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Abstract: A voltage balance control strategy based on the fuzzy adaptive PI (Proportional Integral
control) is proposed to address the problem of unbalanced capacitor voltage on the DC side of
cascaded H-bridge static var generators (SVG). In the control strategy, fuzzy control is introduced
based on PI control. A duty ratio correction is added to all levels” public active power duty ratios,
thereby realizing the balance of DC-side voltages at all levels. A test was conducted by building a
single-phase three-H-bridge unit cascaded SVG simulation platform. The results show that the DC-
side voltage balance can be controlled by the voltage balance control strategy at all levels effectively.
It has the advantages of a simple control structure, double closed-loop control with decoupling of
the system’s current DQ, no coupling effect, a fast response speed, and high precision. The voltage
balance control strategy can exert a good control effect when the system experiences a sudden voltage

imbalance.

Keywords: cascaded H-bridge SVG; current DQ decoupling control; DC side voltage balance; duty
cycle compensation; fuzzy PI control

1. Introduction

Static var generators have become the focus of research in reactive power compensation
at home and abroad because of their advantages of fast response speed and high reliability.
With the continuous expansion of the power system scale, the cascaded H-bridge structure
is widely used in the primary circuit structure of SVG because of its easy modularization,
low harmonics, and fewer switching devices when the output level is the same.

The DC side capacitors of the cascaded H-bridge SVG are independent. Ideally, the
DC side voltages are balanced and stable at all levels. However, under the actual operating
conditions, due to the influence of the series loss, hybrid loss, and the parallel loss of
the H-bridge module itself, the DC side voltage cannot reach a balanced state. Voltage
imbalance will lead to the distortion output voltage waveform, increase the device’s failure,
and even damage the device in severe cases. Therefore, ensuring the DC side voltage
balance is the key to the reliable operation of the cascaded H-bridge SVG. In recent years,
many papers have proposed the control method for the DC side voltage of the cascaded
H-bridge SVG; it can be roughly divided into the hardware voltage equalizing method and
the software voltage equalizing method [1-4]. In [1], a method is proposed to improve the
operating range of low capacitance SVG devices under inductive conditions by using the
optimal third harmonic current injection, but it does not give the derivation process of zero
sequence voltage that can be used in star cascaded H-bridge SVG devices. A variable DC
link algorithm based on flexible third-order harmonic injection is proposed in [2], which can
give the minimum value of the DC side peak voltage under the compensation capacitive
condition, and improve the utilization of the DC side voltage by increasing the modulation
rate by injecting flexible third-order harmonic, but it does not give the minimum value of
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the DC side peak voltage under inductive working conditions. In [3], a low capacitance
SVG with modular filter inductance is proposed. The thyristor controlled reactor is used
to replace the fixed value reactor. By reducing the voltage drop on the reactor, the system
voltage is further reduced, but it requires additional thyristor, which reduces the reliability
of the system and increases the complexity of the system. In [4], under the condition of
unbalanced power grid, in order to prevent excessive voltage fluctuation from triggering
overvoltage protection sub harmonic, reduce the peak voltage of capacitor, and improve
the reliability of system operation.

However, the most commonly used method is the additional hardware circuit
method [5-15]. The relationship between the modulation ratio increment of the rectifier
and the output voltage is proposed in [5]. On this basis, the modulation ratio is reconfigured
by the fed DC voltage to adjust the DC voltage to balance. A new voltage-balancing
controller is introduced in [6] for single-phase cascaded multilevel converters in a DQ
coordinate. In [7], the power input from the H-bridge AC side to the DC side of the
H-bridge is redistributed. Through a voltage balance controller, a duty cycle adjustment
amount is added in the public duty cycle to achieve the purpose of the DC side voltage
balance. Due to the inappropriate setting of duty cycle adjustment in [5-7], these methods
can keep the DC side voltage constant. The coupling effect of the additional voltage balance
controller and the double closed-loop control system is not conducive to the overall stability
of system. A DC-side voltage balance control method is expounded in [8], in which neither
the voltage balance controller nor the dual closed-loop control of the system has a coupling
effect. Although the purpose of voltage balance is achieved, this method is realized by
using n duty cycle corrections generated by n DC-side voltage balance feedback loops,
which increase the voltage balance controller’s size and the equipment’s cost. In [9,10],
the method in [8] is improved, in which the error between the actual value of the DC-side
voltage of each H-bridge and the voltage reference value is made to pass through the PI
controller, and n—1 DC-side voltage balance feedback loops are used to generate n duty
cycle corrections. In [11], on the basis of the cascaded H-bridge inverter, the mathematical
model of the star chain SVG is established, and a double closed-loop control system is
constructed, in which the current inner loop adopts PI decoupling control and the voltage
outer loop adopts hierarchical control, which solves the balance problem of capacitor
voltage on the DC side. Although the structure has been simplified in [9-11], due to the
simple design of the PI controller, it is easily affected by harsh environmental conditions
such as power grid fluctuations and noise, and the model structure and parameters may
change. It is difficult to obtain an ideal tracking effect by using fixed parameters to adapt
to many control systems, such as control parameter changes and system disturbances. A
voltage balance modular control strategy based on the combination of analog control is
proposed in [12]. However, this method has the problems of weak anti-interference ability,
current and voltage ripple, and needs to be transmitted through an intermediate medium.

