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Passivity-Based Zero-Sequence LC Resonance

Suppression Method for Parallel Inverters
System With Modified LCL Filter
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Abstract—Parallel inverters system with modified LCL filters
may trigger zero-sequence LC (ZSLC) resonances. Especially in
high-power applications, lower switching frequencies are usually
adopted to reduce switching losses. In this situation, conventional
inverter-side circulating current feedback (ICCF) control cannot
behave as expected and introduces new stability issues due to
high control delays. To deal with this situation, a passivity-based
ZSLCresonance damping method is proposed. First, the equivalent
admittance model of ICCF control is established for the first time,
which is decomposed into passive component and active compo-
nent. The results show that the system stability is determined by
the active component and the inverter output admittance ratio.
Second, by analyzing the frequency-domain characteristics of ac-
tive components, it is found that the control delay introduces a
negative conductance that affects the stability of the ICCF control.
Accordingly, a controllable admittance component is added to
correspondingly reshape the inverter output admittance character-
istics under high control delay conditions, which can mitigate the
detrimental impact of control delay in the active component. Thus,
the proposed control strategy can enhance the system stability and
the circulating resonance current can be effectively attenuated in
high-power applications. Finally, the feasibility and correctness of
the proposed scheme are verified by the experiments.

Index Terms—Modeling and analysis, parallel inverters, zero-
sequence LC (ZSLC) resonance suppression.

I. INTRODUCTION

RID-CONNECTED systems are the key interface be-
tween renewable energy and the grid, which are widely
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applied to achieve a flexible and efficient power conversion
[1], [2], [3]. Recently, with the increasing installed sustainable
energy capacity, the parallel operation scheme of inverters has
attracted much attention in high power applications [4], [S].
However, the zero-sequence loops of parallel system inevitably
introduce zero-sequence circulating currents problems, which
will disturb the output currents and reduce the system stability
(61, [71.

Various hardware methods and modulation methods have
been reported to cope with the circulating currents. On one hand,
many new converter topologies are proposed in [8], [9], and
[10]. By adding additional power devices or changing the circuit
structure, the zero-sequence loops are blocked to suppress the
circulating currents. On the other hand, improved modulation
schemes are also often adopted to achieve circulating currents
mitigation [11], [12], [13], which achieves the control targets
by adjusting the switching sequence of the inverter. However,
high losses and degradation of the harmonic attenuation ability
are issues that require careful consideration with the above
methods [14].

The above drawbacks can be remedied by modified LCL
(MLCL) filter [15]. By adding a low-impedance path in the
capacitive branch, the circulating currents are confined within
the inverter system without any additional hardware cost or
harmonic increase. Nevertheless, the inclusion of the new zero-
sequence loop introduces a risk of additional zero-sequence LC
(ZSLC) resonances, which may interact with the control loops
and have the tendency to destabilize the inverter system.

Continuous research efforts have been devoted to cope with
LCL resonance, which can be primarily categorized as passive
damping [16] and active damping [14], [17], [18], [19], [20],
[21]. Among these schemes, the active damping schemes are
more acceptable for economic reasons and superior perfor-
mance, which emulate a virtual damping by feeding back of
state variables. However, the adverse impacts of control delay
on ZSLC resonance active damping should be carefully con-
sidered, which can inevitably change the control characteristics
[22]. Especially in high-power parallel system, the switching
frequency of the inverter is usually limited to reduce switching
losses, resulting in large control delays. In this situation, the
active damping may exhibit negative damping characteristics,
which will significantly weaken the effectiveness of the ZSLC
resonance control and lead to system instability.


https://orcid.org/0000-0003-1294-9849
https://orcid.org/0009-0000-9286-8154
https://orcid.org/0000-0001-7078-7783
https://orcid.org/0000-0003-2317-5930
https://orcid.org/0000-0001-8311-7412
mailto:sduzr2025@sdu.edu.cn
mailto:chishumei@mail.sdu.edu.cn
mailto:xyxing@sdu.edu.cn
mailto:zchui@sdu.edu.cn
mailto:fbl@et.aau.dk
https://doi.org/10.1109/TPEL.2025.3611830

