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ABSTRACT In the multi-paralleled grid-connected inverters system, harmonic oscillations may be deterio-
rated or even lead to system instability by the coupling between the inverters and the grid impedance. This
paper presents a quantify method to determine which inverters contribute more to the harmonic instability
so that the corresponding inverters can be removed quickly or targeted oscillation suppression measures can
be taken to restore the system to stable operation. In the method, a contribution factor (CFj) is defined which
can quantitatively represent the responsibility of each inverter to system instability. The CF; are calculated
by analyzing the variation of system stability margin after different inverters are removed based on the
bode diagram, therefore, according to the corresponding CF;, which inverters have a significant impact on
harmonic instability can be determined under different grid impedances. Besides used in the parallel system
with different types of inverters (PSDI), the CF; can also be used for the parallel system with identical
inverters (PSII) to determine the number of inverters that need to be removed to restore the system to stable
operation. The reasonableness and effectiveness of the proposed method are verified by simulation results.

INDEX TERMS Grid-connected inverters, responsibility division, stability analysis, weak grid, harmonic
oscillations.

I. INTRODUCTION

With the increasing penetration of renewable energy genera-
tion connected to the grid, the stability issues of the multi-
paralleled grid-connected inverters system have become
increasingly prominent [1], [2]. Parallel inverters, different
types of inverters in particular, are coupled to each other
through grid impedance, and the coupling effect may cause
harmonic oscillations or even lead to system instability [3],
[4]. Furthermore, under the condition of weak grid, the
interaction effect between grid impedance and the output
impedance of inverters will further aggravates the system
instability problem [5], [6].
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Most research works on harmonic instability in the multi-
paralleled grid-connected inverters system mainly focuses on
predicting system stability and exploring various measures to
improve system stability, such as deriving stability criteria
based on impedance analysis [7], [8], [9], or redesigning
the control strategy of each inverter to achieve oscillation
suppression [10], [11], [12], [13], [14], [15]. However, the
overall parallel system may still experience resonance or
even instability even if all inverters individually meet the
stability criteria [2], [6], [11]. In this case, compared to
taking corresponding measures for each inverter, identifying
the responsibility of each inverter for harmonic instability
to carry out targeted stability measures, namely responsibil-
ity division, is a relatively simple and effective method to
restore the system stability. In practical industrial applica-
tions, the identified main inverters which contribute more
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to the harmonic instability are considered the most effective
position for active or passive damping activities or can be
directly disconnected in the emergency event of system insta-
bility [16], [17], [18].

At present, a commonly method for responsibility division
is based on the state-space model, where the responsibility of
each inverter can be identified by calculating the participation
factor from its state space matrix [19], [20], [21]. However,
this method is not suitable for a large-scale power system that
involves numerous inverters connected, as the introduction of
a large number of state variables will make the state space
matrix too complex. Compared with the state-space analysis,
the impedance-based analysis is more widely used as a pow-
erful tool for predicting harmonic stability [22], [23], [24],
[25]. However, in the presently research based on impedance
analysis, little attention was paid to the contribution of indi-
vidual inverter to the system harmonic instability. In [16], the
impedance modeling and resonant mode analysis are com-
bined to locate which inverters have a significant contribution
to the harmonic instability. However, this method involves
performing eigenvalue decomposition on the system’s multi-
input multi-output transfer function matrix, which limits its
suitability for carrying out corresponding action in emer-
gency instability situation. A new method for diagnosing
which particular inverter causes instability is proposed in [17]
based on comparison between the root-mean-square value of
harmonic voltage at the point of common coupling (PCC)
and the harmonic voltage across the filters capacitors when
the internal instability occurs in the overall interconnected
system. However, it requires additional sensors and is only
suitable for situations where the inverter experiences internal
instability. A responsibility identification method based on
global admittance-based stability criterion is proposed in [18]
and [26], which identify the responsibility of the inverter
for system instability by quantifying the distance between
the real part of the equivalent output admittance and the
system’s instability boundary. However, the method requires
repeated calculations of the real and imaginary parts of the
output admittance of each inverter in the frequency domain
and also suffers the problem of large amount of calculation.
In addition, these methods presented in [16], [17], [18], and
[26] are analyzed in the case that grid impedance is constant.
Actually, with the different penetration of renewable energy
generation, the grid impedance varies and further exploration
should be carried out to determine the individual inverter’s
contribution to system instability under this condition.

