude is known
to cause several undesirable effects, including electromagnetic interference (EMI), ground
leakage currents, and bearing current generation [6,7]. In a typical three-phase system, the
CMV is calculated as the average of the voltages between nodes A-O, B-O, and C-O and is

expressed as:
Vo + Vo + Vi
Vem = ( AO :l;O CO) ) (1)

where the point “O” represents the negative terminal of the input DC source, and V40,

Vo, and Vo denote the phase voltages measured with respect to this point, as illustrated
in Figure 1.
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Figure 1. Topology of H7 inverter.

To address the CMYV issues associated with conventional PWM inverters, a lot of
reduction techniques have been proposed in previous studies. These approaches in-
clude modifications to inverter topologies as well as the development of advanced PWM
control strategies.

Improved modulation control strategies, such as Active Zero State PWM (AZSPWM),
Near State PWM (NSPWM), and Reduced Switching PWM (RSPWM), have been proposed
to mitigate CMV variation by avoiding the use of zero-voltage states [8,9]. These techniques
reduce the magnitude of the CMV to approximately 33.3% of the input DC voltage. How-
ever, this improvement comes at the cost of degraded power quality, a reduced modulation
index, and lower efficiency, ultimately affecting overall inverter performance. To further
reduce the CMYV, hybrid space vector PWM (SVPWM) methods have been explored in [10].
The voltage linearity characteristics of these strategies are similar to those of the AZSPWM
method. In addition, the CMV frequency was only equal to three times the fundamental
frequency. Nevertheless, hybrid SVPWM techniques present challenges such as increased
algorithmic complexity and higher switching losses. A novel model predictive control
method is proposed in [11] to suppress common-mode voltage by strategically limiting
the number of usable voltage vectors within each sector. As a result, the CMV magnitude
is effectively constrained to 33.3% of the input DC voltage. In parallel, [12] introduces
a low-common-mode SVPWM technique that divides the voltage plane into 12 sectors,
achieving the same CMV magnitude while tripling the CMV switching frequency.

In addition to modulation strategies, various inverter topologies have been proposed
to reduce the CMV. As discussed in [13-15], three-phase four-leg inverter structures are
commonly employed for CMV suppression. In [13], a near state vector selection-based
model for predictive control is introduced to limit the common-mode voltage by using
a minimum number of usable vectors in every switching period. This method reduces
the magnitude of the CMV to approximately 25% of the input DC voltage. In [14,15], the
fourth leg of a three-phase four-leg inverter is actively controlled to compensate for CMV
variation, effectively achieving zero common-mode voltage. A three-phase H7 inverter was
introduced in [16], in which an additional switch is inserted between the input DC source
and the conventional H-bridge inverter. A schematic of the conventional three-phase H7
inverter is shown in Figure 1. By controlling this additional switch to float the inverter from
the DC source during zero states, the CMV varies between V;./3 and V4., as summarized
in Table 1. A voltage-clamping H8 topology, discussed in [17], employs two additional
active switches to disconnect the power source from the inverter during freewheeling states.
This configuration maintains a constant CMV during mode transitions, with the CMV
magnitude limited to only 33.3% of the input DC voltage. Alternative H8 topologies were
also presented in [18,19], utilizing only two extra switches to constrain CMV variation. In
these designs, the CMV fluctuation is similarly restricted to 33.3% of the input DC voltage.
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Table 1. CMV value of conventional H7 inverter under different switching states.

Bridge States

Switching State (S1S5S5) State of Sy Vemv
State 1 100 1 Vgc/3
State 2 110 1 2V4./3
State 3 010 1 Vac/3
State 4 011 1 2Vg4./3
State 5 001 1 Vae/3
State 6 101 1 2V4./3
State 7 111 0 Ve

In this paper, a novel switched-capacitor-based quasi-H7 inverter (5C-qH7 inverter) is
proposed. The presented topology combines a conventional three-phase H7 inverter with a
voltage multiplier network. Unlike existing solutions, the CMV of the proposed inverter
varies only from Vpn/6 to Vpn /3, whereas the CMV in the conventional H7 inverter
topology fluctuates from Vpy/3 to Vpn. Furthermore, the SC-qH7 inverter supports
the full modulation index range without compromising on performance. A switched-
capacitor network is proposed to achieve low common-mode voltage and voltage boosting
in the proposed SC-qH7 inverter. Similar to conventional switched-capacitor circuits, the
proposed SC-qH7 inverter also introduces an impulse charging current in capacitors. This
issue of current waveforms can be efficiently mitigated by adding resonant inductors in
the switched capacitor loop as presented in [20,21]. The proposed inverter structure is
introduced in Section 2, followed by a description of the applied PWM control technique in
Section 3. Simulation and experimental validation results are provided in Section 4.