ZHANG et al.: PASSIVITY-BASED ZERO-SEQUENCE LC RESONANCE SUPPRESSION METHOD FOR PARALLEL INVERTERS SYSTEM

Existing literature has conducted some research on the impact
of control delay on the stability of resonance control [23], [24],
[25], [26]. In [23] and [24], the influence of control delay on the
filter capacitor voltage feedforward scheme and the grid-side
current control is analyzed, and the control delay is reduced
through the multi-sampling mode to enhance the control perfor-
mance. To improve the resonance suppression effect of virtual
damping, the influence mechanism of control delay is discussed
and a capacitor-current-feedback active damping with reduced
computation delay is designed in [25]. In [26], the harmful
influence of grid impedance and the control delay on inverter
control stability are analyzed and mitigated by a dual-current
active damping control strategy. Nevertheless, the above analysis
mainly focuses on differential-mode (DM) resonance control
strategies. The stability of resonance control is determined
by the output admittance and external admittance [16], [27].
For the ZSLC resonance control in the MLCL-type parallel
inverters system, the frequency-domain characteristics of the
output admittance and external admittance are influenced by the
zero-sequence loops between parallel inverters, which differs
from DM resonance control and has not been fully studied in the
existing literature. Thus, due to the different admittance charac-
teristics, the impact of control delay on the stability of resonance
control varies and compromises the performance manifestation
of ZSLC resonance control under high delay conditions [28].

To alleviate the ZSLC resonance problem introduced by the
MLCL filter, some studies have been carried out in the existing
literature [29], [30], [31], [32]. In [29], the ZSLC resonance
peak introduced by MLCL filters is effectively suppressed by
incorporating inverter-side circulating current feedback (ICCF)
control. In [30], ZSLC resonance current in the reduced-switch-
count three-level inverters is constrained by regulating the duty
cycle of small vectors using a distribution factor and introducing
a finite-time controller. In [31] and [32], modified DPWM and
current control techniques are applied to achieve efficient ZSLC
resonance mitigation. However, the adverse impacts of control
delay on ZSLC resonance control are ignored in the above meth-
ods to simplify the analysis, which will significantly weaken the
control performance and lead to system instability. Recently, as
a promising solution to analyze the stability of inverter control
and cope with the instability challenge, the frequency-domain
passivity theory is introduced into the grid-connected inverter
control, which provides an admittance specification to ensure the
stability of inverter control [27], [33], [34], [35]. For the grid-side
current-controlled LCL-type inverter, an impedance model is
established and analyzed in [27]. Based on this, an improved
capacitor voltage feedforward active damping is proposed to
achieve the passive output impedance of the inverter. However,
the measurement of the filter capacitor voltage incurs additional
costs and complexity, especially in the parallel inverter system.
In [33], a PCC voltage feedforward method is proposed to
improve the passivity of grid-side DM current control, which can
improve the stability of grid-connected inverters with different
grid impedances. In [34] and [35], proper phase compensation is
introduced into the current control loop and the capacitor current
feedback loop to mitigate the impact of fluctuations in grid and
filter parameters. These works mainly focus on grid-side current

2619

control and resonance control based on DM signal feedback.
Nevertheless, additional sensors are inevitable and the DM state
variables feedback in above methods cannot enhance the pas-
sivity of ZSLC resonance control. Furthermore, compared with
grid-side current control, ICCF control is a stronger candidate
for circulating resonance current suppression since no additional
current sensors are required. In parallel MLCL-type inverter
system, due to the distinct coupling paths of ZSLC resonance
and DM resonance, their external admittances differ fundamen-
tally. This results in unique resonance frequencies and passivity
requirements. In this situation, the intersection points in the
amplitude-frequency curves of the inverter output admittance
and external admittance are completely different, which leads
to the established DM admittance reshaping methods cannot
guarantee the passivity for ZSLC resonance control. Therefore,
these methods may not work effectively with ICCF control
and there is still a lack of a passivity-based control method
that ensures the stability of ZSLC resonance control, making
it immune to high control delay in high-power applications.