Combined with [13-15], an adaptive DC link voltage balance control strategy is
proposed based on fuzzy PI proposed in this paper. The current DQ decoupling of the
entire system controls the output of the common active-duty cycle and reactive duty cycle,
and the voltage balance controller increases the duty cycle correction of the common active-
duty cycle component to achieve the effect of voltage balance. The duty cycle reconstruction
mechanism is to use the n—1 DC side voltage balance feedback loop to generate n active-
duty cycle corrections. Through this control strategy, the coupling effect between the
voltage balance controller and the double closed loop control of the system is eliminated,
the control structure is simplified, the DC side voltage is balanced, and the response speed
and accuracy of the voltage balance are improved.

In this paper, the SVG is mathematically modeled; the active and reactive components
of the overall duty cycle output of the system are obtained by using DQ decomposition.
Then, the reasons for the voltage imbalance of the capacitor on the DC side are analyzed,
and the control method in this paper is given according to the reasons, and fuzzy control
is introduced on this basis, so that the accuracy and speed of the voltage balance are
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further improved. Finally, the reliability of the proposed method is proved by simulation
experiments, and compared with the method in the previous paper, the advantages of the
control method are highlighted in this paper.

2. SVG Mathematical Model
Cascaded SV G Primary Circuit Topology

This paper’s cascaded H-bridge SVG structure is shown in Figure 1, which is a three-
phase three-wire system [16]. The connections of the phases are star-connected, and each
step is composed of n H-bridge units in series. Udc is the DC side voltage of each H-bridge
unit, which can output three different voltage values: 0, Udc, and -Udc. Usa, Usb, and Usc
are, respectively, the three-phase voltages of the power grid, Isa, Isb, and Isc are, respectively,
its three-phase currents, three-phase currents respectively Isa, Isb, and Isc, the three-phase
voltages on the AC side of the SVG are: Uca, Ucb, and Ucc, L is the filter reactor and the
equivalent inductance of the line, R is the equivalent resistance of the line.

Usa
Uso User|
Usc g N7z

Uca UCb UCC

1

Figure 1. Main circuit topology.

Ideally, the mathematical expression [17] for the three-phase cascaded H-bridge SVG
in the DQ coordinate system is as follows:

{Ldlsd _ usd _ ucd + wLIsq - Rlsd (1)

t

L% = Usqg — Uey + wLlgy — Rl

where Usd and Usg are the active and reactive components of the grid-side voltage, respec-
tively; Isd and Isq are the active and reactive components of the grid current, respectively;
Ucd and Ucg are the active and reactive components of the voltage on the AC side of the
SVG, respectively. Equation (1) shows that through the transformation based on the DQ
coordinate system, the active and reactive voltages and currents can be decoupled and
controlled, and the DQ decoupling dual closed-loop control of the overall system current
can be realized.