2. Topology and Operating Principle of the SC-qH7 Inverter

Figure 2 illustrates the circuit configuration of the proposed SC-qH7 inverter. In this
topology, a switched-capacitor network is added to the conventional H7 inverter.

T Crg

Figure 2. Topology of proposed SC-qH7 inverter.

From Figure 2, the voltage across diode D;, (Vo) is calculated as follows:

*Vcb Sb is on
Vo = 2
NO { 0 S, isoff @
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The CMV (V) of the proposed SC-qH7 inverter can be rewritten as follows:

Vem = Vo +

(Van + Ven + Ven)

2.1. Operating Principle of Proposed SC-qH7 Inverter

3

®)

The operating principles of the proposed SC-qH7 inverter can be explained through

its distinct switching modes, as summarized in Table 2. Similar to the conventional

H7 inverter [15], the proposed SC-qH7 inverter has seven switching modes, as shown

in Figure 3.

Table 2. CMV value and switching modes of proposed SC-qH7 inverter.

Switching Mode Switches Diodes Output Leg Voltage Vem
S1 S3 Ss Sa Sp So D, Dy, Van VN Ven
Mode 1 On Off Off On Off On Off On Von 0 0 Vpn/3
Mode 2 On On Ooff  Off On On On Off Von Von 0 Vpn/6
Mode 3 Off On Off On Off On Off On 0 Vpn 0 Vpn/3
Mode 4 Off On On Off On On On Off 0 Vpn Ven  Vpn/6
Mode 5 Off Off On On Off On Off On 0 0 Ven  Vpn/3
Mode 6 On Off On Off On On On Off VpN 0 VPN VPN/6
Mode 7 On On On Off On Off Off On 0 0 0 Vpn/4
Vpy is the DC-link voltage across the H-bridge circuit.
P <h D, SorkH
- Py :
J%} 2 Vagd 3T A e 4
Ve A iq Vae iq
® b B G b is
C C C: ic
_;: Ven S TZSJ'_ Sd'_ S"J% _;: Ve ¢ T4S(Jl—
0 £ﬁ \—I_ - |——r } ﬁ} o \—I_ _ l_T E}}

C

| —
G TG
l_—l_ '_—I_

(€3]

Figure 3. Equivalent circuits of the proposed SC-qH7 inverter. (a) mode 1; (b) mode 2; (c) mode 3;
(d) mode 4; (e) mode 5; (f) mode 6; (g) mode 7.
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Mode 1 (see Figure 3a): five switches S, Sp, S1, S4, and Sg are turned on, while four
switches Sp, Sy, S3, and S5 are turned off. As a result, the voltages between the nodes
A-N, B-N, and C-N of the proposed SC-qH7 inverter are Vpy, 0V, and 0 V, respectively.
During this mode, diode D; is blocked, whereas diode Dj, is forward-based. Consequently,
capacitor C, discharges, and capacitor C; charges through the loop V;.-5,-C,-Dj. The
corresponding CMV during this mode is Vpy/3.

Mode 2 (see Figure 3b): five switches S, Sg, S1, S3, and S¢ are turned on, while four
switches S;, Sy, S4, and Ss are turned off. As a result, the voltages between the nodes A-N, B-
N, and C-N are Vpy, Vpy, and 0V, respectively. During this mode, diode Dy, is blocked, and
diode D, is forward-based. Capacitor C; discharges, while capacitor C, charges through
the loop V .-Ds-Cy-Sy. The corresponding CMV during this mode is Vpy /6.

Mode 3 (see Figure 3c¢): five switches S;, So, Sz, S3, and Sg are turned on, while four
switches Sy, S1, S4, and Ss are turned off. As a result, the voltages between the nodes A-N,
B-N, and C-Nare 0 V, Vpy, and 0 V, respectively. During mode 3, diode Dj is blocked, while
diode Dy, is forward-based. Capacitor C, discharges, and capacitor Cj, charges through the
loop V4.-S4-Cp-Dy. The corresponding CMV during this mode is Vpy /3.