To overcome these limitations, a passivity-based ZSLC res-
onance damping method is proposed in this article to improve
the stability of ICCF control and the suppression performance
of circulating resonance current. The main contributions are
summarized as follows.

1) In the reported works, existing ZSLC resonance suppres-
sion methods fundamentally overlook the destabilizing
effect of control delays in the parallel MLCL-type inverter
system. To solve this problem, first, an admittance de-
composition model of ICCF control is established, which
contains a passive component of the filter and an active
component of the controller and control delay. Meanwhile,
by analyzing the interaction between inverter output ad-
mittance and zero-sequence external admittance, the insta-
bility range of ICCF control can be accurately identified.

2) Then, the zero-sequence resonance characteristics under
different control delays are analyzed. The results indicate
that when the control delay increases, the intersection
points of the magnitude-frequency curves of the ICCF out-
put admittance and the zero-sequence external admittance
may shift into a nonpassive region, which will compromise
system stability.

3) Based on the above model and analysis, a passivity-
based ZSLC resonance damping method is proposed.
By introducing a controllable admittance component, the
frequency-domain characteristics of the ICCF control can
be correspondingly adjusted under high control delay to
optimize the passive region. In this case, the intersec-
tion point of the magnitude-frequency curves returns to
the stable region. Therefore, the proposed method can
maintain stability under external parameters variation or
zero-sequence resonance peaks shift, achieving higher
disturbance rejection and broader adaptability than con-
ventional methods.

The rest of this article is organized as follows. In Section II,
the admittance decomposition zero-sequence model of the ICCF
control is established and analyzed in details. In Section III, the
effects of control delay on control characteristics and system
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Fig. 1. Topology and control diagram of the parallel inverters with MLCL
filters and ICCF control.
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Fig. 2. Zero-sequence model of parallel inverters with MLCL filter.

stability are explained. Based on this, the stability enhancement
of the ZSLC resonance controller and the effective suppression
of the circulating resonance current are achieved by admittance
reshaping. Comparative experimental results are provided in
Sections IV. Finally, Section V concludes this article.

II. SYSTEM DESCRIPTION AND ADMITTANCE -BASED
DECOMPOSITION ZERO-SEQUENCE MODEL

A. System Description

The control structure and topology of parallel three-level
inverters system with MLCL filter are shownin Fig. 1. Vpand Vi
are the dc-link capacitor voltages. L1 and Ly are the inverter-side
inductor and the grid-side inductor. Cy s the filter capacitor. By
adding a low-impedance zero-sequence loop between the neutral
point of the dc-link and the common point of the filter capacitor,
MLCL filter can suppress the circulating currents without any
additional cost and power loss. Meanwhile, by controlling the
inverter-side circulating currents, the ICCF control is applied to
solve the ZSLC resonance problem that may be caused by the
MLCL filter.

B. Modeling of ICCF Control

Based on the circuit configuration in Fig. 1, the zero-sequence
model of parallel inverters with MLCL filter is shown in Fig. 2,
where u.q; = wa0i + UBoi +uco; (1 =1,2,...m) is the
zero-sequence excitation source of the ith inverter; i..; = i4; +
1p; + i¢; 18 the grid-side circulating current of the ith inverter;
licei = A; + i + 1oy 1 the inverter-side circulating current
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of the ith inverter; Zy, Zroand Z¢y are the impedances of
filter inductors and filter capacitor. Since parallel inverters are
typically connected to the grid via transformers, the transformer
blocks the circulating current path. Therefore, the circulating
resonance currents circulate exclusively through MLCL fil-
ters and between inverters, achieving decoupling from network
impedance.

