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Circulating Current Suppression of Power 
Conversion Systems Under Unbalanced Conditions: 

Large-Signal Model-Based Analysis
Guangyu SONG, Xinghua LIU, Gaoxi XIAO, Liansong XIONG, Badong CHEN, and Peng WANG

Abstract—This paper proposes a large-signal model-based cir-
culating current control approach to achieve the circulating cur-
rent suppression and power quality improvement for power con-
version systems (PCSs) under unbalanced conditions. Specifically, 
first of all, the adaptive capacitive virtual impedance (VI) is devel-
oped based on the change of the current difference to minimize the 
positive-sequence circulating current (PSCC). The robust droop 
control is introduced to tune the positive-sequence voltage output 
and implement the load sharing. Secondly, the negative-sequence 
reference signal is generated to enable negative-sequence current 
sharing. The secondary control signal is integrated with the posi-
tive-sequence voltage output to modify the voltage reference of the 
PCS and realize the unbalanced voltage compensation. Finally, the 
zero-sequence circulating current (ZSCC) controller is proposed 
by introducing the Q-PR controller and the feedforward term to 
suppress the ZSCC and attenuate the effect of filtering parameters 
on zero-axis current. The Lyapunov theory-based stability analysis 
is provided to prove the stabilization of the system modeled by a 
large signal. Experiments are presented to demonstrate the effec-
tiveness of the proposed approach. 

Index Terms—Adaptive virtual impedance, circulating current 
suppression, large-signal model, power conversion systems, unbal-
anced voltage compensation.

Cdc 	 DC voltage-stabilized capacitor
Udc 	 DC bus voltage
Lf , Lg 	 LCL filter inductances
Rf , Rg 	 Parasitic resistances of inductors
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Cf 	 LCL filter capacitor
ZL, ZLCL 	 Feeder impedance and filter impendance
ea, eb, ec 	 There-phase grid voltage
i, u 	 Output current and voltage of inverter
uC 	 Capacitor voltage
ig 	 Grid current
j 	 jth inverter module
iga, igb, igc 	 There-phase currents
i+
g, i

−
g, i

z
g 	 Positive-sequence, negative-sequence, and zero sequence  

	 current components
i+gc, i

−
gc, i

z
gc	 Positive-sequence, negative-sequence, and zero sequence  

	 circulating currents
p, q 	 Instantaneous power
ωj, ω

* 	 Angular frequency and rated angular frequency of PCSs
Uj, U

* 	 RMS values of inverter output and rated voltage
P+

j, Q
+
j 	 Rated power

P+
j, Q

+
j 	 Positive-sequence power

γj, ℓj 	 Droop coefficients
ωc 	 Cut-off frequency of LPF
KU 	 Voltage gain
u+

Cj 	 Droop controller positive-sequence output voltage
Zv, Rv, Cv 	 Virtual impedance, resistance and capacitance
R0, C0 	 Initial values of virtual resistance and capacitance
μ, ν 	 Adaptive VI coefficients
ī −gj, ̄i 

−
gk 	 Mean negative-sequence current estimations of jth and  

	 kth modules
λ̄	 Estimation weight
Nj 	 Set of neighbors of jth module
ΔU −c 	 Negative-sequence current reference
kdrp, kdri 	 Proportional and integral gains of droop controller
kcp, kci 	 Proportional and integral gains of current sharing
δU+

j, δU−
j 	 Positive-sequence and negative-sequence compensation 

	 voltage
U−

refj, I
−
refj, I

z
refj 	 Negative-sequence reference voltage and current and  

	 zero-sequence reference current
kup, kip, kui, kii 	 Proportional and integral gains of negativesequence  

	 module
kv, kvr, kc, kcr 	 Proportion and resonance gains of Q-PR control
ωr, ω0, ωz 	 Cut-off frequency, resonant bandwidths of NSCC and  

	 ZSCC
kz, kzr 	 Proportion and resonance gains of ZSCC controller
u*

refj 	 Voltage reference
Ts 	 Sampling time
′,□ 	 Necessary and unnecessary submatrices
δ̂j, ωref 	 Power angle and global reference angular frequency
f(·) 	 Dynamical system
Rn 	 N-dimensional real number set
R+ 	 Set of positive real numbers
Pj, Qj 	 Positive definite and symmetrical matrix
K1, K2 	 Gain matrices
τ 	 Eigenvalue of matrices
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I. Introduction

WITH the development of distributed generation, the 
grid-forming power conversion system (PCS) has been 

extensively applied in microgrids and low-voltage distribution 
networks [1]–[4]. Hybrid energy supplies are generally 
connected by the common DC bus to improve the energy 
conversion efficiency in the PCS [5]. Due to the limitation of 
the rated power of a single grid-forming inverter, the parallel 
framework is generalized to achieve high-power transmission 
[6], [7]. The parallel configurations significantly reduce the 
energy loss. However, there exists a major challenge in that the 
circulating current can be produced between parallel modules 
and access the inverters. While only the zero-sequence 
circulating current (ZSCC) shall be considered under balanced 
operation conditions, the positive-sequence circulating current 
(PSCC), negative-sequence circulating current (NSCC), 
and ZSCC should be concerned under unbalanced operation 
conditions [8]. The generation of circulating current can result 
in current distortions, switching losses, lower efficiency of 
PCSs, etc. Consequently, the circulating current suppression 
remains as a research hotspot.

The suppression schemes mainly consist of passive techniques, 
modulation strategies, and other control approaches. The 
passive device isolation transformers are adopted to the AC 
terminal to cut off the circulating current loop [9]. However, 
it increases the hardware cost and size. Also, the synchronous 
operation of parallel modules is realized by cutting the power 
supplies to suppress the ZSCC in [10]. However, the high-
frequency ZSCC cannot be eliminated.

Different from the passive techniques, the modulation 
strategies aim to eliminate the circulating current by using 
vector control rather than by adding hardware circuits [11]–
[14]. Zhang et al. [15] proposed a carrier-waves-based pulse 
width modulation (PWM) strategy combined with the bias 
voltage injection. However, the high-frequency circulating 
currents are not considered to eliminate. Wang et al. [16] 
presented a unified online calculation technique of the nominal 
circulating current injection to analyze the impact of circulating 
current on the power losses and voltage ripples. In such an 
approach, however, there is a need for the instantaneous data 
of converters, which significantly increases the calculation 
difficulty and burdens. Jiang et al. [17] developed a hybrid 
PWM scheme with the same zero-sequence injection voltage 
to attenuate the ZSCC. A deadbeat control method for multi-
parallel inverters was presented to suppress the ZCSS in [18]. 
The method can suppress the ZCSS spike to improve the 
power quality. In [19], the deadbeat control was integrated with 
the close-loop control to suppress the high-frequency ZSCC 
produced by the carrier phase difference. It can also address the 
low-frequency ZSCC.