Mode 4 (see Figure 3d): switches Sy, Sg, Sz, S3, and Ss are turned on, while four
switches S;, S1, S4, and S¢ are turned off. As a result, the voltages between the nodes A-N,
B-N, and C-N are 0V, Vpy, and Vpy, respectively. During mode 4, diode D}, is blocked,
while diode D, is forward-based. Capacitor Cj, discharges, and capacitor C, charges through
the loop V.-D, -C; -Sp. The corresponding CMV during this mode is Vpy /6.

Mode 5 (see Figure 3e): switches S;, Sg, S, Si, and Ss are turned on, while four
switches Sp, S1, S3, and S¢ are turned off. As a result, the voltages between the nodes
A-N, B-N, and C-N are 0 V, 0 V, and Vpy, respectively. During this mode, diode D, is
blocked, while diode Dy, is forward-based. Capacitor C, discharges, and capacitor C;
charges through the loop V;.-5,-Cp-D;,. The corresponding CMV during this mode is
VpN/3.

Mode 6 (see Figure 3f): switches Sy, So, S1, S4, and Ss are turned on, while four switches
Sa, S2, 53, and Sg are turned off. As a result, the voltages between the nodes A-N, B-N, and
C-N are Vpy, 0V, and Vpy;, respectively. During mode 6, diode D}, is blocked, while diode
D, is forward-based. Capacitor C, discharges, and capacitor C, charges through the loop
Vac-Da-Cy-Sp. The corresponding CMV during this mode is Vpy /6.

Mode 7 (see Figure 3g): four switches S;, S1, S3, and Ss are turned on, while five
switches S;, Sp, S2, S4, and Sg are turned off. During this mode, diode Dy, is blocked, while
diode D, is forward-based. Capacitor C;, discharges, and capacitor C, charges through the
loop V j.-Ds-Cy-Sp.

As shown in Figure 2, the DC-link voltage of the proposed SC-qH7 inverter is:

Ven = Vea + Viop = 2Vye. 4)

For the same input DC voltage, the proposed SC-qH7 inverter achieves a DC-link
voltage that is twice that of the conventional H7 inverter. Based on the operating principles
described earlier, it is observed that the CMV of the SC-qH7 inverter varies from Vpy /6
to Vpn/3 (approximately 16.6% of Vpy) during powering modes (modes 1 through 6).
Notably, during these modes, switch Sy remains in the ON state, contributing to stable
power delivery. When the inverter transitions to mode 7, switch Sy is turned OFF. Unlike the
conventional H7 topology, the proposed topology incorporates seven additional capacitors
positioned alongside switches Sy through S¢, as shown in Figure 2. These capacitors,
together with the inherent junction capacitances of the switches, form a coupling path
between the input DC source and the inverter’s AC output side. Consequently, under the
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zero-state condition, the CMV is primarily determined by the combined effect of these
capacitive elements.

2.2. Capacitor Model During Freewheeling Mode

The transition process from the powering mode to the freewheeling mode is analyzed
in this section, with a specific focus on the mode transition from mode 2 to mode 7. The
transitions from mode 4 and mode 6 follow a similar process and are therefore omitted
for brevity. At the initial time, it is assumed that the system is operating in mode 2, as
illustrated in Figure 3b. The initial conditions are formulated as follows:

Veo = 0V
Voo = Vpn 5)
Vea = Vpn
Voo = OV

The frequency-domain equivalent of the proposed SC-qH7 inverter is depicted
in Figure 4, where the initial conditions of the system are represented by equivalent voltage
sources. From Figure 4, the following mathematical equations are obtained:

LG BE _ ©)
SC2 SC4
Ic(s) _ Ig(s) _ Vpn
sCg sCy s
1
P sCo Ip(s) 4 B C

|—
Li(s)  yIs(s) wlic(s)
VPN VPN
V
% O
VPN pr—

X SCZ -|_ SC4 -|_ SC5
O &) il . .
4

Figure 4. The frequency-domain equivalent of the proposed SC-qH7 inverter when entering mode 7.