The ICCF control structure can be represented by the block
diagramin Fig. 3. G.(s) is a proportional-integral controller, and
its transfer function is expressed in (1). G 4(s) represents the con-
trol delay, which includes computation delay and PWM delay.
For computation delay, when the counter reaches zero and/or the
period value, the duty-ratio is updated to the comparison register
and it will introduce a delay of one period in the control loop. For
PWM delay, the duty-ratio signal remains constant within the
sampling period, which has the characteristics of a zero-order
holder and introduces a delay of 1/2 period. Therefore, the model
for the control delay G4 can be obtained as (2)

K;
Ge(s) =K, + > (1)
Ga(s) = e 3T/2 (2

where K, and K; are control parameters and 7 is the switching
period.

The controlled plant for the inverter-side circulating current
control loop is the filter inductor L;. The filter capacitor C'y
and the grid-side inductance Lo can be regarded as the external
impedance. In this case, the model shown in Fig. 3 can be
simplified to Fig. 4. Accordingly, the loop gain and closed-loop
response of the ICCF control loop are obtained as

_ 3G.(s) - Gals)
ZLl(S)

__Gop()

14 Gop(s)

GOP(S) 3)

Gice(8) iref(s) — Vor(s)Yioa(s) 4)

where Vi (s) is the filter capacitor voltage and Y,q(s) is the
inverter output admittance, which is expressed as

Z‘icc 3
Y;od (8) - -

“Vor  Zn@l+Gae) O
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Fig. 6. Equivalent block diagram of ICCF control.

Then, the zero-sequence model of the parallel inverters system
can be simplified as the Norton equivalent circuit, as shown in
Fig. 5.

Based on the Norton equivalent model, the filter capacitor
voltage and the inverter-side circulating current can be further
derived as

Voy(s) = 3[Z12(5)Yy () + 3] - Zoy(8)iiem(s)

ZLQ(S)Yf(S) + 9ZCf(s)Yf(S) +3
B 1 Gop(s)
1+ Yioa(s)/Yr(s) 14 Gop(

where Yy(s) = (CyLys®> 4+ 1)/(L1L2Cys® + Lis + Las) is
the equivalent admittance of the filter; Y7 (s) = 3[Z12(s)Y}
() + 3ImZeg (5)/ [Z12(5) Y7 (5) + 9Zes (5)Y7(s) + 3] is the
external equivalent admittance of the parallel inverters excluding
the first inverter.

It is seen from (7) that the characteristics of the ICCF control
loop are affected by the closed-loop gain and the admittance ratio
Yiod(s)/Yr(s). For closed-loop gain, appropriate parameter de-
sign can ensure stable control. Therefore, the stability of the sys-
tem is mainly determined by the admittances Y;,4(s) and Y (s),
which form a minor feedback loop. In order to satisfy the Nyquist
stability criterion, the phase margin at the intersection of the
amplitude-frequency response curves of Y;,4(s) and Y7 (s) must
be greater than 0°. Consequently, the stability condition of the
system can be expressed as

PM = 180° — [£Y;0a(s) — £Y7(s)] > 0°. (8)

(6)

Z.icc(s) S) iref (5) (7)

Further, in order to facilitate the analysis of the frequency
domain characteristics of Y;,4(s), substituting (3) to (5), Y;0a(s)
is further derived as

1
Yioa(s) = 9)
ioa(s) 1/Yia(s)  +  1/Yea(s)
—— ——
passivecomponents  active components

where Y7,1(s) = 3/Z11(8), Yea(s) = 1/G(s)Gq4(s).
Accordingly, the ICCF control block diagram can be equiva-

lent to Fig. 6. It is seen that the output admittance of the inverter

is composed of passive component Y 1(s) and active component
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Y.q(s) in series. The passive component is determined by passive
filter and the active component is determined by controller and
control delay. Thus, the influence of different factors on the
output admittance characteristics can be discussed separately.