This paper presents a brief and effective responsibility divi-
sion method based on the impedance analysis for determining
the contribution of individual inverter to harmonic instability
in the multi-paralleled grid-connected inverters system. In the
method, a contribution factor (CF;) is defined to quantify the
responsibility of each inverter to system instability, which is
calculated based on the variation of system stability margin
after the corresponding inverter is taken out of operation.
Compared with the previous research work, the main contri-
butions of this paper are as follows:
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1) The proposed method relies entirely on the frequency
characteristics of the output admittance of each inverter,
which can be obtained in advance through experiments
or numerical simulations, so it can be easily applied to
large-scale power electronic systems which faces instability
problem.

2) The CF; directly reflects the effect of the corresponding
inverter on the system stability margin. A larger CF; means a
larger contribution to the harmonic instability, therefore, the
responsibility of different inverters for system instability is
simply and directly quantitatively represented.

3) The effects of variable grid impedance on the
responsibility of each inverter to system instability are
analyzed, which is typical meaningful for the sys-
tem with the different penetration of renewable energy
generation.

The rest of the paper is organized as follows. In Section II,
the modeling of the parallel system with different types of
inverters (PSDI) are described and its stability conditions
are derived. In Section III, the impact of different types of
inverters exiting operation on system stability are analyzed.
In Section IV, the responsibility division method is pre-
sented, where the CFj is calculated to identify the inverter
that contributes the most to harmonic instability and it can
be used to determine which inverters should be removed
to restore system stability in the PSDI. In addition, for the
parallel system with identical inverters (PSII), the application
of the CFj to determine the number of inverters that need
to be removed to restore the system to stable operation is
presented. In Section V, the application of the proposed
method is further illustrated by case studies under different
grid impedance conditions. In Section VI, the feasibility of
the proposed method is verified by building a simulation
model. The conclusions are drawn in Section VII.

Il. THE MODELING AND STABILITY ANALYSIS
FOR THE PSDI
A. MATHEMATICAL MODEL OF THE PSDI
The topology of the investigated PSDI is shown in Fig.1,
where multiple inverters of different types are connected to
the PCC through an output filter, and V, represents e grid
voltage. Vcn, iN, LiN, Cn and Lon are the voltage on the
filter capacitor, the grid-connected current, the inverter-side
inductance, the filter capacitor and the grid-side inductance
for the Nth inverter in the system, respectively. Z, and Vj;, are
the grid impedance and the inverter DC-side input voltage,
respectively. In order to take into account the general situa-
tion, it is assumed that the parameters and control structure
of each inverter are different.

As shown in Fig.1, the voltage of the Nth inverter at the
PCC can be expressed as:

n

Vbce = Zg(s) D ij(s) + V(o) ey
1,j#N
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FIGURE 1. Structure diagram of the multi-paralleled grid-connected
inverters system.

The grid-connected current of the Nth inverter can be
expressed as [27]:

in(s) = Gn(5)iy(s) — Yn(s)Vpce @

where Gy(s) is the transfer function between the grid-
connected current iy(s) of the inverter and its command
value iy, (s). Y (s) is the transfer function between the voltage
of the PCC and the grid-connected current of the inverter,
which is defined as the output admittance of the inverter [28].
Substituting (1) into (2), the grid-connected current can be
rewritten as:

n
iN(s) = Gn(9)iy(s) — YN ()(Ve(s) + Zg(s) Z ij(s)) (3)
J=Lj#N
It can be seen from (3) that due to the grid impedance
Z(s), the output current of each inverter are influenced by the
output current of other inverters in the PSDI, namely inverters
are mutual coupling.
The grid-connected current can be rewritten as:

n
in(s) = ion(s) — YN ($)Z,(s) Z ij(s) “
J=1j#N
where igy (s) presents the output current of the Nth inverter
when it is connected to the ideal grid alone.

