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Parallel three-phase pulse width modulation (PWM) rectifiers with standard dc and ac buses are widely used in power systems 
due to their many advantages: flexibility, sinusoidal grid currents, lower switching frequency, and good reliability. However, this 
topology suffers from zero-sequence circulating current (ZSCC) generated by numerous reasons, including unbalanced filter 
inductors, unequal dead time, and losses of synchronism between the control of each rectifier will distort the ac-side currents 
and increase power losses. This paper proposes an adjusted space vector pulse width modulated (ASVPWM) method and a 
proportional integral quasi-resonant controller (PIQRC) method to force the ZSCC to be zero and to reduce its ripples, which 
results in low-frequency harmonic components in the ac side currents. This twofold objective can be achieved by adjusting the 
zero-vector duty ratios of ASVPWM to suppress the ZSCC and by using PIQRC to mitigate its predominant harmonics. Finally, 
the superiority and efficiency of the proposed control method in terms of ZSCC suppression and current ripple reduction are 
verified through comparative analysis with the conventional ZSCC-PI controller.

1. INTRODUCTION 
Parallel three-phase PWM rectifiers are widely used in 

high power conversion, high voltage direct current systems, 
and renewable energy applications such as wind turbine 
generation [1,2]. This configuration offers an interesting 
alternative for increasing the system capacity, reducing the 
switching constraints with transmission efficiency and 
fractionation of the high ac grid currants, and enhancing the 
grid's stability and reliability [3]. 

However, a zero-sequence circulating current (ZSCC) 
flow path is formed in all parallel PWM converters 
configurations. The ZSCC between these paralleled 
converters is produced by the differences in filter inductors, 
unequal current measurements, and dead times [4,5]. 
Unfortunately, the ZSCC results in low-frequency harmonic 
components in the ac side currents, especially the third 
harmonic and its multiples, which increases the distortion 
and switching losses, reduces the efficiency and degrades 
the overall performance of the parallel systems [6–9]. 

Various control strategies are proposed to suppress the 
ZSCC in parallel PWM converters to address this problem. 
High-frequency harmonic components of ZSCC are 
accurately reduced to a suitable level by an appropriate 
choice of filter inductors [10]. Discontinuous PWM control 
minimizing the ZSCC was proposed in [11,12]. Reducing 
ZSCC is the advantage of this strategy but it causes a high 
ripple in the output currents. 

The selection of design parameters (SDP) control 
strategy to reduce the ZSCC was proposed for parallel 
shunt active filters (SAFs) in [13]. An enhanced SDP 
control strategy was used to control the parallel SAFs. 
However, due to the nature of ZSCC, more than this 
method is needed to give good performance.  

A carrier phase shift PWM control strategy was proposed 
in [14] for suppressing the ZSCC for modular interleaved 
converters. This strategy has good steady-state performance 
and fast dynamic response but suffers from high switching 
losses in high power applications. For this, applying 
SVPWM strategies in high power applications is more 
suitable since they can significantly reduce the switching 
losses [15–19]. In [16,17], adjustable duty ratios based on 

PI controller was proposed to suppress the ZSCC in the 
paralleled inverters. A zero-vector feedforward with PI 
control to suppress the ZSCC was proposed in [18,19]. 
These strategies are effective in suppressing the ZSCC but 
not enough in enhancing the power quality due to high 
ZSCC ripples. 

The suppression above methods focused much more on 
the reduction of ZSCC not on its cancellation, which 
impacts the power quality of the grid side currents. In this 
paper, the ZSCC as well as the third harmonic and its 
multiples in the ac side currents, will be suppressed by 
controlling the ZSCC by using the proposed PIQRC. The 
proposed control can suppress the ZSCC and the 3rd and 9th 

harmonics in the two parallel PWM rectifier input currents 
by adjusting the duty ratio of zero states of one of the two 
SVPWM. For this, the state vector duty ratios of ASVPWM 
are parameterized by a control variable generated by the 
proposed PIQR controller.  

In addition, the use of PIQRC instead of the PI controller 
allows the suppression of low-frequency harmonics of the 
ZSCC. Also, the proposed PIQRC approach can be 
optionally designed only for specific harmonics, which 
provide high robustness, efficiency, and flexibility. It can 
achieve zero-steady-state error at the harmonics that need to 
be eliminated with rather fast dynamics. On the other hand, 
the PIQRC has very small effect on the parameter 
determination of the ZSCC control loop, which facilitates 
the elimination of harmonics and the control design. 