III. CONTROL DELAY ANALYSIS AND PROPOSED ZSLC
RESONANCE SUPPRESSION STRATEGY DESIGN

A. Impact of Control Delay on System Stability

Based on the model analysis in the Section II, the stabil-
ity of ICCF control is determined by the phase characteris-
tics of Y,q(s) and Yr(s). Fig. 7 shows the bode diagrams of
Yioa(s)and Y (s). It is seen that the phase of Y7(s) is between
—90° and 90°. According to the passivity theory [16], [24], the
control stability is mainly affected by the nonpassive region of
inverter output admittance Y;,4(s). Specifically, there are four
amplitude-frequency response intersection points (f,1 ~ fr4)
in Fig. 7. Among them, the phase of Y (s) at f,.3 and f,4 is
—90°. Therefore, only the phase margin at f,; and f,.o may be
less than 0°, which should be taken into primary consideration.
fr1and fo are expressed as

1 |Li+ Lo
= A2 10
fl 2T LlLQCf ( )
1 1
= — . 11
frz= o I.C; (11)

If the amplitude-frequency response intersection points
fr1and f,o are in the nonpassive region as shown in Fig. 7, the
control system will be unstable. Therefore, the phase of Y;,4(s)
at the intersection point should be within [—-90°, 90°] to avoid
ZSLC resonance. Based on this, the stability condition for the
ICCF control can be further intuitively represented as requiring
the real part of the inverter output admittance at the intersection
point to be greater than zero [16], which can be expressed as

Re[Yioa(jw)] |£,1,f2 = 0. (12)

According to (9), the real part of passive component Y, (s) is
zero. Thus, the real part of the inverter output admittance Y;,4(s)
is determined by the active component Y.4(s). Furthermore,
the integral term of the PI controller can be designed to have
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a negligible influence on the system stability. In this situation,
Y.a(s) is expressed as

1

Yeal$) ™ T Gls)

13)

Based on Euler’s formula, Y,;4(s) can be equivalent to the
parallel form of equivalent conductance Gy and susceptance
Beq, which is expressed as

Yea(s = jw) = T2 /K,
= cos(3wT/2)/ K, + jsin(3wT,/2) /K, .

Geq By

(14)

It is seen that due to the existence of the delay link, the active
damping characteristic changes from an equivalent conductance
to an equivalent admittance. More importantly, the amplitude of
the equivalent conductance becomes negative as the frequency
changes, that is, the real parts of Y;,4 and Y.; may be negative,
which is expressed as

Re[Yioa(s = jw)] = Re[Yeq(s = jw)] = cos(3wTs/2)/ K.
s)
Obviously, the real part of the Y;,q(s) is affected by the
switching period 7. Between f,/6 to fs/2, the real part and the
output conductance is negative, which indicates that there is a
nonpassive region. The theory analysis is consistent with Fig. 7.
Generally, the intersection point of the amplitude-frequency
response curves of Y;,q(s)and Yr(s) is fixed. Therefore, the
stability of the system is determined by the nonpassive region.
Fig. 8 shows the bode diagrams of Y,q(s)andYr(s) with
different switching frequencies. It can be observed that when
the switching frequency is high, both f,; and f,o are in the
passive region and the phase margin is greater than 0°. At this
point, the control system is stable. However, as the switching
frequency decreases, the frequency range of the nonpassive
region gradually decreases. It may become a nonpassive region
at f,1 and f,5, which causes control instability and deteriora-
tion of ZSLC resonance. Thus, the passivity of the traditional
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ICCF control with low switching frequency needs to be further
improved.

B. Proposed ZSLC Resonance Suppression Strategy

Based on the above stability analysis, the existence of a
nonpassive region in the inverter output admittance Y;,q(s) will
cause control instability. Therefore, the passivity and stability
of the system are improved by reshaping the output admittance
in this article.

Specifically, the nonpassive region of Y;,4(s) is mainly deter-
mined by the active component Y.4(s). Accordingly, by chang-
ing Y.4(s), the inverter output admittance can be reshaped and
the nonpassive region can be reduced. To cancel out the active
component, as shown in Fig. 9(a), an ICCF path is added to the
control loop and the feedback gain is set to —1/Y,4(s). In this
way, a negative series virtual admittance is introduced, which
can improve the control stability by reducing the nonpassive
region of Ye4(s).