Except for the above techniques and strategies, many control 
approaches have also been developed to tackle circulating 
current mitigation under unbalanced operating conditions 
[20]. Castilla et al. [21] proposed a hybrid voltage and current 
control approach by utilizing only the measured currents to 
complete the negative-sequence current sharing. In [22], a 
hybrid control approach was introduced to tune the dwell 

times of small signals in real time for ZSCC suppression under 
unbalanced conditions. In the existing studies, VI control has 
been extensively applied in circulating current mitigation [23]. 
Zhang et al. [24] proposed a VI distributed control approach 
to compensate for the voltage deviation and minimize the 
ZSCC. The approach has no demand for extra communication. 
However, it does not consider the impact of the voltage drop 
produced by the VI. The PSCC and NSCC under unbalanced 
conditions are not addressed. Aquib et al. [25] proposed an 
adaptive VI control scheme to reduce the ZSCC produced 
by output impedance differences. A comprehensive control 
scheme combining the improved droop control with the 
adaptive VI was proposed to cover the circulating current 
generated by the mismatched feeder impedance in [26]. 
However, this scheme requests the calculation of the equivalent 
feeder impedance. The calculation complexity is large.

To investigate the PCS stabilization under unbalanced 
conditions, the small-signal models have been constructed to 
conduct stability analysis [27], [28]. Wang et al. [29] presented 
a characteristic-equation-based small-signal modeling 
scheme for parallel converters to realize system stability 
assessment. Peng et al. [30] developed a voltage unbalanced 
compensation approach based on a small-signal analysis to 
eliminate the voltage imbalance at PCC. Akhavan et al. [31] 
proposed a stability analysis for inverters in unbalanced grids 
by decoupling the multi-input multi-output system into the 
single-input single-output systems. However, the small-signal 
analysis can only study the stability of the system suffering 
from small disturbances near a steady-state operating point. It 
can’t handle the stability problem of nonlinear systems with 
multiple equilibrium states. The Lyapunov-based large-signal 
stabilization analysis therefore has been studied [32]–[34]. 
Kabalan et al. [35] proposed a Lyapunov-based large-signal 
stability analysis approach for parallel inverters to improve 
the transient stability of the grid terminal. In [36], a dual-layer 
back-stepping control approach was proposed for the static 
synchronous compensator to attenuate the circulating current. 
This approach ensures the Lyapunov stabilization of the system.

As can be seen from the above, circulating current 
suppression and voltage compensation in an inverter system 
are essential when operating under unbalanced conditions. 
Unbalanced conditions may lead to poor power quality, 
causing voltage sags, harmonics, and other issues. Circulating 
current suppression and voltage compensation help maintain 
the system stable operation and ensure longer component 
life while minimizing losses, improving system efficiency, 
and achieving more effective energy conversion [37]. 
Moreover, voltage and current imbalances can result from grid 
disturbances, such as faults or transient events. In such cases, 
effective control measures can help mitigate the impact of these 
disturbances on the inverter system and maintain continuous 
operation [38]. In response to the circulating current issues 
of PCSs under unbalanced conditions, this article proposes a 
large-signal model-based circulating current control approach 
to achieve the circulating current mitigation and ensure the 
Lyapunov stabilization of PCSs. It mainly comprises the robust 
droop controller, current sharing part, ZSCC suppressor, and 
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voltage compensation units. An adaptive capacitive VI is 
designed based on the change of the current difference among 
different modules to mitigate the PSCC. The robust droop 
control accomplishes the load sharing and low-frequency 
filtering to eliminate the impact of the high-order harmonics. 
The compensation signals are combined with the positive-
sequence voltage output to attenuate the negative-sequence 
components such that the bus output voltage can be tuned to 
its reference trajectory. The ZSCC controller is developed 
by adding the quasi-proportional resonant (Q-PR) controller 
and a feedforward term to achieve the ZSCC suppression 
and eliminate the disturbance to zeroaxis current. The main 
contributions of the article can be summarized as follows:

1)	Unlike other VIs [23], [26], [31], the proposed adaptive 
capacitive VI is constructed based on the change of the 
current difference among different modules to selfupdate 
the VI value. The proposed secondary signal can both 
achieve the unbalanced voltage compensation and the 
reference voltage tracking.

2)	The ZSCC controller is developed by introducing the 
Q-PR controller and the feedforward term to suppress 
the ZSCC and eliminate the disturbance of the filtering 
capacitor on zero-axis current.

3)	Different from the small-signal modeling approach 
[28]–[31], the proposed control approach is based on 
large signal modeling to preciously track the reference 
trajectory and guarantee system Lyapunov stability.

The remaining parts of the article are organized as follows: 
Section II gives the system description. The large-signal model-
based control approach is explored and the Lyapunov theory-
based stability analysis is provided in Section III. Experimental 
verification is demonstrated in Section IV. Finally, Section V 
summarizes the article.

II. System Description

Fig. 1 illustrates the topology of parallel energy storage 
inverters. The system employs a framework of sharing DC sides 
and AC sides. The dynamic model is acquired as

L f j
di j

dt
= uj − R f j i j − uCj

Cf j
duCj

dt
= ij − igj

L gj
digj

dt
= uCj − R gj igj − ugj

 






                  (1)

Fig. 1.  Topology of grid-connected PCSs.
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Hence, the system state equation is given as

ẋ LCLj (t) = A LCLj x LCLj (t) + B uLCLj
→

LCLj

yLCLj (t) = CLCLj x LCLj (t)
(t) 







      (2)

where there exist xLCLj (t) = [ij(t) uCj(t) igj(t)]┰ , →uLCLj(t) = [uj(t) 0 
ugj(t)]┰ , yLCLj(t) = [igj(t) uCj(t)]┰ .

A LCLj =
− Rf j

Lf j
− 1

Lf j
0

1
Cf j

0 − 1
Cf j

0 1
Lgj

− Rgj
Lgj

, B LCLj =

1
Lf j

0 0
0 0 0
0 0 − 1

Lgj

,

CLCLj = 0 0 1
0 1 0 .

The mathematical formulation of the grid terminal from Fig. 1 
in the abc coordinates can be represented as

uga
ugb
ugc

−
ea
eb
ec

=
Z La 0 0

0 Z Lb 0
0 0 Z Lc

iga
igb
igc

         (3)

Referring to [17], the circulating current of phase a of two 
parallel PCSs is defined as ica = 1/2 (ig1 − ig2).

The method of symmetrical components is employed to 
decouple the asymmetric components [39]. The output currents 
under unbalanced operation can be derived as

i+
gaj

i−
gaj

iz
gaj

=
1
3

1 ρ ρ2

1 ρ2 ρ
1 1 1

igaj
igbj
igcj

                  (4)

where ρ = e j2π/3. Considering the impedance factors, there exists 

ZLCL such that i(+ / −)
gc = u (+ / − )

g 1 − u (+ / − )
g 2 [3(( )/ Z LCL1 + Z LCL2)].