With the frequency-domain equivalents, the CMV of the proposed SC-qH7 inverter
(Vcem(s)) when entering mode 7 is expressed as:

Von | 1[(Ven | 1a(s) Von | Ig(s) Ic(s)
=——— 4= 7
Vem(s) 2s * 3 K S * sCy * s + sCy + sCg @
By solving Equations (2) and (3), the CMV of the proposed SC-qH7 inverter (Vcpm(s))
when entering mode 7 can be rewritten as:

Co+Co+Cy— C6> Vpn
Vi 8
cmv(s) = <C0+C2+C4+C6 2s ®)
Taking the inverse Laplace transform, we get:
Vi <C0+C2+C4—C6>VPN ©)
cMv Co+Cy+ Cy+ Cq 2
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When Cy = Cy = C4 = Cg, the Vpy under mode 7 is equal to Vpy /4.

Therefore, the CMV of the proposed SC-qH7 inverter only takes values of Vpy/3,
Vpn/6, or Vpyn/4. All the switching modes and the corresponding CMV of the proposed
SC-qHY7 inverter are given in Table 2. As highlighted in the table, the variation range of the
CMV in the proposed topology is limited to just 16.6% of the DC-link voltage, representing
a significant improvement compared to conventional inverter structures.

3. PWM Control Technique of SC-qH7 Inverter

Figure 5 illustrates the proposed PWM control strategy for the SC-qH7 inverter. Similar
to the Discontinuous PWM (DPWM) technique, the proposed method utilizes three types
of switching vectors: an odd active vector, an even active vector, and the zero vector V7. If
the final reference voltage is located in sector Ay, as presented in Figure 5a, the switching
sequence will be (111)-(110)-(100)-(100)-(110)-(111). The complete switching pattern for each

sector under the DPWM strategy for the SC- qH7 inverter is summarlzed in Table 3. The
- = = = =

time durations of the voltage space vectors Vl, Vo, V3,Vy, V5,V and V7 during a switching
period are denoted as Ty, Ty, T3, T4, Ts, T, and Ty, respectively.

V,(010) V,(110) S

., L

V,(100) S, I I

V,(011)
S, I I
Sh L
7 V(101 [ |
V(001) 5(101) So J
@ 0 ®) s
Ven == Conventional H7 inverter
==Proposed SC-qH7 inverter
2Vppl3
Vpnl3
Venld === : : =---
Vpnl6 HE Ll IR .
0 T./2 Ts

Figure 5. DPWM strategy for the SC-qH7 inverter. (a) Space vector and A-type sectors in out-
put of three-phase inverter; (b) switching pattern of the proposed SC-qH7 inverter in sector Ay;
(c) comparison of the CMV between the conventional H7 inverter and the proposed SC-qH7 inverter
under the DPWM strategy.

_
In sector Al, as illustrated in Figure 5 and Table 3, the reference voltage vector (V,r)

- = —
is synthesized using the three vectors: V;, V, and V;. Based on the volt-second balance
principle, we derive the following:

- — — —
Tsx Vier = Tix Vi+Tax Va+T7x V7 (10

where T is the switching period.
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- = —
The time durations of the voltage space vectors V;, V,, and V7 can be calculated as:

Tl = Mi X Ty X Sll’l(% —9)
T2 = Mi X TS X Sll’l(G) (11)
T, =T, —T;— T

Table 3. Switching pattern of the DPWM strategy for the SC-qH7 inverter.

Sector Switching Sequence
= = = = = —

Al l:7(111)-liz(110) —'}11(100) l:1(100> }:2(110) V7(111)
A2 li7(11]) —'}:2(110) —'l:3(010) l§3(010) 3:2(110) V7(111)
A3 l:7(111) "l§4(011l "li3(010) l§3(010) Ei4(011) li7(111)
Ad V7(111) = V4 (011) — V5(001) — V5(001) — V4(011) — V7(111)
Ad V7(111) = V(101) — V5(001) — V5(001) — V(101) — V7(111)
A6 V7(111) — Ve(101) — V;(100) — V1 (100) — V(101) — V5(111)

In the above equations, M; = \f V'” represents the modulation index, where V, is
the magnitude of the reference voltage vector and Vpy is the DC-link voltage.