In order to make the control loop applicable in practice, the
feedback points of ;.. are moved forward to the input of the
controller, as shown in Fig. 9(b). At this time, the gain of
the added feedback path can be obtained as

—1/Yea(s) — —Ge(s)Gals)

Gyi(s) =  Ge(5)Gals)

G(5)Ga(5) =t

(16)

It is seen from Fig. 9(b), the increased feedback path is
the positive feedback of i,... In this case, although the virtual
admittance can reduce the nonpassive region, the positive feed-
back will change the phase margin of the system and reduce
the low-frequency loop gain. To overcome this limitation, a
high-pass filter is adopted in the feedback loop and merged with
the original feedback loop as shown in Fig. 10. The feedback
gain can be obtained as

_ 1
T 1+496s

Ga(s) a7

where § = 1/w. is control coefficient; w. is cut-off frequency.
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Fig. 11. Reshaped admittance model of parallel inverters with MLCL filter.

Based on this, the introduced virtual admittance and the
reshaped inverter output admittance are obtained as

Yea(s) 1+ds
Y’U = =
(s) sz(s) er—BsTS/2

1
T 1/Y1(s) + L)Y, (s)

Then, the admittance model of the parallel inverters system
with MLCL filters can be further modified as Fig. 11. It is
seen that in addition to passive component Y71(s) and active
component Y.4(s), controllable components are added to the
reshaped output admittance. Therefore, by adjusting the intro-
duced virtual admittance, the frequency domain characteristics
of the output admittance can be changed to improve the system
stability.

Similarly, the real part of the inverter output admittance is
determined by Y, (s), which is expressed as

(18)

Yiodi(s) 19)

Re[Yioa1(s = jw)] = Re[Yy(s = jw)]

= [cos(3wTs/2) — wdsin(3wT/2)]/ K.
(20)

As shown in (20), the real part of the reshaped output ad-
mittance Y;,41(s) is affected by the control coefficient §. Fig. 12
shows the real part curves of the output admittance with different
0. Define the intersection point of the real part curve and 0 as
the critical frequency f., which is the highest frequency of the
nonpassive region. As ¢ increases, the nonpassive region and f,
gradually shift to lower frequencies. Therefore, the nonpassive
region of the system can be adjusted by changing §. To maintain
control stability, the phase margin of the amplitude-frequency
response intersection f,-; and f,o must exceed 0°—equivalently,
the real part of the output admittance Y,,4(s) must be greater
than 0. It is seen from Fig. 12 that to ensure the real part of
Yi0q(s) remains positive, the critical frequency f. must be less
than both f,-1 and f,.2.To meet the above requirements, the control
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Fig. 12.  Real part curves of the output admittance with different ¢.
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Fig. 13. Bode diagrams of Y;,41(s) and Y7 (s) with different §.
coefficient ¢ is obtained as
cos(37 froTs)
5> : . 1)
27 fro sin(37 froTs)

In order to verify the influence of the control coefficient §
on the output admittance and system stability, a bode diagram
of the reshaped output admittance Y;,41(s) with different ¢ is
shown in Fig. 13. It is seen that when the virtual admittance is
added, the phase margin of Y;,41(s) and Y 7(s) at the intersection
frequency in the magnitude plot gradually increases. When § =
81074, f,- and f,, are both greater than the critical frequency f.
and the phase margin is greater than zero. Therefore, according
to the aforementioned theoretical analysis, the ICCF control in
high power applications regains stability.
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C. Controller Parameters Design

According to Fig. 10, the open-loop transfer function of the
reshaped ICCF control is obtained as

Gop(s) = Ge(s) - Gals) - Yra(s) - Gra(s)

Kp - —3sTs/2 : 1
_ 3Kp-e (ris + 1) 22)
071;L183 + 731182

where the transfer function G .(s) of the PI controller is rewritten
as a zero-pole form to simplify the analysis
K, K7 1
Gels) = K, + ?1 _ M.

T;S

(23)

Generally, control delay 37,/2 is small enough so that the
delay link is approximated as G4(s) = 1/(3sTs/2+1) and the
Gop(s) can be simplified as
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Fig. 14.

Experimental platform of parallel T-type three-level inverters.