When a three-phase unbalance or ground fault occurs, the 
voltage difference between different modules acts on the 
output impedance, generating the circulating current. Under 
unbalanced conditions, there are not only ZSCC but also 
PSCC and NSCC. It is noted that the circulating current and 
unbalanced components can be eliminated by increasing 
system damping or injecting voltage.

By adopting Park coordinate transformation [20], the 
dynamic model can be transformed into

ujdq0 − uCjdq 0 =R f j i jdq0 + L f j i̇ jdq0 −

L f j

0 ω 0
−ω 0 0
0 0 0

ijdq0

ijdq0 − igjdq0 =Cf j u̇Cjdq 0 − Cf j

0 ω 0
−ω 0 0
0 0 0

uCjdq 0

uCjdq 0 − ejdq0 =R gj igjdq0 + L gj i̇gjdq0 −

L gj

0 ω 0
−ω 0 0
0 0 0

igjdq0

 






(5)
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The instantaneous power of PCSs in the dq coordinates is 
generated as [35].

pj
qj

=
3
2

uCdj uCqj
−uCqj uCdj

igdj
igqj

                (6)

In (6), the calculated instantaneous power comprises DC 
and AC components. The instantaneous power is decomposed 
by the second-order general integrator (SOGI) [40] to acquire 
the positive-sequence and negative-sequence fundamental 
components (u+

dq, i
+
dq, u

−
dq, i

−
dq) and filter out the second-harmonic 

components. SOGI can accurately track the input signals and 
strongly suppress the signal noise.

III. Proposed Control Approach

In this section, the circulating current control scheme for 
parallel PCSs is proposed to achieve the circulating current 
suppression and ensure the system Lyapunov stability. The 
control diagram of the proposed control approach is exhibited in 
Fig. 2, which mainly contains the positive-sequence robust droop 
and adaptive VI control unit, negative-sequence current sharing 
unit, voltage compensation unit, and ZSCC suppression unit.

A. Circulating Current Suppression and Voltage Compensation

Assumption 1: The reference signals are equivalent for PCSs, 
i.e., u*

refk = u*
refj, -∨k ∈ Nj.

1) Designing Adaptive Virtual Impedance and Minimizing PSCC 
To support the low-voltage PCSs, positive-sequence robust 

droop control is introduced to generate a sinusoidal voltage 
output. Due to the resistive properties of the output impedance, 

the P−ω and Q−U characteristics are no longer applicable. The 
implemented form of positive-sequence robust droop control is 
expressed as:

ωj = ω* + γ j
ωc

s + ωc
(Q+

j − Q*
j )                   (7)

U+
j = −ℓj

ωc

s + ωc
(P +

j − P *
j ) + K U (U* − U+

Cj )      (8)

where there exists a cycle T such that P +
j = 1

T
t + T

t p+
j (τ ) d (τ ) 

and Q+
j = 1

T
t + T

t q+
j (τ )d(τ ).

In order to increase the system damping, a VI loop is 
added to change the total output impedance of the PCS. The 
adaptive VI is designed based on the change of the current 
difference among different modules to mitigate the PSCC. It is 
constructed as:

Z v (s) = R v +
1

sC v
                              (9)

The self-updating parameters Rv and 1/sCv are defined as:

R v = R 0 + µ(i+
g1 − i+

g2)                       (10)

1
sC v

=
1

sC 0
+ ν (i+

g1 − i+
g2)                    (11)

(7) and (8) inherit the superiorities of the droop control and 
compensate for the terminal voltage drop produced by total 
output impedances. The VI is designed according to the change 
of the current difference to improve the dynamic performance 
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Fig. 2.  Control diagram of the proposed control approach.
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of the circulating current suppression, which is more conducive 
to minimizing the PSCC. The VI voltage is fed to the droop 
control output.

In fact, the voltage drop (8) can be reformulated as

δU+
j = U* − U+

j = ℓj (P +
j − P *

j ) + (1 − K U )U* + K U U+
Cj

(12)

The voltage loss produced by droop control is compensated 
to the output voltage reference to implement voltage recovery. 
This unit compensates for not only the load voltage drop but 
also the voltage drop caused by inverter control.

Remark 1: Circulating currents will increase system loss 
and reduce system performance, thus the capacitive VI is able 
to mitigate this issue. Moreover, the capacitive VI provides 
voltage support by injecting capacitive reactive power into 
the system, which can help stabilize grid voltage and improve 
power quality, especially in situations where voltage sags, 
disturbances occur, or load rapidly changes [41]. The capacitive 
element of VI reduces harmonic distortion in the grid by 
suppressing positive circulating currents while enhancing the 
system stability, especially in the presence of unbalanced loads 
or grid disturbances [42], [43]. Therefore, the capacitive VI is a 
promising construction method.

2) Sharing Negative-Sequence Current and Compensating 
Unbalanced Voltage

Due to the mismatched output impedance of parallel 
systems, the NSCC will be produced under unbalanced 
conditions. It is clear from Fig. 2 that the dynamic consensus 
protocol is used to generate the mean value of the negative-
sequence current [44], as follows:

ī−gj (t) = i−gj (t) + λ̄
t

0

∞

∑
k N j

[i−gk (τ ) − i−gj (τ )]dτ     (13)

It can be noted that the negative-sequence current reference 
Δ~U −

cj is generated by the deviation ī −
gj − i −gj via PI controller 

to achieve the negative-sequence currents sharing, i.e., there 
exists Δ~U −

cj = (kcp + kci/s)(ī 
−
gj - i −

gj). In the case of mismatched 
line impedance, the reference still has applicability in current 
sharing. Δ~U −cj is fed to the droop control output.

The negative-sequence voltage of the system is jointly acted by 
the negative-sequence voltages of the PCC and PCS. Normally, 
the PCC voltage is obtained by the lowbandwidth communication 
network. However, there will be communication delays or 
interruptions. Hence, the negativesequence voltage of the PCS 
can be controlled to achieve the coordinated compensation of the 
negative-sequence voltage of the PCC.

The voltage deviation between U−
refj and U−

gj and the current 
deviation between I−

refj and I−
gj are integrated with PI controllers 

to construct the unbalanced voltage compensation term. The 
negative-sequence signals can track the reference values 
configured to zero to eliminate the voltage unbalance of the PCS. 
The negative-sequence compensation term is constructed as

δU−j = ( kup +
ku i

s
)(U−ref j − U

−
gj ) + ( kip +

ki i
s

)( I −ref j − I
−
gj )

(14)

where U−
refj and I −

refj are configured to zero.
In the positive-sequence dq rotating coordinate frame, 

the grid frequency is 50 Hz. Thus, there exist 100 Hz 
negativesequence components and 150 Hz zero-sequence 
components under unbalanced conditions. Since the PI control 
cannot track the AC reference value without static error, the 
Q-PR control with the corresponding resonant frequency is 
adopted to achieve zero steady-state error. The expression of 
the Q-PR controller is written as [16].