The PSDI is actually a typical MIMO system, the rela-
tionship between igy and iy of each inverter can be written
by using the transfer function matrix as shown in (5), where
the outputs are the grid-connected currents for parallel oper-
ation and the inputs are the grid-connected currents when
connected to the ideal grid:

i1 Gri(s)  Gas) Giu(s) io1

| _ | Gals) Gnl) Gou(s) 02

il LG Go® .. G ] | i
(5)
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The dynamic transfer relationship between the input and
the output of the PSDI can be further represented by
Fig.2.

i, (5) i(s)
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FIGURE 2. The mathematical model of the PSDI.

It can be seen that the necessary condition for the stability
of the PSDI is the stability of each igy, namely each inverter
is stable when connected to the ideal grid with assumption of

Z(5)=0.

B. STABILITY ANALYSIS
Substituting (6) into (5), the grid-connected current can be
rewritten as:

in(s) = ion(s) —

WO s o
Zm-’-ZY(S)J 1

The expression for the total grid-connected current is as
follows:

“ Y
=3 ino=—0 S ®
N=1 Y(s)—i—ZY(s)J 1
i=1

where Y, (s) = 1/Z¢(s) is the grid admittance.

It can be seen from (8) that in the PSDI, due to the appear-
ance of grid admittance Y¢(s) and the difference in output
admittance Y(s) of inverters, the output currents of inverters
are redistributed in the network.

Combined with the impedance-based stability criterion for
asingle grid-connected inverter in [23], the necessary and suf-
ficient conditions for the stability of the total grid-connected
current can be concluded as follows:

1) Each inverter can operate independently and stably
under ideal grid conditions;

2) The sum of the output admittance of each inverter and
the grid admittance Y, (s) + Z?=1 Yi(s) does not have a right
half-plane zero point.

VOLUME 11, 2023
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IIl. ANALYSIS OF THE CONTRIBUTION OF DIFFERENT
INVERTERS TO SYSTEM STABILITY

A. ANALYSIS OF SYSTEM INSTABILITY

As stated in section II, the first stability condition can be
easily satisfied with properly design of the current reg-
ulator [29]. Moreover, the second condition implies that
the amplitude-frequency characteristic curves of Y,(s) and
>, Yi(s) have no intersection, or phase margin(PM) is
greater than 0 at the intersection frequency [30], i.e.:

n
PM = 180" — {z > Vi) - zyg(fr)} >0 (9
i=1

Since the resistive component in the grid impedance can
provide damping and thus benefit to the stable operation of
the system, the analysis in this paper considers the worst
case that the grid impedance is purely inductive and Y (s) =
1/sLg. The phase of Y,(s) is always equal to —90°, therefore,
the phase of the > | Yi(s) at the intersection frequency
should be less than 90° to satisfy the second condition.

On the premise that the first condition is satisfied, Y, (s) +
>, Yi(s) does not contain the right half-plane pole, then the
second condition can also be translated into that the Nyquist
curve of Y,(s) + >, Yi(s) does not enclose the origin,
which is reflected in the Bode diagram as the phase-frequency
characteristic of Y,(s) + Z?:l Y;(s) does not cross the 180°
line. If the crossing occurs, the crossing frequency is the
intersection frequency.

Taking a PSDI system which contains four different type
of inverters for example, and its vector diagram of the out-
put admittance at intersection frequency can be presented in
Fig.3, where Y1, Y2, Y3, Y4 are the output admittance of
the four inverters, respectively. As it can be observed, the
phase of Y{+Y2+Y3+4Y4 is greater than 90°, and removing
Y3 or Y4 may make the phase of the sum of the remaining
inverters output admittance smaller, which facilitates the sta-
ble operation of the system. After removing Y3, the phase 6’
of Y1+Y2+Y4 is still greater than 90°. By comparison, the
phase 6 of Y{+Y,+Y3 is less than 90° after removing Y.
It is indicated that Y1, Y7 and Y3 parallel operation is stable
while Yy, Y> and Y4 parallel operation is unstable.

FIGURE 3. Vector diagram of the output admittance of multiple inverters.
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As shown in Fig.3, the existence of inverters with the phase
of the output admittance greater than 90° at the intersection
frequency is a necessary condition for the instability of the
system, however, exiting the operation of different inverters
has different impacts on system stability. Therefore, it is
crucial to determine the impact of different types of inverters
exiting operation on system stability.