The rest of the paper is arranged as follows: section 2 
presents the modeling of the parallel PWM rectifiers. 
Modeling and analysis of the ZSCC is detailed in section 3. 
Control of ZSCC using proposed ASVPWM method with 
ZSCC-PIQR controller is detailed in section 4. Simulation 
results are illustrated and discussion in Section V. Finally, a 
conclusion is drawn in Section VI. 

2. SYSTEM MODELING 
The adopted power circuit of two parallel PWM rectifiers 

with common dc bus is illustrated in Fig. 1. 
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Fig. 1 – Power circuit of two paralleled three-phase PWM rectifiers. 

The dynamic equations describing the ac and dc sides’ 
currents of the two PWM rectifiers shown in Fig. 1 can be 
defined in the synchronous rotating frame (dq) by [10] as: 
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where ifdx and ifqx are the dq-axes input currents of rectifier 
x (x=1,2), respectively, ω is the grid angular frequency, and 
vrdx=ddxi

fdx and vrqx=dqxifqx are the rectifier x d-axis and q-
axis input voltages, respectively. ddx and dqx are the duty 
ratio of rectifier x in the dq-frame.  

3. MODELING AND ANALYSIS OF ZSCC IN 
PARALLELED PWM RECTIFIERS 

The ZSCC is caused essentially by the differences in 
filters inductors, which can be defined as: [15]: 

 izx =
ifax+ifbx+ifcx

3
,																																			(2) 

where iz2 = -iz1. 
The equivalent model of ZSCC for the two rectifiers can 

be derived from eq. (1) and eq. (2) as follows [15]: 

 '
Lf1

diz1
dt

=-Rf1i
z1

+dz1Vdc=0

Lf2
diz2
dt

=-Rf2i
z2

+dz2Vdc=0
,																									(3) 

where dz1 and dz2 are the zero-sequence duty ratios (ZSDRs) 
of rectifiers 1 and 2, respectively, which can be given as: 

 dzx = dax+dbx+dcx,																																		(4) 

By subtracting the two equations in eq. (3), the average 
model of ZSCC system can be obtained as: 

 (Lf1+Lf2)
diz2
dt

+(Rf1+Rf2)iz2=(dz2-dz1)Vdc,															(5) 

where Δdz=dz2-dz1 is the difference of ZSDRs. The ZSCC 

equivalent circuit is shown in Fig. 2, while vzx=dzxVdc is the 
zero-sequence voltage (ZSV) of each PWM rectifier. 

 
Fig. 2 – ZSCC equivalent circuit for paralleled two rectifiers. 

The equivalent circuit in Fig. 2 and eq. (5) indicates that 
the difference between the ZSDRs is the essential factor to 
generate the ZSCC, which could be the result generally of 
mismatches in the filters inductances.  If the ZSDRs dz1 and 
dz2 are the same, ZSCC will not be generated. These ZSDRs 
have a periodic triangular waveform of frequency equal to 
150 Hz (triple of grid voltage frequency) and have equal 
magnitude but with a phase difference [15, 16]. Note also 
that the difference between the ZSDRs is a periodic square 
wave with a triple grid voltage frequency. So, the ZSCC 
can be successfully suppressed when the difference 
between the ZSDRs is set to zero. 

4. CONTROL STRATEGY BASED ON ADJUSTING 
SPACE VECTOR PULSE WIDTH MODULATED 
The voltage-oriented control (VOC) with the proposed 

ASVPWM method of the parallel two PWM rectifiers is 
shown in Fig. 3 [20,21]. 

 
Fig. 3 – Control scheme of paralleled two three-phase PWM rectifiers. 

When the system operates in unity power factor, the 
reference ifq*  

is set to zero and the reference ifd*  is determined 
by the DC-bus voltage controller [22]. 

4.1. CONVENTIONNEL SPACE VECTOR PULSE 
WIDTH MODULATION 

In each switching period Ts, the reference voltage of each 
SVPWM can be synthesized by two adjacent nonzero state 
vectors and two zero state vectors as shown in Fig. 4(a) 
[23]. This figure represents the distribution of the two 
adjacent nonzero state vectors and the two zero state 
vectors in sector I of αβ frame. 
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Fig. 4 – State vectors and their duty rations in sector I: a) conventional 

SVPWM, b) adjusted SVPWM. 