Gv (s) = kv +
2kvr ωr s

s2 + 2 ωr s + ω2
0
                  (15)

where ω0 is set to 2π × 100 = 628 rad/s to eliminate the 
negative-sequence components. Considering the frequency 
fluctuation of ±2% in the national power supply business rules, 
ωr is configured to ωr = 2π × 50 × 2% = 6.28 rad/s.

3) Suppression of ZSCC
When there is a zero-sequence loop and the zero-sequence 

voltage acts on the output impedance, the ZSCC components are 
generated in the system current. The ZSCC is defined as [13].

iz
gc =

1
3

(iga + igb + igc )                        (16)

Based on [20], there exists a Park transform matrix such that 
iz

c = i0 holds. It is noted that the ZSCC can be suppressed by 
controlling the 0-axis current. Therefore, the ZSCC model can 
be rewritten as

iz
gcj (s) = −

sC f j uz
gj

Θj
+

uz
j − uz

Cj

Θj χ j
               (17)

where Θj = s2LgjCfj + sRgjCfj + 1 and χj = Rfj + sLfj.
A control signal ζ is proposed to achieve the ZSCC supp-

ression. It yields

iz
gcj (s) =

uz
gj

Θj
(ζ − sC f j +

uz
j − uz

Cj

uz
gj χ j

)           (18)

Taking into account the frequency characteristics of the 
zero-sequence current, the Q-PR term is added to the ZSCC 
controller, whose transfer function can be expressed as

Gz (s) = kz +
2kzr ωr s

s2 + 2 ωr s + ω2
z
                (19)

where ωz is set to 2π ×150 = 942 rad/s to suppress the ZSCC. 
The block diagram of the ZSCC control is illustrated in Fig. 3. 
I z

refj is configured to zero. Then, the compensation signals are 
combined with the positive-sequence voltage output and the VI 
voltage to tune the voltage reference of the PCS. The voltage 
reference u*

refdqj is expressed as:

u*
ref dqj = u+

Cdqj + δU+
dqj + ∆ ~U −

cdqj + δU−
dqj − Uvdqj    (20)
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Remark 2: The control approach mainly consists of five 
parts, namely positive-sequence robust droop and adaptive 
VI control, voltage compensation, negative-sequence current 
sharing, circulating current suppression, and voltage and 
current control. The voltage reference is yielded by integrating 
the voltage compensation terms and the VI voltage into the 
positive-sequence voltage output produced by the robust 
droop control. The reference signal is input to the voltage and 
current controllers, which use the Q-PR controller to complete 
error-free tracking. Gplant = 1/(1.5Tss+1) represents the transfer 
function of the plant.

B. Large-Signal Stability Analysis

To achieve the Lyapunov theory-based stability analysis, the 
accurate large-signal model is established in the dq coordinate 
frame. The state space equation of LCL in the PCS can be 
rewritten as

ẋ LCLj (t) = ~A LCLj x LCLj (t) +                              +
~
B LCL1j

→
LCL1j (t)

~
B

u
uLCL2j
→

LCL2j (t)
yLCLj (t) = ~CLCLj x LCLj (t)

 






    (21)

where xLCLj(t) = [idj(t) iqj(t) uCdj(t) uCqj(t) igdj(t) igqj(t)]
┬, →uLCL1j(t) = 

[udj(t) uqj(t)]
┬, →uLCL2j(t) = [ugdj(t) ugqj(t)]

┬, yLCLj(t) = [igdj(t) igqj(t) 
uCdj(t) uCqj(t)]

┬.

~A LCLj =

− Rf j
Lf j

ωc − 1
Lf j

0 0 0
−ωc − Rf j

Lf j
0 − 1

Lf j
0 0

1
Cf j

0 0 ωc − 1
Cf j

0
0 1

Cf j
−ωc 0 0 − 1

Cf j

0 0 1
Lgj

0 − Rgj
Lgj

ωc

0 0 0 1
Lgj

−ωc − Rgj
Lgj

~CLCLj =

0 0 0 0 1 0
0 0 0 0 0 1
0 0 1 0 0 0
0 0 0 1 0 0

.

~B LCL1j=

1
Lf j

0
0 1

Lf j

04× 1 04× 1

, ~B LCL2 j =
04× 1 04× 1
− 1

Lf j
0

0 − 1
Lgj

,

The positive-sequence robust droop control has been described 
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Fig. 3.  Block diagram of ZSCC suppression.

in the previous section. The state space equation of the robust 
droop controller can be constructed as

ẋ RDj (t) = ~A RDj xRDj (t) + ~B uRD j
→

RDj (t) + ~F ωRD j ~RD j (t)

yRDj (t) = ~CRDj xRDj (t) + ~W

 




 (22)

where there exists the power angle δ̂j such that dδ̂j/dt = ωj − ωref. 
We have the definition as xRDj = [δ̂j P

+
j Q

+
j]

┬, yRDj = [ωj u
+
Cdj 

u+
Cqj]

┬, →ωRDj = [ω* − ωref − γjQ*]┬, →uRDj = [idj iqj uCdj uCqj igdj igqj]
┬. 

u*
Cqj is configured to 0. The parameter matrices ~ARDj, 

~BRDj, 
~FRDj, 

and ~CRDj are given as

~A RDj =
0 0 γ j
0 −ωc 0
0 0 −ωc

, ~FRD j =
1
0
0

,

~B RDj =
01× 4 0 0
01× 4 1.5 ωcuCdj 1.5 ωcuCqj
01× 4 −1.5 ωcuCqj 1.5 ωcuCdj

,

~CRDj =
0 0 γ j
0 −ℓj 0
0 0 0

, ~W =
ω* − γ j Q*

ℓj P * + K U (U* − Ugj )
0

.

The LPF is used for the VI loop to filter out harmonics and 
produce the VI voltage. The state equation can be given as

ẋ VI j (t) = ~A VIj x VIj (t) + ~ →B VIj uVIj (t)
yVIj (t) = ~CVIj x VIj (t)

 






             (23)

where there exist xVIj = [Igdj Igqj]
┬, yVIj = [Uvdj Uvqj]

┬, →uVIj = [igdj 
igqj]

┬.　

~A VIj = −ω* 0
0 −ω* , ~B VIj = ω* 0

0 ω* , ~CVIj =
R v−

1
ω* C v

R v 1
ω* C v

.