B. THE IMPACT OF DIFFERENT TYPES OF INVERTERS
EXITING OPERATION ON SYSTEM STABILITY

Taking the typical dual loop control structure of capacitor
current feedback active damping combined with grid side cur-
rent feedback as an example [27], the amplitude-frequency
characteristics of the grid admittance, and the sum of output
admittance of different numbers of inverters are shown in
Fig.4, where >\, ., Y(s) represents the sum of the output
admittance of the remaining inverters after the jth inverter
is removed from the system. wq is the initial intersection
frequency, and w; is the new intersection frequency after the
jth inverter is removed.
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FIGURE 4. Amplitude-frequency characteristics of the grid admittance
and the sum of output admittance of different numbers of inverters.

From Fig.4, the relationship between the wg and w; can be
expressed as:

n n
201gAbs[ > Yi(jw1)] — 201g Abs[(3_ Yi(jewo)]
i=1,i%j i=1
lgw; —lgwy

=-20

(10)

Equation (10) can be rewritten as:
n n
201g woAbs[ Y Yi(jwo)] = 201gw1Abs] > Yi(jor)]
i=1 i=1,i#j

(1D

when the jth inverter is taken out of operation, the new
intersection frequency of the system is determined by (11).

To simplify the analysis, Fig.5 shows the amplitude-
frequency characteristics of the corresponding equivalent
output admittance of the system after removing different
numbers of inverters, where k represents the number of invert-
ers removed and s Z?:l Yi(s) is considered as the equivalent
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FIGURE 5. Amplitude-frequency characteristics of equivalent output
admittance of the system.
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FIGURE 6. The corresponding system phase margin after removing
different inverters.

output conductance of the system in the initial state k=0.
According to (11), the new intersection frequency wj can
always be found at each frequency point corresponding to the
initial amplitude 201g woAbs[ Y}, Yi(jwo)].

When the amplitude-frequency characteristics curve of the
equivalent output admittance drops to its maximum value
equal to the initial amplitude, as shown at point (a) in Fig.5,
ie.:

n—Kkmax n
max[Abs(s D Yj(s))] = 201gwAbs[ Y Yi(jwo)] (12)

j=1 i=1

the corresponding kpax is the maximum number of inverters
that need to be removed to restore system stability.

The stability state of the system after removing different
inverters depends on the phase of the sum of the output
admittances of the remaining inverters at the new intersection
frequency, which can be expressed as:

n n
PM=90°—/ > Yi(s)=180°—L > s¥s) (13)
i=1,i%j i=1,i#j
Fig.6 shows the corresponding system phase margin after
removing different inverters, where PMy, PM; and PM; are
the phase margin at initial intersection frequency wg, the
corresponding intersection frequency w; after removing the
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ith inverter and the corresponding intersection frequency w;
after removing the jth inverter, respectively. It is evident that
removing different types of inverters from the system results
in different stability margins, which correspond to different
system operating states.

The change in the phase margin of the system caused by
the ith inverter can be expressed as:

Ai = PM; — PMj (14)

As shown in Fig.6, since PMy < 0, the system will oscil-
lates at the initial intersection frequency wg.When the phase
margin of the system is changed, the relationship between the
amount of change and the operating state of the system can
be derived as:

A; < |PMy| Instability
A; = |PMp| Criticalstability (15)
A; > |PMy| Stability

Equation (15) shows that the inverter corresponding to
A; > |PMp| can be identified as the unstable factor in
the system. The magnitude of A; represents the degree of
change in the operating states, so a larger A; indicates that
this inverter has a greater impact on system stability.