_
Similarly, in sector A2, the reference voltage vector (V,,r) is synthesized using the

- = — - = —
three vectors V;, V3, and V7. The time durations of the voltage space vectors V;, V3, and V5
can be calculated as:
T, = Mi x Ty X Sll’l(9+ %)
T3 = M; x Ts x sin(@ — %) (12)
Ty = Ts—Tp —T;

—
Similarly, in sector A3 the reference voltage vector (V,s) is synthesized using the
- =
three vectors V3, V4, and V7 The time durations of the voltage space vectors V3, V4, and V7

can be calculated as:
T3 = M; x Ts x sin(0)
Ty = M; x Ts x sin(0 — 2F) (13)
Ty =Ts— T3 — Ty

H
Similarly, in sector A4 the reference voltage vector (V,,s) is synthesized using the
- = —
three vectors V4, V5, and V7 The time durations of the voltage space vectors V4, V5, and V7

can be calculated as:
T4 = Mi X Ty X sin(G— %)
Ts = M; X Ts X sin(0 — 1) (14)
T; =T, =Ty —T5

N
Similarly, in sector A5 the reference voltage vector (V) is synthesized using the

- = —

three vectors V5, V6, and V7 The time durations of the voltage space vectors Vs, Vg, and V;

can be calculated as:
Ts = M; x Ts x sin(0 — 2F)
Te = M; x Ts x sin(0 + &) (15)
T; = Ts — Ts — Tg
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%
Similarly, in sector A6, the reference voltage vector (V,,r) is synthesized using the
- = — - = —
three vectors Vj, Vs, and V7. The time durations of the voltage space vectors V;, Vg, and V7

can be calculated as:
Ty =M; x T x sin(9—|— %)
Te = M; x Ts x sin(0 — 1) (16)
T, =Ts — T1 — Tg

The proposed SC-qH7 inverter under the proposed PWM control strategy offers the
notable advantage of maintaining linear operation across the full range of the modulation
index. A comparison of the CMV between the conventional H7 inverter and the proposed
SC-qH7 inverter under the DPWM strategy in sector A is also presented in Figure 5c. As
shown in Figure 5b, during even active vectors and the zero vector V7, switch S, remains
in the OFF state while switch S, remains ON. Conversely, during odd active vectors,
switch S, is ON and switch S;, is OFF. Additionally, switch Sy remains ON throughout
the operation, except during vector V7, where it is turned OFF. This switching scheme
ensures that the CMV of proposed SC-qH7 inverter only takes values of Vpn /3, Vpn/4, or
Vpn/6. As a result, the proposed SC-qH7 inverter retains all the inherent advantages of
voltage source inverters (VSIs) operated under DPWM, such as reduced switching losses,
low total harmonic distortion (THD) in the output current, and full modulation index range
(0 < M; < 1), while also offering the additional benefit of reduced CMV variation.

The power loss of the proposed SC-qH?7 inverter topology can be categorized into
losses from power switches, power diodes, and capacitors.

The conduction loss of the IGBT is calculated as:

Pcon = VCEO X E"" Iczrms X RC + VD X E"" II%rms X RD (17)

where Vceo, Vp, Re, Rp, Ic, Lerms, I, and I,,s represent the voltage drop across the IGBT

in saturation mode, the forward voltage of the antiparallel diode, the resistance of the

IGBT, the forward conduction resistance of the antiparallel diode, the average value of the

collector current of the IGBT, the RMS collector current of the IGBT, the average value of the

current through the antiparallel diode, and the RMS antiparallel diode current, respectively.
The switching loss of the IGBT can be calculated as:

Psw = (Eon + EorrF) X fs (18)

where Eon, Eorr, and fs represent the Turn-ON energy loss of the IGBT, the Turn-OFF
energy loss of the IGBT, and the switching frequency, respectively.
The power loss of diode can be calculated as:

Pp = Qyr X VDoff X fs + Vbon X Ipon (19)

where Vpy,, VDoﬁc, Ipon, and Q,, are the forward voltage drop on the diode, the voltage
across the diode, the reverse recovery charge of the diode, and the average value of the
current through the diode, respectively.