The voltage compensation parts are developed in the 
previous section, as exhibited in Fig. 2. Define the error 
deviations dσdj/dt = U*

Cdj − U+
Cdj, dσqj/dt = U*

Cqj − U+
Cqj, dϱdj/dt = 

U−
refdj − U−

gdj, dϱqj/dt = U−
refqj − U−

gqj, dϕdj/dt = I−
refdj − I−

gdj, dϕqj/dt = 
I−

refqj − I−
gqj. The state space model of the compensators can be 

constructed as

ẋ Rj (t) = ~A Rj x Rj (t) + ~B uRj
→

Rj (t) + ~FR1j
→wRj (t)

yRj (t) = ~CRj x Rj (t) + ~D uRj
→

Rj (t) + ~FR2j
→wRj (t)

 






    (24)

where there exist xRj = [σdj σqj ϱdj ϱqj ϕdj ϕqj]
┬, →ωRj = [U*

Cdj U
*
Cqj U

−

refdj U
−
refqj I

−
refdj I

−
refqj]

┬, yRj = [δU+
dj δU+

qj δU−
dj δU−

qj ]
┬, →uRj =[U+

Cdj U
+
Cqj 

U−
gdj U

−
gqj I

−
gdj I

−
gqj]

┬.
~A R j = 06× 6 ,
~B R j = diag {− 1, · · · , −1

6

}, ~FR1j = diag {1, · · · , 1
6

},

~CR j =

kdri 0 0 0 0 0
0 kdri 0 0 0 0
0 0 ku i 0 ki i 0
0 0 0 ku i 0 ki i

,

~D R j =

−kdrp 0 0 0 0 0
0 −kdrp 0 0 0 0
0 0 −kup 0 −ki p −ω* Lgj
0 0 0 −kup ω* Lgj −ki p

,

~FR2j =

kdrp 0 0 0 0 0
0 kdrp 0 0 0 0
0 0 kup 0 ki p 0
0 0 0 kup 0 ki p

.

               
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~A R j = 06× 6 ,
~B R j = diag {− 1, · · · , −1

6

}, ~FR1j = diag {1, · · · , 1
6

},

~CR j =

kdri 0 0 0 0 0
0 kdri 0 0 0 0
0 0 ku i 0 ki i 0
0 0 0 ku i 0 ki i

,

~DR j =

−kdrp 0 0 0 0 0
0 −kdrp 0 0 0 0
0 0 −kup 0 −ki p −ω* Lgj
0 0 0 −kup ω* Lgj −ki p

,

~FR2j =

kdrp 0 0 0 0 0
0 kdrp 0 0 0 0
0 0 kup 0 ki p 0
0 0 0 kup 0 ki p

.

               

According to (13), considering the current sharing simplified 
model, the state equation of the current sharing module are 
acquired as

ẋ CS j (t) = ~A CS j x CS j (t) + ~B CS j
→uCS j (t) + ~B CSk

→uCSk (t)
yCSj (t) = ~CCSj x CS j (t) + ~DCS j

→uCS j (t) + ~FCSj
→ωCS j (t)

 






(25)
where d

Ω

dj/dt = ī−
gdj(t) − i−

gdj(t), d

Ω

qj/dt =  ī−
gqj(t) − i−

gqj(t) and xCSj 
= [

Ω

dj 

Ω

qj]
┬, yCSj = [Δ~U−

cdj Δ
~U−

cqj]
┬, →uCSj =[i−

gdj i
−
gqj]

┬, →uCSk = [i−
gdk 

i−
gqk]

┬, →ωCSj = [ī −gdj ī 
−
gqj]

┬.
~A CS j = 0 0

0 0 , ~D CS j = −k cp −ω* L gj
ω* L gj −k cp

,

~B CS j =
− λ̄ ∑∞

k Nj , j ≠ k 0
0 −λ̄ ∑

∞
k Nj , j ≠ k

, ~CCSj = k ci 0
0 k ci

,

~B CSk =
λ̄ ∑∞

k Nj , j ≠ k 0
0 λ̄ ∑∞

k Nj , j ≠ k
, ~FCSj = k cp 0

0 k cp
.

The voltage error dynamics are defined as dξdj/dt = u*
refdj 

− uCdj and dξqj/dt = u*
refqj − uCqj. Therefore, there exist u*

refdj 

= u+
Cdj + δU+

dj + ΔU−
cdj + δU−

dj − Uvdj and u*
refqj = u+

Cqj + δU+
qj + 

ΔU−
cqj + δU−

qj − Uvqj.
Considering the voltage and current loop modules, the 

output dynamics can be listed as

i*
dj = GPR (u*

refdj − uCdj ) − ω* Cfj uCqj + igdj

i*
qj = GPR (u*

refqj − uCqj ) + ω* Cfj uCdj + igqj

u*
dj = GPR (i*

dj − idj ) − ω* L fj iqj + ugdj

u*
qj = GPR (i*

qj − iqj ) − ω* L fj idj + ugqj

 






      (26)

The state space equation of the voltage controller can be 
expressed as:

ẋ Uj (t) = ~A Uj x Uj (t) + ~B Uj
→u Uj (t) + ~FU1j

→ωUj (t)
yUj (t) = ~CUj x Uj (t) + ~D Uj

→u Uj (t) + ~FU2j
→ωUj (t)

 






   (27)

where xUj = [ξdj ξqj]
┬, yUj = [i*

dj i
*
qj]

┬, →ωUj = [u*
refdj u

*
refqj]

┬, →uUj = [idj iqj 
uCdj uCqj igdj igqj]

┬.
~A U j = 0 0

0 0 , ~FU1j = 1 0
0 1 , ~FU2j = kv 0

0 kv
,

~B U j = 01× 2 −1 0 01× 2
01× 2 0 −1 01× 2

, ~CU j = 2kvr ωr 0
0 2kvr ωr

,

~DU j = 01× 2 −kv −ω* Cf j 1 0
01× 2 ω* Cf j −kv 0 1 .

Similarly, the current error dynamics are defined as dϑdj/dt = 
i*

dj − idj, dϑdj/dt = i*
qj − iqj. The state space equation of the current 

controller can be expressed as

ẋ Cj (t) = ~A Cj x Cj (t) + ~B Cj
→uCj (t) + ~FC1j

→ωCj (t)
yCj (t) = ~CCj x Cj (t) + ~DCj

→uCj (t) + ~FC2j
→ωCj (t)

 






    (28)

where xCj = [ϑdj ϑqj]
┬, yCj = [u*

dj u
*
qj]

┬, →ωCj = [i*
dj i

*
qj]

┬, →uCj = [idj iqj 

uCdj uCqj igdj igqj]
┬.

~A Cj = 0 0
0 0 , ~FC1j = 1 0

0 1 , ~FC2j = kc 0
0 kc

,

~B Cj = −1 0 01× 4
0 −1 01× 4

, ~CCj = 2kcr ωr 0
0 2kcr ωr

,

~DCj = −kc −ω* L f j 1 0 01× 2
ω* L f j −kc 0 1 01× 2

.

Combining (21)−(28), the state-space model of the overall 
PCS is developed as

→̇xj (t) =
∧

A j
→x j (t) +

∧

B j
→uj (t) +

∧

B curj
→u curj (t) + ∆ref   (29)

where variables and coefficient matrices are defined in (30).