As shown in Figure 2, according to the mathematical model in the DQ coordinate
system [13,18], the system achieves a constant output of public active and reactive duty
cycle through the current DQ decoupling dual closed-loop control. PI controllers are used
to attaining their functions in both the voltage outer loop and the current inner loop. The
reference value Id* of the active current is generated by comparing the given DC side
voltage reference value Uref with the average value Udca of the actual total DC side voltage
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through the PI controller, which is used as the input of the active component of the current
inner loop. Ig* is the reactive power reference, whose value is given externally. By the
control circuit shown in the figure, the active component d; and reactive component d,; of
the typical duty cycle can be obtained, the common duty cycle da can be obtained through
DQ inverse transformation, and finally, the drive signal of each H-bridge switch transistor
can be obtained through the carrier phase-shift PWM modulation.

Figure 2. Current DQ decoupled double closed-loop control.

3. SVG Control Strategy Based on the DQ Coordinate System
3.1. Cascaded SVG Primary Circuit Topology

As shown in Figure 3, the control strategy is divided into two parts: current DQ
decoupling dual closed-loop control and fuzzy Pl-based adaptive DC side voltage balance
control.

da

e dq

+ —

+
g A
+
éd, 2
dq
24- ' “
dn—l — ﬁ
+
d
U n —

Figure 3. Block diagram of system control strategy.

In the DC-side voltage balance control strategy, the error between the actual voltage
Udci of each H-bridge module and the command value Udca is controlled by Fuzzy-PI to
obtain the modulation ratio Mi of each H-bridge module. The relationship between the
modulation ratio and the duty cycle correction amount Ad; is theoretically derived. The
active component d; of the typical duty cycle is superimposed to generate a new active
duty cycle d;, which controls the DC-side voltage balance. In the DC side capacitor voltage
control section, n active-duty cycle corrections are generated by n—1 DC-side voltage
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balance feedback loops, and the control structure is simplified. On the basis of PI control,
fuzzy control is introduced to greatly improve the speed and accuracy of voltage balancing.

3.2. DC Side Voltage Balance Control Mechanism

When the SVG, as shown in Figure 4, is running in a stable state to explore the method
of controlling the voltage balance of the DC-side, the loss of each H-bridge is represented
by the equivalent resistance Ri.

I

KjB- ,
B

Ol

The active power input from the grid to the ith H-bridge module is:

Figure 4. Steady-state H-bridge module.

Py = Ugei - Is &)
The active power output by the ith H-bridge module on the DC-side is:

2
— udci

P:
i R,

®)

According to the linear relationship between the AC side and the DC-side voltage of
the H-bridge module [19], the duty cycle di of the ith H-bridge module can be defined as:

uci

d; =
' udci

4)

Ignoring other system losses, the active power of the ith H-bridge module input and
output is equal. By combining (2), (3), and (4), it can be deduced:

udci

ddz' I = R (5)
1

It can be seen from (5) that the current Is on the grid’s AC side remains unchanged for
SVG’s cascaded structure. In the entire system, the current DQ decoupling dual closed-loop
control is adopted, the output duty ratio d; of each H-bridge module is constant, and the
DC side voltage is proportional to the equivalent resistance:

ul . u2 o o udcn

RTRTR @

It can be seen from (6) that when the equivalent losses of each H-bridge are inconsistent,
the DC side voltage cannot be balanced, as shown in Figure 5.
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4

dUdcl © dUdc2 “ dUdc3

Figure 5. Steady-steady state H-bridge module.

Where Udcl, Udc2, and Udc3 represent the output voltages of the three H-bridges
respectively, the corresponding resistances are Ry, Ry, R3, and the resistance values are
R; > Ry > Rz, and d is the public duty cycle [20]. It can be known from (4) that the vector
relationship in Figure 5, can be represented by Udc1, Udc2, and Udc3. Ucd and Ucq are the
active and reactive components of the AC side voltage, respectively, which can be written
as follows:

3
dg =Y Uz = Uy )
i=1

Therefore, a DC voltage balance duty cycle reconstruction algorithm proposed in this
paper can be shown in Figure 6.

Ri>R,>R;

Figure 6. Duty cycle vector diagram.

The current DQ decoupling dual closed-loop control ensures that each H-bridge
module’s output standard duty ratio di is constant and can decompose the two quantities
of standard active-duty ratio and reactive power duty ratio. The DC-side voltage balance
control only increases the duty cycle correction to the active-duty cycle component, while
the reactive component keeps the double closed-loop constant.
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According to Figure 6, the duty cycle vector relationship can be theoretically deduced:

Ady =dy —d
Ady =dy —d (8)
Ady =d —dy

When the system is in an unbalanced state of DC-side voltage, Adi is the duty cycle
correction amount.