The capacitor loss can be calculated as follows:

PCap = RCﬂp X Ic2aprms (20)

where Reqp, Icaprms, and f; represent the equivalent series resistance of the capacitors and
the RMS capacitor current, respectively.
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4. Simulation and Experiment Results
4.1. Simulation Results

To validate the operating principles and evaluate the performance of the proposed SC-
qH7 inverter, simulation studies were conducted using the PSIM 9.0 software environment.
The key parameters used in the simulation are given as follows. The switching frequency
and the fundamental frequency were 10 kHz and 50 Hz, respectively. The two capacitors
C, and Cp, were both selected as 220 uF. The DC input voltage was set to 100 V, and the stray
capacitor was 300 nF. The capacitances of the additional capacitors (Co—Cs), as show in
in Figure 2, were each set to 1 nF. An inductive load with R; =27 ) and L; = 25 mH
was used.

Figure 6 presents the simulation waveforms of the proposed SC-qH7 inverter, includ-
ing the input voltage, the voltages across capacitors C, and Cy, the DC-link voltage, the
voltage stress across switches S, and Sy, and diodes D, and Dy, as well as the output line-to-
line voltage, output phase voltages, and their corresponding FFT analysis. As highlighted
in Figure 6, the DC-link voltage Vpy reached a steady-state value of 200 V, which was
twice the input DC voltage. The voltage across capacitors C, and Cj, were each maintained
at the input DC voltage level. The voltage stress across both switches (S,, S,) and both
diodes (D,, D;) was observed to be equal and limited to the input voltage, confirming the
reduced stress advantage of the design. As also shown in Figure 6, the inverter generated
a unipolar output line-to-line voltage waveform. The output phase voltage achieved an
amplitude of approximately 115 V with a modulation index M = 1. The corresponding
output phase currents were sinusoidal and free from noticeable distortion. The amplitude
of the output phase current was 4 A, and the THD was measured to be approximately 0.8%,
demonstrating excellent power quality performance.

Figure 7 presents the simulation waveforms of the common-mode voltage and the
phase voltages with respect to the negative DC terminal, i.e., the voltages between nodes
A-O, B-O, and C-0, for the proposed SC-qH7 inverter. The figure also includes a zoomed-
in view to clearly illustrate the CMV variation during the different operating modes. As
shown in Figure 7b, during the powering modes, the CMV took discrete values of 66.6 V
or 33.3 V, while during the freewheeling mode, the CMYV stabilized at 50 V. These results
confirm that the CMV remained bounded between 33.3 V and 66.6 V, consistent with the
theoretical expectations. Consequently, the total variation in CMV was limited to 33.3 V,
which corresponds to one-sixth of the DC-link voltage, demonstrating the effectiveness of
the proposed SC-qH7 inverter in reducing CMV fluctuations. The waveform of the common-
mode voltage across the stray capacitor Cpr appeared as highlighted in Figure 8. This low
CMV level contributes to a reduced leakage current in the proposed SC-qH7 inverter.

To further evaluate the inverter’s performance under varying operating conditions,
the input voltage was increased to 160 V and 200 V, while the modulation index was
decreased to 0.6 and 0.4, respectively. Figure 8 displays the stray capacitor voltage, corre-
sponding leakage current, and their frequency spectra at different modulation indices. As
shown in Figure 8, the higher-order harmonic components of the stray capacitor voltage
remained very low across all tested conditions. The rms value of the leakage current was
approximately 4 mA when M =1 and V. = 100 V (Figure 8a). When the modulation
index was reduced to 0.6 and the input voltage was increased to 160 V, the leakage current
increased slightly to 6 mA (Figure 8b). At a further reduced modulation index of 0.4 with
an input voltage of 200 V, the leakage current remained modest at 12 mA (Figure 8c). These
results confirm that the proposed SC-qH7 inverter can operate across the full modulation
index range while maintaining low leakage current levels, demonstrating its suitability for
transformerless applications.
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4.2. Experimental Results

In order to confirm the effectiveness of the proposed SC-qH7 inverter, a 1 kW labora-
tory prototype was constructed and tested. The modulation algorithms were implemented
using a TMS320F28379D digital signal processor manufactured by Texas Instruments, Dal-
las, TX, USA, while a DEO-Nano FPGA manufactured by Intel Corporation Santa Clara,
CA, USA was employed to handle logic control functions. The parameters used for the
experimental setup were identical to those used in the simulation to ensure consistency in
performance evaluation. For power switching, two IRFP4668PbF MOSFETs with a voltage
rating of 200 V were used for switches S, and S;,. The six H-bridge switches, along with
the additional switch Sy, were implemented using IPW60R045CPA MOSFETs. These eight
MOSFETs were manufactured by Infineon Technologies, Neubiberg, Germany. Addition-
ally, two STPS60SM200C Schottky diodes manufactured by STMicroelectronics, Geneva,
Switzerland, with low voltage ratings were used for the freewheeling diodes D, and Dj,.