→x j = [ idj iqj uCdj uCqj igdj igqj δ̂j P +
j Q+

j I gdj I gqj σdj σqj ϱdj ϱqj dj qj

Ω

dj

Ω

qj ξdj ξqj ϑdj ϑqj Ξz
j ]┬ ,

→u j = [ u−
gdj u−

gqj i−
gdj i−

gqj iz
gj ]┬ , →ucurj = [ ugdj ugqj i−

gdk i−
gqk ]┬ ,

Â j =

α β ~C □′
RD j − β ~CVI j β ( ~C ′□

R j + ~C ′□
R j ) β ~CCS j

~B LCL1 j
~FC2 j

~CU j
~B LCL1j

~CCj 0
~B RD j

~A RD j 03× 15~B VI j 02× 3
~A VIj 02× 13~B ′□

R j 06× 5
~A R j 06× 7

02× 17
~A CS j 02× 5~B U j + ~FU1 j

~D ′□
R j

~FU1 j
~C □′
RD j − ~FU1 j

~CVIj
~FU 1j ( ~C ′□

R j + ~C □′
R j ) ~FU1 j

~CCS j
~A U j 02× 3

~B Cj + ~FC1 j
~FU2 j

~D ′□
R j

~FC1 j
~FU2 j

~C ′□
RD j − ~FC1 j

~FU2 j
~CVIj

~FC1 j
~FU2 j ( ~C ′□

R j + ~C □′
R j ) ~FC1 j

~FU2 j
~CCS j 02× 2

~A Cj 0
01× 23

~A Z j

,

B̂ j = β ( ~D □′
R j + ~DCS j ) 07× 5

~B □′
R j

~B CS j 04× 5
~B Z j

┬

, ~B curj =
~B LCL2 j 017 × 2
07× 2

~B CSk
,

α = ~A LCLj + ~B LCL1 j
~D Cj + ~B LCL1 j

~FC2 j
~DU j + β ~D ′□

R j , β = ~B LCL1 j
~FC2 j

~FU2 j  (30)
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The Lyapunov-based analysis is provided in the following 
part to verify the stability of the proposed approach.

Theorem 1: Given c̄ > 0 and a dynamic system →̇xj = f(→xj) 
composed of (29) under Assumption 1, if there exist Pj > 
0 and Qj > 0 such that Λ┬Pj + PjΛ ≤ −Qj, then the PCS is 
asymptotically stable when all states →xj are uniformly bounded. 

Proof: Consider a Lyapunov function candidate as

V ( →xj ) = →x
┬

j Pj
→x j                            (31)

Taking the derivative of V (→xj), we have

V̇ ( →xj ) = 2 →x
┬

j Pj
→̇xj

= →x
┬

j [( Â j + B̂ j K1j + +B̂ curj K2j )┬ Pj

Pj (Â j + B̂ j K1j + B̂ curj K2j )] →x j + 2 →x
┬

j Pj ∆ ref

= →x
┬

j (Λ┬Pj + Pj Λ) →x j + 2 →x
┬

j Pj ∆ ref
→x
┬

j (−Q j ) →x j + 2 →x
┬

j Pj (−c̄) →x j

−τmax (Qj )|| →x j ||2 − 2τmax (Pj )c̄ ||→x j||2

−(τmax (Qj ) + 2 c̄τ max (Pj )) || →x j ||2

0 (32)

From (32), it reveals that the PCS (29) is asymptotically 
stable. The proof is completed. 

Remark 3: The Lyapunov theory-based stability analysis 
proves the asymptotic stability of the PCS under the sense of 
large signals. Theorem 1 demonstrates the proposed largesignal 
model-based control approach can ensure Lyapunov stabiliza-
tion of the PCS under unbalanced conditions and achieve the 
circulating current suppression. There exist the deviations of 
all variables tending to zero such that  limt→∞ U

−
gdqj →U−

refdqj, limt→∞ 
I−

gdqj → I−
refdqj,  limt→∞ U

−
gdqj → U−

refdqj,  limt→∞ Izgj → Izrefj,  limt→∞ uCdqj 
→ u*

refdqj, and  limt→∞ idqj → i*
dqj. That is to say, all state variables 

of the PCS can preciously track to their references under 
unbalanced conditions to realize stable operation.

IV. Experiment Results

A. Hardware-in-the-Loop Experiment Results

The proposed large-signal model-based control approach 
is implemented on hardware to validate the effectiveness 
and performance experimentally. The hardware-in-the-loop 
(HIL) experimental setup is illustrated in Fig. 4. The prototype 
inverter system uses PLECS RT Box1 Z-7030 to emulate the 
circuit characteristics, where the loads connected to the PCC 
consist of the unbalanced load and constant power load. The 
controller adopts Texas Instruments DSP (32-bit floatingpoint 
TMS320F28335) to drive IGBTs. The DSP Emulator 
(XDS100V3) is used for program download. The input channels 
of RT Box1 receive the digital signals PWM to drive the IGBTs 
and the output channels produce the analog signals (voltage, 
current, etc.). The waveforms are output to the oscilloscope 
(Tektronix MDO 3014 100MHz/4/2.5GS/s/10Mpoint). The 

experimental configurations are given in Table I.
1) Unbalanced voltage compensation performance case: 

To verify the performance of the proposed approach, the 
unbalanced voltage compensation example is investigated. 
Fig. 5 depicts the dynamic waveforms of the proposed 
approach with the unbalanced load. Stage 1 represents the state 
before the proposed approach is activated. Stage 2 represents 
the state after using the proposed approach. It is obvious from 
Fig. 5(a) that the three-phase voltage uabc is unbalanced in Stage 
1 and the VUF (based on IEEE Std. 936-1987) is 7.6%. At 
t = t1, the proposed approach is activated. The VUF decreases 
to nearly 0.6%. The unbalanced voltage and voltage loss 
achieve effective compensation. The three phases are basically 
balanced due to VUF ≠ 0 in Stage 2. Note that based on IEEE 
Std. 1547, the VUF should be within 5%, namely, the VUF of 
the proposed approach (0.6%) is allowed.

Fig. 5(b) indicates the waveforms of the current and ZSCC. 

Host
Computer

DSP

Emulator

RT Box1
Z-7030

Oscilloscope
MDO 3014

Fig. 4.  Hardware-in-the-loop experimental setup.