Substituting (13) into (14), the change in the phase margin
of the system can be rewritten as:

n n
Ai= L jooYi(wo) — L D joiYiGw)  (16)
=1 1=1,15i
The amplitude relationship of the system equivalent out-
put admittances at different intersection frequencies can be
derived as follows:
n n 1
@0Abs[ D Yi(jwo)l = widbs] 3 Yol = —  (7)

=1 r=1,1£i 8

Fig.7 shows the relationship between the amplitude
and phase angle of the s> Yi(s), SZ;’:LZ# Y (s),
S 2 y=1.44; Yi(s) in the polar coordinate system. Accord-
ing to (17), the larger the grid inductance, the smaller the
amplitude of the system equivalent output admittances at the

120 s Stability, . Insabiliy |
176 <200 I
15% 30 177 ! |
1784 100 .
51780 ))\ |
2179 X
180 o|:,'>3180_. . .._\ 50
g
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210 50 183 aJ
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FIGURE 7. The relatlonshlp between the amplitude and phase angle of

thes i Y¢(s). s Z Yt(s) ands i Y (s).
t=1 t=1,t t=1,t#4
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intersection frequency. As shown in Fig.7, as the grid induc-
tance increases, the stability margin of the system gradually
decreases. However, the A; is always greater than the A;,
indicating that the jth inverter always has a greater impact on
the system stability. This is due to the fact that the output
admittance amplitude of the jth inverter is always greater
than the output admittance amplitude of the ith inverter at the
same phase angle. It can be concluded that the variable grid
impedance does not change the responsibility of each inverter,
and the inverters with a larger output admittance amplitude
always contribute more to system instability.

IV. PROPOSED RESPONSIBILITY DIVISION METHOD

A. RESPONSIBILITY DIVISION FOR THE PSDI

In this paper, in order to quantitatively compare and analyze
the impact of each individual inverter on system stability,
the variations in system phase margin corresponding to each
inverter are normalized and defined by a contribution factor
(CF;). This contribution factor (CF;j) can be expressed as:

(18)

The larger the CFj, the greater the contribution of the
corresponding inverter to system instability and vice versa.
The contribution factor corresponding to the critical stability
of the system can be expressed as:

PM,
CF* = [PMol (19)

n
PM; + n|PMy|
=1

1

Equation (19) shows that CF* is influenced by the initial
oscillation frequency, the output admittance of each inverter
and the number of parallel inverters. If the CF;j corresponding
to the ith inverter is greater than CF™, it means that the system
can be restored to stable operation by removing only the ith
inverter. Conversely, if all CFj are less than CF*, it indicates
that the system needs to remove more inverters to restore
stability.

According to above analysis, the specific steps of the
method of dividing responsibility proposed in this paper are
summarized as follows:

1) Get the frequency response of output admittance Y; of

each inverter and grid admittance Y,;

2) Calculate the phase frequency characteristics of Y (s) =
Yo(s)+ D7, Yi(s). If it does not cross the 180° line, the
system is stable and the process is finished. If it crosses
the 180° line, the system is destabilized and record the
oscillation frequency f;;

3) Calculate the phase ZY;(f,) of the output admittance of
each inverter at the oscillation frequency. Then record
the set S which consists of the inverters with ZY;(f,) >
90°, and the number of elements of S is denoted as
card(S)=t;

VOLUME 11, 2023

4) Calculate the contribution factor CF; corresponding to
each inverter in the S set and the CF* corresponding to
the critical stability of the system;

5) If the maximum CFj is greater than CF™, it indicates
that the system can be restored to stable operation
by removing single inverter. If the maximum CFj is
smaller than CF*, remove the inverters in order of CFj;
from large to small until the system is stable.

6) After the system is stabilized, the inverter that is
recorded to be removed from the system is the group
of inverters with the most responsible for instability.

The flow chart of the method is shown in Fig.8.

System initial
parameters

Get the frequency
response of Y; and Y,

NO

Record the set S and Calculate
CF; {i=1,2,... t}and CF*

v
YES
the largest CF>CF* [

» NO v

Remove the inverters | | Remove the inverter

in order of CF; from corresponding to
large to small the largest CF;

o)
Is the system stable

YES ¢

Record the removed inverters

FIGURE 8. Flow chart of the responsibility division method.

B. APPLICATION OF THE PROPOSED METHOD IN THE PSII
The above analysis can also be used to the PSII, which
contains multiple identical inverters. For the PSII, the drop
in intersection frequency caused by removing each inverter
from the system is equal, so the CF;j of each inverter is also
the same.