According to Figure 7, the PI controller obtains the modulation ratio Mi from the error
between the average value Ucda of the total DC-side voltage and the actual value Udci of
the DC-side voltage of each H-bridge. Kp and K; are the parameters of the PI controller,
respectively, and their expressions are as follows:

M; = Kpi(udca - udci) + Kji (Udca - udci) (9)

Figure 7. Modulation ratio vector diagram.

In this paper, the SVG is composed of three H-bridge modules cascaded. The duty
cycle correction amount and modulation ratio of each H-bridge module satisfy the following
relationship:

Adj=M; —M;_1(i=1,2,3)
{ My=M3=0 (10)

It can be known from (10) n—1 DC side voltage balance feedback loops generate
that n—1 duty cycle corrections. When n H-bridge modules are cascaded, all duty cycle
compensations satisfy the following relationship:

n
Y Adi =M+ (My— M)+ -+ (My_1 — My_2) — My (11)
i=1

As can be seen from (11), the sum of the duty cycle corrections is 0. The double
closed-loop control system based on the current DQ decoupling has no coupling effect with

the introduced voltage balance controller and can realize the voltage balance on the DC
side of the H-bridge.

3.3. Fuzzy-PI Controller
3.3.1. Fuzzy-PI Controller

The accuracy and response speed of the traditional PI controller is challenging to meet
the requirements of the voltage balance controller, so based on the PI controller, fuzzy
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control is used to optimize and adjust the PI parameters to make the voltage balance control
more stable and effective [21,22]. The block diagram of the Fuzzy- PI controller in this
paper is shown in Figure 8. Among them, E is the error value between the average value of
DC- side voltage Ucda and the actual value Udci, EC is the rate of change of the error value,
the quantization factors of the fuzzy controller are K¢ and Kgc. The scale factors are Ky
and K,;;. Different values of the quantization factor and scale factor will affect the dynamic
performance of the fuzzy controller.

U * 99 Fuzzy A Ke
dca
% 5 dqurdt 99 controller AK+ K.

U dei

Figure 8. Schematic diagram of a fuzzy PI controller.

Kp and K; are the parameters of the PI controller, AKp and AKj are the adjustment
quantities generated by the fuzzy control, and Kp” and K| are the adjusted PI parameters.

3.3.2. Domain of Discourse and Membership Function

The input and output fuzzy sets of the fuzzy controller are both (—6, 6), and the vague
language variables are set to {NB, NM, NS, ZE, PS, PM, PB}, representing negative large,
negative medium, and negative, respectively. Small, zero, positive small, positive middle,
and cheerful giant, as shown in Figure 9. The quantization factors E, EC, and the scale
factors Ky and K,; all obey the distribution of the triangular membership function curve.

AK, AK, E EC

NB NM NS ZE PS PM PB

Figure 9. Triangle membership function diagram.

3.3.3. Establishment of the Fuzzy Rule Base

The key to realizing reasonable fuzzy control is to establish proper fuzzy rules. In
this paper, the fuzzy controller adjusts the PI parameters of the DC side voltage balance
control system in real time, and the adjustment directions of Kp and K; are different. When
designing fuzzy rules, Kp and K; should follow the following principles:

(1) When the error E is too large, the response speed of the system will be slow, and Kp
should take a more significant value; at the same time, to ensure that the system does
not have integral saturation and limit the necessary action, K; should take a smaller
value.

(2) When the error E is around medium size, Kp should take a small value, and K; should
take a significant discount to ensure the system response speed and control overshoot.

(3) When the error E is too small, to avoid excessive error in the steady-state operation of
the system and affect the control effect, Kp and Kj should take larger values.