TABLE I
Experimental Parameters

eulaVretemaraP

DC bus voltage, Udc 400 V
Switching frequency, f s 10 kHz
DC capacitor, Cdc 470 µF
Filter inductor1, Lf j , R f j 2 mH, 0.61 Ω
Filter capacitor, C f j 15 µF
Filter inductor 2, Lgj , R gj 1.3 mH, 0.642 Ω
Rated power, P *j , Q *j 18 kW, 0 Var
global reference angular frequency, ωref 314 rad/s
Cut-off frequency of LPF, ωc 31.4 rad/s
Rated voltage, U * 231 V
Droop coefficients, γ j , ℓj 3e-5, 2e-4
Voltage gain, K U 3
Initial VI values, R 0 , C 0 0.15, 0.514
VI coefficients, µ, ν 1.3, 1.1
Estimation weight, λ̄ 1.2
Droop controller gains, kdr p , k dri 0.1, 100
Voltage controller gains, k v , k vr 0.2, 280.8
Current controller gains, k c , k cr 0.24, 500
Negative-sequence compensator gains, kup , k u i 4, 80
Negative-sequence compensator gains, k i p , k i i 4, 80
ZSCC controller gains, k z , k zr 0.08, 2.55
Current sharing gains, k cp , k c i 5, 400

raV0,W05daolrewoptnatsnoC
04/02/01daoldecnalabnU Ω, 1 mH
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Since the disturbances produced by filter parameters in the 
0-axis are inevitable using the conventional method, the 
ZSCC cannot be fully eliminated. Feedforward control is used 
to offset these disturbance terms. It is clear that the ZSCC 
is significantly suppressed upon activation of the proposed 
approach (1.73 A → 0.49 A). Fig. 5(c) and (d) exhibit more 
visibly that the three-phase components are balanced and 
the system achieves stable operation. The reference voltage 
amplitude is 311 V under balanced conditions. It should be 
claimed that this example considers the equal line impedances 
of parallel branches.

2) Plug-and-play performance case: To test the plugand- 
play performance of PCSs, the proposed approach with the 
inverter switching example is implemented. The dynamic 
results are illustrated in Fig. 6. Stage 1 represents the state that 
one inverter is accessed into the system. Stage 2 represents the 
state that two parallel inverters are plugged into the system. In 
Fig. 6(a), when the system is initially operated, the proposed 
approach is activated and the VUF is 5.2%. The dynamic 
response is 31.8 ms. Then, the VUF decreases to around 
0.48%. At t = t1, the inverter 2 is plugged into the system. 
The VUF is still within the allowable standards. The Q-PR 
controllers with corresponding cut-off frequency are adopted 

to attenuate negative-sequence and zero-sequence components, 
therefore, three-phase symmetrical voltage and current (in Fig. 
6(a) and (b)) are yielded.

In Stage 1, there exists no circulating loop in a single 
inverter, so the ZSCC is zero, as shown in Fig. 6(b). It can 
be noted that there is no high peak distortion. The ZSCC in 
Stage 2 reaches 0.48 A. It should be claimed that there exist 
the factors such as dead time and the difference of nonlinear 
devices making the ZSCC unable to completely zero. Fig. 
6(c) exhibits the waveforms of RMSs of the bus voltage and 
current, and two inverter currents. It is clear that only inverter 
1 supplies power in Stage 1. The positive-sequence voltage 
achieves the reference value (231 V) tracking, where the 
voltage deviations get compensated. In Stage 2, two inverters 
can share the load current well. The transient time is 18.7 ms. 
It turned out that the PCSs using the proposed approach have 
good steady-state and transient performance.

3) System performance with dynamic load change case: The 
dynamic waveforms of system performance with load change 
are exhibited in Fig. 7. Before Stage 1, the PSCs operate 
with the same load as the previous case. At t = t0, a part of the 
load is cut off from the PSCs. The load change results in an 
increasing bus voltage and voltage transient unbalance. As can 

500 V/div

5% /div

ua ub uc

VUF

40 ms/div t1

Stage 1 Stage 2

(a)

250 A/div

5 A/div

ia ib ic

100 ms/div t1

Stage 1 Stage 2
z
gci

(b)

50 A/div

Ic Ib

Ia

40 ms/div t1

Stage 1 Stage 2

(c)

250 V/div

Ua Ub

Uc

100 ms/div t1

Stage 1 Stage 2

(d)

(50 A/div)iga1 igb1 igc1

10 ms/div t1

Stage 1 Stage 2

(e)

(50 A/div)iga2 igb2 igc2

10 ms/div t1

Stage 1 Stage 2

(f)

Fig. 5.  Dynamic waveforms of unbalanced voltage compensation with the unbalanced load. (a) Three-phase bus voltage and VUF. (b) Three-phase bus current and 
ZSCC. (c) Bus current sharing. (d) Bus voltage balance. (e) Three-phase currents of inverter 1. (f) Three-phase currents of inverter 2.
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0.5 A/div
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Fig. 6.  Dynamic waveforms of plug-and-play performance. (a) Three-phase bus voltage and VUF. (b) Three-phase bus current and ZSCC. (c) RMSs of bus 
voltage, bus current, and two inverter currents. (d) Three-phase currents of inverter 1 and inverter 2.
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be observed from Fig. 7(a), the three-phase voltage maintains 
balance in Stage 1 and the VUF is 0.34%. The transient 
time of the voltage balance is 24.2 ms. The PCSs operate 
stably and complete the unbalanced voltage and voltage drop 
compensation. At t = t1, the load is reconnected to the PSCs. 
The voltage balanced factor is guaranteed. When the load 
increases at t1, the unbalanced current is generated. However, 
the three phases of the current reach balance in 40 ms after 
t1, as shown in Fig. 7(b). Fig. 7(c) depicts the waveforms of 
RMSs of the voltages and currents. It can be observed that 
after the load increases, both branch current and bus current 
increase respectively. The bus voltage still remains stable at the 
reference setting. The Q-PR control achieves zero steady-state 
error tracking of the bus voltage in a wide frequency band. 
Additionally, the VI presents capacitive characteristics, which 
is conducive to the suppression of higher harmonics. As seen 
from two output currents, the currentsharing effects in both 
stages are satisfactory and exact.

4) Negative-sequence current sharing performance case: To 
validate the negative-sequence current sharing performance 
using the proposed approach, three parallel inverters are 
applied to the PSCs for experimental implementation. In 
this case, the line impedances of three inverters are set to be 
different, with 0.12 + j0.002 Ω for inverter 1, 0.12 + j0.004 Ω 
for inverter 2, and 0.12 + j0.006 Ω for inverter 3, respectively. 
Fig. 8 shows the dynamic waveforms of the negative sequence 
d-axis currents. Stage 1 indicates the state before the proposed 
approach is activated. Stage 2 indicates the state after using 
the proposed approach. It is clear that due to the difference 
between line impedances, the negative-sequence currents of 
the different parallel inverters cannot be effectively shared in 
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Fig. 7.  Dynamic waveforms of system performance with load change. (a) Three-phase bus voltage and VUF. (b) Three-phase bus current and ZSCC. (c) RMSs of 
bus voltage, bus current, and two inverter currents. (d) Three-phase currents of inverter 1 and inverter 2, and ZSCC.