As shown in Fig. 4(a), the ZSDR dzx of rectifier x in 
eq. (4) is linked to the duty ratios of state vectors by: 

 
𝑑"# = -𝑑$# + 𝑑%# +

&!"
%
/ + -𝑑%# +

&!"
%
/ + &!"

%

dzx = d1x+2d2x+
3d0x

2

,									(6) 

where d1x  and d2x  are the two nonzero vectors duty ratios 
of rectifier x. 

As shown in Fig. 4(a), zero vectors duty ratio d0x can be 
expressed as: 

 d0x = 1-d1x-d2x,																																						(7) 

The switching times TaxON, TbxON, and TcxON of the state 
vectors are expressed as: 

 

⎩
⎪
⎨

⎪
⎧ TaxON= d0x

2
Ts

TbxON=TaxON+ d1x
2

Ts

TcxON=TbxON+ d2x
2

Ts

,																															(8) 

4.2. PROPOSED ADJUSTED SPACE VECTOR PULSE 
WIDTH MODULATION 

In order to eliminate the ZSCC, a modified version of the 
previous SVPWM is proposed in which a variable z is 
introduced in order to suppress the difference between the 
ZSDRs. This variable z can be introduced into d0x for 
adjusting the time application of the zero vectors in each 
switching period as shown in Fig. 4(b). Thus, d0x is changed 
to -d0x

2
-zx/Ts and -d0x

2
+zx/Ts, respectively [15]. The ZSDR 

dzx
’  after adjusting the variable z are expressed as: 
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2
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2
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3d0x
2

-6zx

,						(9) 

The distribution of state vectors and their duty rations in 

the sector I of ASVPWM is shown in Fig. 4(b).  
The average model in eq. (5) after adjustment becomes: 

 (Lf1+Lf2)
diz2
dt

+(Rf1+Rf2)iz2=(dz2
’ -dz1

’ )Vdc,												(10) 

The difference between the new ZSDRs Δdz=dz2
’ -dz1

’  
between PWM rectifiers 1 and 2 is calculated as: 

 Δdz= -d12+2d22+ 3d02
2

-6z2/ - -d11+2d21+ 3d01
2

-6z1/ ,					(11) 

In the two parallel PWM rectifiers, the control of ZSCC 
is chosen to be done by adjusting the variable z2 while the 
variable z1 is set to zero (rectifier 1 is controlled by the 
conventional SVPWM).  

In the ASVPWM, the new switching times TaxON
’ , TbxON

’ , 
and TcxON

’ 	 after adjustment are expressed as: 

 

⎩
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’ =TaxON+z2Ts
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’ + d1x
2

Ts

TcxON
’ =TbxON

’ + d2x
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,																													(12) 

Substituting eqs. (7) and (11) or eqs. (7), (8), and (12) 
into eq. (10), eq. (10) results in: 

 (Lf1+Lf2)
diz2
dt

=-(Rf1+Rf2)iz2+ 1
2
(ΔD12-12z2)Vdc,						(13) 

where ΔD12=d12+2d22-d11-2d21 
By neglecting the effects of  and by applying the 

Laplace Transform on eq. (13), the ZSCC in Laplace 
domain can be expressed as: 

 Iz2(s)=
6Z2(s)Vdc

)Lf1+Lf2*s+)Rf1+Rf2*
,																										(14) 

where Z2(s) is the Laplace transform of z2. 

4.3. PROPOSED PI QUASI-RESONANT CONTROL 
As described above, the ZSCC generated by difference 

between the ZSDRs under unbalanced filters inductors has 
a triangular periodic waveform with the characteristic of 
triple grid voltage frequency (150 Hz), making it mainly 
composed of the third harmonic component and its triple 
multiples. Thus, the PI controller is unable to accurately 
compensate for the variable z2 with periodic waveforms of 
150 Hz due to its lower bandwidth [16]. 

In this section, a PIQRC will be proposed for controlling 
the ZSCC by providing an accurate z2 with a periodic 
waveform of 150 Hz, thereby effectively suppressing the 3rd 
harmonic and its triple multiples of ZSCC and their impacts 
on the input currents. The schematic diagram of the 
proposed PIQRC is shown in Fig. 5.  

 
Fig. 5 – Proposed PIQRC of zero-sequence circulating current control. 