According to the above principles, AKp and AKj fuzzy rules are designed as shown in
Tables 1 and 2.
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Table 1. AKp Fuzzy rules table.
EC
E NB NM NS ZE PS PM PB

NB PB PB PM PM PS ZE ZE

NM PB PB PM PS PS ZE NS

NS PM PM PM PS ZE NS NS

ZE PM PM PS ZE NS NM NM
PS PS PS ZE NS NS NM NM
PM PS ZE NS NM NM NM NB
PB ZE ZE NM NM NM NB NB

Table 2. AK] Fuzzy rules table.
EC
E NB NM NS ZE PS PM PB

NB NB NB NM NM NS ZE ZE
NM NB NB NM NS NS ZE ZE

NS NB PM NS NS ZE PS PS

ZE NM NM NS ZE PS PM PM
PS NM NM ZE PS PS PM NM
PM ZE ZE PS PS PM NM PB

PB ZE ZE PS PM NM PB PB

3.3.4. Fuzzy Inference and Defuzzification

Fuzzy reasoning is a fuzzy control rule composed of unclear conditional statements
specified according to expert experience and summary, and fuzzy logic reasoning is carried
out according to the rules. The Mamdani Fuzzy Model used in this paper and its inference
rules can be expressed in the following sentence:

If Eis Aiand EC is Bi

then AKp is Ci and AKj is Di

Ai, Bi, Ci, and Di are the vague language sets corresponding to the universe of E, EC,
AKp, and AKj, respectively. Because the actual control quantity must be an exact value,
the result obtained by fuzzy inference is still an undefined quantity, which needs to be
de-fuzzified. In fuzzy control, defuzzification usually adopts the area centroid method, and
its reasoning formula is as follows:

n
i=1 i

Xi is the discrete elements of the fuzzy output set; A(Xi) is the membership degree
corresponding to Xi, and the membership function is shown in Figure 9. p is the exact
value after defuzzification, multiplied by the scale factors Ky, and K,; to obtain the values
of AKp and AKj; only the same value can be accepted and recognized by the system to
achieve the control effect. Therefore, the PI parameters adjusted by the fuzzy controller can
be expressed as:

(13)

Kp' = AKp + Kp
K/ = AK; + K;

4. Simulation and Analysis
In this paper, a single-phase three H-bridge cascade SVG DC-side voltage control
strategy simulation model is built on MATLAB/Simulink R2021b, and the feasibility and

correctness of the control strategy are simulated and verified. The specific parameters are
shown in Table 3.
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Table 3. MATLAB/Simulink simulation parameters.

Parameter Quantity Symbol
power voltage 220 \%
Number of H-bridges 3 piece
grid frequency 50 HZ
Filter inductor 5 mH
DC side capacitance 10,000 uF
DC side reference voltage 500 \%
DC side equivalent resistance 50/100/150 O
DC side equivalent resistance 220 \%

The system simulation model is built according to the parameters presented in Table 3.
The simulation conditions are set as follows: @) When the equivalent resistance of the
DC-side is unbalanced, whether the DC-side voltage can be maintained in balance only
based on the current DQ decoupling dual closed-loop control; @ When the current DQ
decoupling dual closed-loop control based on the closed-loop power, an additional PI-based
DC link voltage balance control strategy is added; (3 based on the current DQ decoupling
dual closed-loop control, a different DC link voltage balance control strategy based on the
fuzzy Pl is added; (® based on the fuzzy PI-based DC link voltage balance control When
the voltage changes abruptly at 1 s, and it is observed whether the adaptive DC voltage
balance control based on fuzzy PI can maintain the voltage constant.

Simulation conditions (D, @), (® set the reference voltage value to 500 V and the
equivalent resistances of the three H-bridge DC sides are 150 (2, 100 €}, and 50 (), respec-
tively. Simulation conditions () set the reference voltage value to 500 V, and the equivalent
resistance of the DC side of the three H bridges is all 100 Q).

Simulation conditions (D) as shown in Figure 10a, when the equivalent load on the
DC-side is unbalanced, the DC-side voltage balance cannot be maintained only based on
the DQ decoupling dual closed-loop control. Moreover, it can be seen from the Figure 10a
that the ratio of the DC side voltage of the three H-bridge modules is proportional to the
resistance, which is consistent with the results of the theoretical analysis of Equation (6), so
an external voltage balance controller is required to balance the DC side voltage.

un
180 e

160
140
120 [

0.8 1.0 1.2 14 1.6 1.8

Unv

180

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

160 —

(b)

Figure 10. Current DQ decoupled double closed-loop control. (a) When the equivalent resistance on
the DC side is inconsistent, the voltage cannot be balanced. (b) When the equivalent resistance on the
DC side is consistent, the voltage can be balanced.
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The simulation condition is changed in Figure 10b to 100 () for all three H-bridge
modules. The simulation results at this time are shown in Figure 10b, and the voltages of
the three H-bridge modules can be maintained at a stable value, which proves that the DQ
current de coupling dual closed-loop control can maintain a constant output duty cycle.