Figure 9 presents the experimental waveforms of the proposed SC-qH7 inverter,
including the input voltage, voltages across capacitors C, and Cp, voltage stress across
switches S, and S, and diodes D, and Dy, output line-to-line voltage v4p, output phase-A
voltage, three-phase output currents, and the FFT of the output phase-A current. As shown
in Figure 9a, the steady-state voltages across capacitors C, and C;, were 98 V and 95V,
respectively. These values were slightly lower than the input voltage due to parasitic
elements present in the experimental hardware. The observed low-frequency peak-to-peak
ripple voltages were approximately 4 V for C; and 6 V for C;. Figure 9b shows that the
voltage stress on switches S, and S, was identical at 99 V, while the voltage stresses across
diodes D, and D, were 98 V and 95V, respectively. Figure 9c confirms that the inverter
generated a unipolar output line-to-line voltage waveform. As shown in Figure 9d, the
output phase currents were sinusoidal and free from noticeable distortion. The measured
amplitude of the output phase current was 4 A, and the THD was approximately 1.05%,
validating the inverter’s high-quality output performance. The measured efficiency of the
proposed SC-qH7 inverter reached approximately 90.8% when Mi = 1 at a output power of
700 W. However, the efficiency of the proposed SC-qH7 inverter was relatively low due to
the use of non-optimal components in the experimental setup.

Figure 10 shows the experimental waveforms of the common-mode voltage and the
voltages between nodes A-O, B-O, and C-O, along with their zoomed-in views. As shown
in Figure 10a, the CMV during the powering modes took discrete values of approximately
65 V or 32 V, while it stabilized at 50 V during the freewheeling mode. This confirms that
the CMV remained constrained within the expected range of 32 V to 65 V.

Figure 11 illustrates the experimental waveform of the CMV across the stray capacitor
Cpr, along with the corresponding leakage current. The experimental results are in good
agreement with the simulation results, validating the accuracy of the proposed inverter
model. It can be observed that the SC-qH7 inverter effectively limited the CMV variation,
particularly during transitions into and out of mode 7. This suppression of the CMV
contributed to a significantly reduced leakage current. As shown in Figure 11, the rms
value of the leakage current was approximately 13.5 mA. Therefore, the proposed SC-qH7
inverter effectively limited the leakage current to a level well below 300 mA, as specified in
the standard VDE-0126-1-1 [22].
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5. Conclusions

In this paper, a novel three-phase two-level DC-AC inverter with low common-mode
voltage, CMV, referred to as the SC-qH7 inverter, was proposed, analyzed, simulated, and
experimentally validated. By integrating a voltage multiplier network into the conventional
H7 inverter topology, the proposed structure achieves a DC-link voltage that is twice the
input DC voltage. As a result, the SC-qH7 inverter is capable of operating in both buck
and boost modes. The inverter generates a unipolar output line-to-line voltage, which
reduces the voltage stress across the output filter inductor. This leads to a more compact
filter design and lower power losses. Compared to conventional topologies, the SC-qH7
inverter exhibits a significantly reduced CMV, with its magnitude limited to only 16.6% of
the DC-link voltage. Furthermore, the voltage stress across the additional switches in the
voltage multiplier network is limited to half of the DC-link voltage, enhancing device
reliability. The voltage across the stray capacitor remains low, which effectively suppresses
the resulting leakage current. Simulation and experimental results confirm that the leakage
current remains below 13.5 mA. Additionally, the output current THD is measured at only
1.05%, demonstrating excellent power quality. These features make the proposed SC-qH7
inverter a promising and efficient solution for three-phase transformerless photovoltaic
(PV) systems. Because two capacitors in the switched-capacitor network suffer impulse
charging current, the selection of the capacitors needs to meet the requirements of reliability
and size of the power converter. The reliability and lifetime of the capacitors are calculated
based on the switching frequency and spectral content of the impulse current through the
capacitor. The size and type of the capacitor are calculated based on the level of harmonics
and the lifetime of the capacitor.
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