Stage 1 using the conventional approach. It takes 41 ms to 
stabilize. The bus VUF reaches 8%. At t = t1, the proposed 
approach is activated. The VUF is reduced to 0.15%. It takes 
160 ms for three negative-sequence d-axis currents to track the 
mean value of the negative-sequence current ī −

gj accurately. It 
reveals that the proposed approach can accomplish the sharing 
of the current d− components.

5) Multiparalleled case: To verify the validity of the 
proposed approach for multiparalleled inverter applications, 
the proposed approach is tested with three-paralleled inverters. 
Dynamic waveforms of ZSCC and three-phase currents in 
three-paralleled inverters are presented in Fig. 9. It is evident 
that the three phases of the output current exhibit equal 
amplitudes, with phase differences measuring 120 degrees. 
Moreover, the three-paralleled inverters using the proposed 
approach achieve effective ZSCC suppression with different 
line impedances. The output results demonstrate that the 
system with the proposed approach attains the three-phase 
balance and improves the current quality.

B. Experiment Results

To validate the effectiveness of the proposed approach, 
the experiments are implemented with two parallel inverters. 
The experimental configuration is illustrated in Fig. 10. The 
capacity of the prototype system is 1.2 kW, where the range 
of switching frequency is [15, 24] kHz. The IGBT modules 
adopt FGA40N65SMD and the capacity of the DC capacitor 
is 470 μF. The DC source uses the ITECH 6513 (IT6513 
200V/60A/1800W) for power supply and the local load uses 
ITECH electronic load (IT8514B+ 500V/60A/1500W). The 
waveforms are output to the oscilloscope (Tektronix MDO 
3024 200MHz/4/2.5GS/s/10Mpoint).

Fig. 11 illustrates the dynamic waveforms of threephase 
currents with different line impedances (L1 = 2 mH, L2 = 4 mH, 
L3 = 3 mH), with kz = 1.2, kz = 0.08. As depicted in Fig. 11(a), 
there are serious oscillations in the output current waveforms, 
indicating system instability. The experimental waveforms 
with the designed proportional gain are presented in Fig. 11(b). 
It is evident that the output current waveforms are stable and 
smooth. It shows that the proposed controller effectively 
reduces AC interference and ensures system stabilization. 
The results reveal the validation of the stability analysis under 
unbalanced conditions using the proposed approach.

The dynamic waveforms of three-phase currents with un-
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Fig. 8.  Dynamic waveforms of negative-sequence d-axis currents.

G. SONG et al.: CIRCULATING CURRENT SUPPRESSION OF POWER CONVERSION SYSTEMS UNDER UNBALANCED CONDITIONS



162 CPSS TRANSACTIONS ON POWER ELECTRONICS AND APPLICATIONS, VOL. 9, NO. 2, JUNE 2024

(25 A/div)iga1 igb1 igc1

2 ms/div t1

z
gci (1 A/div)

(25 A/div)iga1 igb1 igc1

2 ms/div t1

z
gci (1 A/div)

(25 A/div)iga1 igb1 igc1

2 ms/div t1

z
gci (1 A/div)

(a)

(b)

(c)

Fig. 9.  Dynamic waveforms of ZSCC and three-phase currents with different 
line impedances. (a) Inverter 1. (b) Inverter 2. (c) Inverter 3.
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Fig. 10.  Experimental configuration.
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Fig. 11.  Dynamic waveforms of three-phase currents with L1 = 2 mH, L2 = 
4 mH, L3 = 3 mH. (a) kz = 1.2. (b) kz = 0.08.

balanced load change (from 20/20/20 Ω, 1 mH to 10/20/40 Ω, 
1 mH) are illustrated in Fig. 12, with kz = 1.2, kz = 0.08. It 
can be observed from Fig. 12(a) that the three-phase current 
oscillations are apparent and the system output is unstable. 
Subsequently, the output results of the system with the 
designed control parameter are shown in Fig. 12(b) under the 

same conditions. It shows that the system output is stable, 
which has the same results as those in Fig. 11(b).

The dynamic waveforms of the output currents and ZSCC 
for two inverters with different line impedances (L1 = 2 mH, 
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Fig. 12.  Dynamic waveforms of three-phase currents with unbalanced load 
change. (a) kz = 1.2. (b) kz = 0.08.
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L2 = 4 mH, L3 = 3 mH) are presented in Fig. 13. The ZSCC 
is caused by the filter parameters and unequal inductors. 
As observed in Fig. 13(a), the ZSCC cannot be effectively 
suppressed by the PI controller, resulting in a peak-to-peak 
value of 5.6 A. Apparent oscillations are presented in the output 
currents of the two inverters. The VI control can eliminate the 
difference in system output impedance. The VI method in [24] 
enhances the suppression effect of the PSCC and improves 
the current quality, as illustrated in Fig. 13(b). However, the 
ZSCC in Fig. 13(c) is significantly attenuated by the proposed 
approach and the system has improved output performance, 
while the peak-to-peak value of the ZSCC is notably reduced 
from 3.3 A to 1.8 A.

Dynamic waveforms of ZSCC and three-phase currents 
for inverter 1 and inverter 2 are exhibited in Fig. 14. It is 
observed that the current distortions and oscillations are 
apparently alleviated and the higher quality symmetrical three-
phase currents are obtained, which reveals that the proposed 
controller can effectively attenuate the unbalanced components.

(50 A/div)

(50 A/div)
z
gci

iga1

iga2

(5 A/div)

10 ms/div 5.6 A

(50 A/div)

(50 A/div)
z
gci

iga1

iga2

(5 A/div)

10 ms/div 3.3 A

(50 A/div)

(50 A/div)
z
gci

iga1

iga2

(5 A/div)

20 ms/div 1.8 A

(a)

(b)

(c)

(25 A/div)iga1 igb1 igc1

z
gci (5 A/div)

800 μs/div

(25 A/div)iga1 igb1 igc1

z
gci (5 A/div)

800 μs/div

(a)

(b)

Fig. 13.  Dynamic waveforms of output currents and ZSCC for two inverters. (a) 
PI control. (b) Method in [24]. (c) Proposed control approach.

V. Conclusion

In this paper, a large-signal model-based circulating 
current control approach was proposed to achieve circulating 
current suppression and voltage compensation of the PCS 
under unbalanced conditions. The adaptive capacitive VI 
was developed based on the change of the current difference 
among different inverters to effectively mitigate the PSCC. 
The secondary control signal was designed and combined 
with the positivesequence voltage output to modify the 
voltage reference and compensate for the unbalanced 
voltage. Subsequently, a ZSCC controller was proposed by 
incorporating the Q-PR controller and the feedforward term 
to achieve the ZSCC suppression and the elimination of 
disturbances caused by the filter capacitor. Furthermore, the 
PCS with the proposed approach exhibited good dynamic 
performance and satisfied the requirements of plug and play. 
Extensive experimental cases demonstrated the effectiveness 
of the proposed approach.
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