The goal of this proposed controller is to provide the 
variable z2, which will be added to the duty ratios of zero 
vectors in order to accurately suppress the difference 
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between the ZSDRs, as well as suppress the ZSCC and 
eliminate the lower harmonics in the input currents of the 
two PWM rectifiers [23, 24]. In the following, the PIQRC 
is designed to suppress the 3rd and 9th harmonics in the input 
currents of the two PWM rectifiers. Thus, the variable z2 is 
given by: 

  z2=eiz 1-kpz+
kiz
s
/ + ∑

2ωcKqrn
s2+2ωcs+(nω)2n=3,9 3 ,										(15) 

where kpz 
and kiz are the parameters of ZSCC-PI controller, 

Kqrn 
 is the nth harmonic resonant coefficient, ωc is the QRC 

cut-off angular frequency, and n is the harmonic order that 
needed to be eliminated.  
kpz 

and kiz are calculated using pole placement method as: 
 

⎩
⎪
⎨

⎪
⎧kpz =

(Lf1+Lf2)ζωnz-(Rf1+Rf2)
Vdc

kiz =
(Lf1+Lf2)ωnz

2

Vdc

,																		(16) 

where ωnz is the cut-off frequency of ZSCC PI controller. 
The eq. (17) demonstrates that the QRC has two factors 

Kqrn and ωc. In this case and for a good Bode diagram 
analysis, one of both factors must be fixed that makes easy 
to study and observe the impact of the other factor on the 
system performance. 

Firstly, the factor Kqrn is kept equal to  and ωc is 
varied; the Bode diagram of QRC in this case is shown in 
Fig. 6. 

 
Fig. 6 – Bode diagram of QRC when ωc is varied and Kqr is fixed 

In second case, when ωc is fixed to 1 rad/s and Kqrn is 
varied, the Bode diagram of QRC is shown in Fig. 7.   

 
Fig. 7 – Bode diagram of QRC when Kqr is varied and ωc is fixed 

Figures 6 and 7 show that the band-pass filter gain is set 
to 0 dB at the 3rd harmonic frequency, and it can be also 

observed that the ωc affects both QRC bandwidth and gain, 
and Kqrn affects only the gain of QRC. So, the increase of 
ωc impacts the increase of QRC bandwidth and gain, and 
the increase of Kqrn impacts the increase of the gain. From 
this analysis, ωc is selected depending on the QRC 
bandwidth and Kqrn is selected depending on the QRC gain.  

On the basis that the ZSCC control is stable, one has just 
to increase sufficiently Kqrn to enhance the tracking of 3rd 
and 9th harmonics while also to resist all perturbations so 
that we can realize high-accuracy control of the ZSCC. 

Based on the QRC Bode analysis and as described in [24], 
the parameters ωc and Kqrn for 3rd and 9th harmonics are 
selected as follows: ωc=5 rad/s, Kqr3 =400 and Kqr9 =200. 

5. SIMULATION STUDY 
To confirm the viability of the theoretical analysis and 

effectiveness of the proposed ZSCC-PIQRC method, 
simulation tests have been developed on the 
Matlab/Simulink using Sim Power Systems and S-Function. 
The simulation parameters of the two parallel PWM 
rectifier systems are presented in Table 1. 

Table 1 
System simulation parameters 

Parameter Value 
Maximal voltage of ac grid Vgmax 120 V 

Fundamental frequency of ac grid  50 Hz 
Dc-bus voltage Vdc 300 V 

Capacitor of dc side rectifiers Cdc 2 mF 

Load resistance RL 100 Ω 
Ac-side filter inductance Lf1 10 mH 
Ac-side filter inductance Lf2 6 mH 

Ac-side resistances Rf1 and Rf2 0.2 Ω 
Switching frequency fs 8 kHz 

 
Figures 8 to 11 show the performance of two parallel 

PWM rectifiers with and without ZSCC control under both 
identical and unbalanced filters inductors. Two control 
methods are adopted herein to face ZSCC; the first one is 
based on traditional PI controller and the second is based on 
quasi resonant PI controller.  

The all simulation waveforms from (a) to (f), 
respectively, are: a) first phase grid current and its 
corresponding voltage, b) DC-bus voltage, c) rectifiers’ 
inputs currents ifa1 and ifa2, d) ZSCC, e) spectrum analysis of 
ifa1, and f) spectrum analysis of ifa2. 

Using all control methods, the two parallel PWM 
rectifiers system has similar performance regarding to the 
three-phase ac grid reactive power compensation and dc-
bus voltage regulation (Figs. 8, 10 and 11 (a and b) ). 