TABLE I
EXPERIMENTAL PARAMETERS

GOP(S)

3K P (7’ S + 1) Parameters Values
N 3T5(5TiL184/2 + ((5TiL1 + 3T5T7;L1/2)83 + TiLlsQ' AC grid voltage (€anc) 110 Vrms
(24) Reference current (iyo; and i) 10A,20 A
At the cut-off angular frequency w., the magnitude of open- DC bus voltage (Ve and Viez) 350 V
loop transfer function is 1. Meanwhile, the cut-off angular DC-link capacitors (C;, Cy) 3300 uF
frequency w. is expressed as 27f,/5 according to the design Inverter-side inductance (1) 2.7 mH
rules of control system engineering. Thus, (24) is expressed as Grid-side inductance (L,) 1.5 mH
Filter capacitance (C) 4.7 uF

3Kpy\/(2rmfs/5)* 4+ 1

riLi (20 £,/5)°\/1(37/5)° + 1[(26m£./5)° + 1]
(25)

Aop(we) =

=1.

Accordingly, the controller parameters are derived as

TiL1(27Tfs/5)2\/[(371’/5)2 +1][(207 f5/5)% + 1]
3 (27'2'7Tfs/5)2 +1

P

(26)
Furthermore, when a PI controller is applied, the corner
frequency f7, is expressed as
1
T onT”

fr

27)

To ensure the response speed of the control system, f7, is
designed as

_
fo=12

Based on (27) and (28), the controller parameters 7; can be
derived as

(28)

n 5

" Al e

IV. EXPERIMENTAL RESULTS

Inorder to verify the correctness of the theoretical analysis and
the effectiveness of the proposed scheme, experimental results
are presented. The experiments are performed on a parallel
T-type three-level inverter system, which is shown in Fig. 14.
The control scheme is implemented with dSPACE DS1005
digital control system. The dc voltage is supplied by dc source

Parameters of PI controller (K, 7;) 35.78,3.98 x 10

Control coefficient (o) 8 x 10*

IGBT 10-FZ12NMAO080SHO1-M260F
Current sensor module VAC4646X400

Voltage sensor module VSMO025A

DC power supply Chroma 62150H-1000S

and the parallel inverters share the same dc-link voltage. The
experimental parameters are given in Table 1.

The MLCL filters will cause resonance risks when applied to
suppress circulating currents. Fig. 15 presents the experimental
waveforms of the grid-side currents (i,1, i,2), grid-side circu-
lating current (i..), inverter-side circulating current (i;..1), and
the spectrum of i,; with ICCF control and without circulating
resonance current control. When resonance control is not applied
in Fig. 15(a), the additional zero-sequence loop triggers ZSLC
resonance, which causes the inverter output current to oscillate
and the circulating current to increase. Meanwhile, it is seen
from the current spectrum that the grid-side current harmonic
component is mainly concentrated in the ZSLC resonance peak
fr1, which is consistent with the theoretical analysis. In order
to improve power quality, conventional ICCF control is usually
adopted to suppress the circulating resonance current. As shown
in Fig. 15(b), the circulating current can be suppressed and
current distortion reduced.

However, the stability of ICCF control needs to be carefully
considered in parallel systems. Since the control delay will
change the phase-frequency characteristics of the inverter output
admittance, the intersection point of the amplitude-frequency
curve of the output admittance and the system equivalent ad-
mittance may be in the nonpassive region. In this situation, the
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Fig. 16.  Experimental waveforms of output currents and the spectrum of i41
with high control delay (fs = 4 kHz). (a) ICCF control. (b) Proposed scheme.