Simulation condition ) is shown in Figure 11. This paper is based on the DC-side
voltage balance control strategy under PI control. It starts to act at 0 s. It can be seen from
the figure that the voltage has a tendency to balance at 0.4 s, and the voltage is not entirely
stable and balanced until 0.6 s. Compared with the voltage control methods of Figure 12
in [8] and Figure 13 in [9], the trend of voltage balance is shown from the DC-side voltage
balance control method of [11,12] in 0.7 s. The speed and accuracy of voltage balancing are
improved in this paper. However, based on the DC side voltage balance strategy under PI
control, adjusting the voltage balance is long, and the effect is poor.

unv
200 |

150 |

0 1 1 1 t/s
0.4 0.6 0.8

Figure 11. Voltage value based on voltage balance strategy under PI control.

unv
200
RRRRANARR:
150 [
0 \ L L t/s
0.5 0.8 1

Figure 12. Reference 8 voltage balance control strategy.

unv

200

150 [

0 1 1 L t/s
0.5 0.8 1

Figure 13. Reference 9 voltage balance control strategy.

Simulation condition (3) is shown in Figure 14, based on the DC side voltage balance
strategy under fuzzy PI control. It can be seen that under the control of this strategy, the DC
side voltage appears to voltage balance at 0.1 s and reaches a stable state of voltage balance
at 0.15 s, and can continue to maintain a stable state. The comparison and simulation
experiments show that introducing fuzzy control based on PI control can quickly and
effectively realize the DC side voltage balance.
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unv

180—

L L L t/s
0 0.15 03 05

Figure 14. Voltage balance strategy under fuzzy PI control.

To test whether the system can maintain the system voltage balance under the condi-
tion of sudden voltage unbalance based on fuzzy PI control, we carried out the simulation
experiment according to the simulation condition (), as shown in Figure 15. The results
show that when the value of R; is changed from 100 () to 50 () at 1 s, the instantaneous
voltage fluctuates violently. The adaptive voltage balance control strategy based on fuzzy
PI begins to work. After a short voltage imbalance, the voltage recovers after 0.1 s to a
state of equilibrium. This shows that the voltage balance control strategy can exert a good
control effect when the system has a sudden voltage imbalance.

UN
180
160 - AR

0 : : t/s

0.5 0.6

Figure 15. Voltage mutation based on fuzzy PI control.

To test whether the voltage balance control strategy can track the new reference voltage
on the DC side when the reference voltage changes, we conduct simulation experiments
according to simulation condition (3), as shown in Figure 16. As can be seen from the
figure, the value of the reference voltage is changed from 400 V to 500 V at 0.5 s, and the
voltage fluctuates slightly, and after about 0.1 s, it stabilizes back to the set reference value.
The voltage balance control strategy is proved that can effectively track the new reference
voltage.

Unv

170—

140 — /

0 | |
0.5 0.6 Us

Figure 16. Voltage balancing control strategy tracks the situation as the reference voltage changes.

5. Conclusions

In this paper, a fuzzy PI-based adaptive DC-side voltage balance control strategy is
proposed, which adds an active duty-cycle correction to the public active-duty ratios of all
levels to achieve the balance of the DC-side voltages at all levels. The conclusions are as
follows:
(1) Compared with the traditional PI control, this paper is based on the fuzzy PI con-

trol voltage balance strategy, which significantly improves the response speed and
accuracy of the DC-side voltage balance controller.
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(2) The overall system current DQ decoupling controls the output of the public active-
duty cycle and reactive duty cycle, and the voltage balance controller increases the
duty cycle correction on the common active-duty cycle component to achieve the
effect of voltage balance.

(3) While ensuring the constant voltage of the DC side, the DC side voltage balance
controller does not have a coupling effect with the dual closed-loop control of the
system, and the control structure is simple and easy to implement.
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