In the case of identical inductances (Figs. 8), it can be 
observed that the input currents of the two PWM rectifiers 
ifa1 and ifa2 are sinusoidal and completely identical as shown 
in Fig. 8 (c). From Fig. 8(d), a small value of ZSCC (iz) is 
generated in this case with very lower input currents THDs 
for the two PWM rectifiers as in Figs. 8 (e and f). The THD 
of ifa1 is 1.21 % and that of ifa2 is 1.20 %. 

1
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Fig. 8 – Simulations results with Lf1= Lf2=10 mH: a) first phase grid 

current and its corresponding voltage. 

Figure 9 presents the behavior of the parallel system 
when Lf1= 10 mH and Lf2= 6 mH. It can be observed from 
Fig. 9 (d) that a very large ZSCC is generated. This ZSCC 
causes high distortion on the rectifiers’ inputs currents as 
well as large magnitude values of 3rd and 9th harmonics as 
shown in the FFT analysis of these input currents as 
illustrated in Figs. 9 (e and f). The THD of ifa1 is increased 
from 1.21% in the case of identical inductances (Fig. 8 (e)) 
to 5.22 % in the case of unbalanced inductances (Fig. 9 (e)) 
and the THD of ifa2  is increased from 1.20 % (Fig. 8 (f)) to 
5.19% (Fig. 9 (f)), which does not fit the IEEE Std 519 for 
current distortion limits. In this case, the inputs currents 
harmonics with high magnitude are mainly the 3rd and 9th. 

 
Fig. 9 – Simulations results with Lf1=10 mH and Lf2=6 mH without 

ZSCC control 

By using ZSCC-PI control method, better ZSCC 
harmonics suppression and rectifiers’ inputs currents 
harmonics elimination can be seen in Figs. 10(c, d, e and f).  

 
Fig. 10 – Simulations results with Lf1=10 mH and Lf2=6 mH, using the 

ZSCC-PI control 

With the proposed method, as illustrated in Figs. 11, the 
ZSCC is almost totally suppressed (Fig. 11(e)). The ripples 
and the 3rd and 9th harmonics in the input currents of the 
two PWM rectifiers are further reduced significantly to 
very small values compared with ZSCC-PI. As can be seen 
from Figs. 11 (e and f), by using ZSCC-PI, the THDs of 
rectifier input currents ifa1 and ifa2 are 2.34 % and 2.42 %, 
respectively, which is in concordance with IEEE Std. 

 
Fig. 11 – Simulations results with Lf1=10 mH and Lf2=6 mH, using the 

proposed PIQRC: a) first phase grid current and its corresponding voltage. 

As shown in Figs. 11 (e and f), the rectifiers’ inputs 
currents THD are further reduced to very small values 
(1.32 % and 1.41 %), and as expected, the rectifiers’ input 
currents distortions are almost eliminated with very small 
3rd and 9th harmonics and ripples. 

To sum up, the proposed method can effectively 
eliminate the ZSCC and input currents harmonics especially 
the 3rd and 9th components with good performance. These 
results verify the viability of the theoretical analysis and the 
effectiveness of the proposed PIQRC for controlling the 
two parallel PWM rectifiers. 
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7. CONCLUSIONS 
This paper proposes an ASVPWM strategy with a ZSCC 

control based on the quasi-resonant controller for two 
parallel three-phase PWM rectifiers to suppress the ZSCC 
and improve the power quality of the rectifiers' ac sides. An 
analysis of the ZSCC model and a detailed explanation of 
the proposed PIQRC method-based Bode diagram is 
provided. A comparative study with the conventional 
SVPWM and ASVPWM with ZSCC-PI confirms the 
validity and performance of the proposed method. The 
results of the parallel system with conventional SVPWM 
showed that a ZSCC appears when there are unequal filter 
inductances. As a result, the rectifiers' input currents are 
distorted with high magnitude, mainly the 3rd and 9th 
components, due to the ZSCCs influence. When the ZSCC-
PI-based ASVPWM method is utilized, acceptable ZSCC 
suppression and rectifiers’ inputs currents ripples. 
Harmonics elimination can be achieved, but when the 
proposed method is applied, the variable z can be accurately 
obtained at a periodic waveform of 150 Hz, resulting in 
high suppression of ZSCC and input currents ripples and 
harmonics, especially the 3rd and 9th components. 

As a result, the proposed method can suppress the ZSCC 
and eliminate the input currents ripples and low-frequency 
harmonics, especially the 3rd and 9th components, and 
compensate for the reactive power in the grid. 

Received on 24 April 2022 
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