ICCF control cannot effectively suppress the ZSLC resonance as
expected. As shown in Fig. 16(a), when the switching frequency
is reduced to 4 kHz, the circulating currents in the inverter-side
and the grid-side are large. The grid-connected current oscillates
violently and the harmonic component at the ZSLC resonance
peak increases greatly, which indicates that the ICCF control
fails and affects the system stability. When the proposed scheme
is applied, by reshaping the inverter output admittance, the sys-
tem instability point will be relocated to the passive region. Thus,
the proposed method can maintain ZSLC resonance suppression
performance and the system stability under high control delays
without any additional sensors. It is seen from Fig. 16(b) that the
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TABLE II
CIRCULATING CURRENTS AND THD OF GRID-SIDE CURRENTS WITH
DIFFERENT METHODS
Parameters ICCF Proposed
control scheme
Grid-side circulating current (i..) 6.8 A 31A
Inverter-side circulating current (i) 14.1 A 7.7 A
THD of i, 13.02% 4.39%
THD of i, 12.81% 3.80%
- +
B )
2 2 z
2 < Ieseel
5 | S
E B
5 5
Q &)
Time(10 ms/div) Time(10 ms/div)
(a) (b)
Fig. 17. Experimental waveforms of filter capacitor-side circulating currents

with high control delay (fs = 4 kHz). (a) ICCF control. (b) Proposed scheme.

current harmonics at the ZSLC resonance peak are effectively
suppressed by the proposed method. The power quality of the
output currents is greatly improved.

The amplitude of circulating currents and THD of grid-side
currents with different methods are summarized in Table II. It
can be seen that compared with ICCF control, the grid-side
circulating current and the inverter-side circulating current of the
proposed scheme are significantly reduced (about 50%). Mean-
while, the distortion of grid currents is effectively alleviated and
THD is reduced.

The filter capacitor-side circulating currents with different
methods are shown in Fig. 17. When the ICCF control is applied,
the filter capacitor-side circulating current has a large amplitude
as seen in Fig. 17(a) (about 32 A) due to the high control
delay causing system instability. However, when the proposed
method is implemented in Fig. 17(b), the ZSLC resonance can
be effectively suppressed and the circulating current on the filter
capacitor side is reduced to 10 A.

Fig. 18 illustrates comparative results of the inverter-side
currents and current spectrum with different control methods. It
is seen that under high control delay, the inverter-side circulating
current cannot be effectively suppressed by the ICCF control. In
this situation, the inverter-side current oscillates drastically and
the harmonic content is mainly concentrated at f,; and f,o as
shown in Fig. 18(b). When switching to the proposed method,
the amplitude of the circulating current is effectively mitigated.
Consequently, the harmonic components of the current are sig-
nificantly reduced, and the power quality is improved.

To verify the effectiveness of the proposed control parameter
design scheme, the transient response of the proposed method is
shown in Fig. 19 when the control coefficient § changes. When
§ is set to 11073, the inverter output current maintains a good
power quality. However, when 4 is reduced to 6x10~*, the real
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Fig. 18. Dynamic experimental waveforms of inverter-side currents and the
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Fig. 19. Dynamic experimental waveforms of output currents with different
control coefficients § (fs = 4 kHz).
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Fig. 20. Dynamic experimental waveforms of output currents with different
reference currents (fs = 4 kHz).

part of the reshaped output admittance at f;-5 is negative. There-
fore, the circulating current cannot be effectively suppressed and
the output current is severely disturbed, which is consistent with
the theoretical analysis.

The current transient responses with different current refer-
ences are presented in Fig. 20 to further validate the dynamic
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performance and stability of the proposed method. It can be
observed that when the current reference changes, the circulating
resonance current can still be effectively controlled. Meanwhile,
the quality of the inverter output current can be guaranteed.

V. CONCLUSION

An improved ZSLC resonance suppression method based on
passivity theory is proposed in this article. First, by establish-
ing and analyzing the admittance decomposition zero-sequence
model of ICCF control, the influence of control delay on the
ZSLC resonance control stability is revealed. Meanwhile, the
relationship between the nonpassive region and the admittance
ratio is obtained. Based on this, the proposed method changes
the nonpassive region by connecting a virtual admittance in
series. Without additional sensors, the adverse effects of control
delay can be mitigated and the control stability can be enhanced.
Furthermore, the effectiveness of the proposed control coeffi-
cient design scheme is also verified by experimental results.
Compared with the conventional ICCF control, the proposed
method can effectively reduce the circulating resonance current
(about 50%), and the current ripple is significantly alleviated
under high control delay.
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