Fig.9 shows the frequency characteristics of the PSII
under different operating states. wy is the initial oscillation
frequency of the system, and w;, w;, w;+] are the new inter-
section frequency after one, i and i+1 inverters removed from
the system, respectively.
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TABLE 1. System parameters.

Symbol Description Inverter 1 Inverter 2 Inverter 3

Vae DC voltage 360V 360 V 360V

Vii Amplitude of triangle carrier wave 2V 2V 2V

L Inverter-side inductance 2mH 1.5mH 1.2mH

L, Grid-side inductance 0.8mH 0.3mH 0.6mH

C Filter capacitance 10uF 8uF 10uF

Hy Capacitive current sampling coefficient 0.3 0.28 0.25

fo Grid frequency 50Hz 50Hz 50Hz

f Sampling frequency 10kHZ 10kHZ 10kHZ

Ve Grid voltage 220V 220V 220V
~~ - - T LR | T LR | T LR | T LI
= 360 —L=3mH
> L — -L~4mH
< 270 Tt & i
2 I --- L~=~5mH
b= | — .. L=
= | Blgo == ——mem e L=6mH_|
< nsY(s) I . 3 :
= —Sn—if})sY(SJ' ) R I e 90 ]
180__1_"_ ' R PR T T g I
ED — - —dsYe| || | I é 0 | )
o [— —(n-DsY(s) . .
< ! 180 — ok |
@ I : -9
= ! IPM,, < PM} <|PM, =0 d PM,]
A ] ] l L [ TP " I

oN o -18 L1 gl L1 gl L1 gl L1
Frequency (rad/s) “ 10’ 10° Frequency (Hz) 10° 10°

FIGURE 9. Frequency characteristics of the multiple identical inverters
parallel operation system.

As shown in Fig.9, the system phase margin PM; corre-
sponding to the removal of one inverter is less than 0, and the
system phase margin can be greater than O only if a sufficient
number of inverters are removed so that the intersection
frequency is greater than w;(/sY(jw; = 180°, PM;=0).
Therefore, reducing the number of inverters can restore the
stability of the system. The lower the oscillation frequency
after instability, the more inverters need to be removed.

If the CFj is greater than the CF*, it means that the sys-
tem can be restored to stable operation by removing single
inverter. Otherwise, the number of inverters that need to be
removed to restore the system to stable operation can be
expressed as:

N = [CF*/CF;] +1 (20)

V. CASE STUDIES UNDER DIFFERENT GRID

IMPEDANCE CONDITIONS

A. APPLICATION IN THE PSDI

A case study of a PSDI under different grid impedance
conditions is carried out to investigate the effectiveness of
the proposed responsibility division method. The investi-
gated PSDI system has three inverters and the parameters
of the inverters are shown in Table 1. In order to achieve
static error-free tracking of the grid-connection current,
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3
FIGURE 10. The phase-frequency characteristic of Yg(s) + 3_ Y;(s)-
i=1

a Quasi-Proportional-Resonant (QPR) controller is used as
the current controller due to its advantages of fast response
speed and high robustness [31]. Its expression is shown
below:

2k, w;s

_— 21
§2 4+ 2w;s + a)(z) @D

Gi(s) = kp +

where k;, is the proportional coefficient, k; is the resonance
coefficient, w; is the resonance bandwidth coefficient, and wy
is fundamental angular frequency.

Fig.10 shows the phase-frequency characteristic of Yg(s)+
>3 | Yi(s) with different grid impedance, where Y;, Y3 and
Y3 are the output admittance of inverter 1, inverter 2 and
inverter 3, respectively. Evidently, when the grid inductance
is greater than SmH, the system will lose stability.

Fig.11 shows the frequency characteristics of the system
under different operating states when Lg=5mH. wq is the
initial oscillation frequency of the system, and w;, w;, w3 are
the new intersection frequency after inverter 1, 2, 3 removed
from the system, respectively. It can be seen that the phase of
the output admittance of all inverters are greater than 90° at
the initial oscillation frequency, so every CF; corresponding
to each inverter need to be calculated. Besides, after remov-
ing the corresponding inverter, the relationship between the
magnitude of the phase margin is PM3 >PM; >0>PM>,
indicating that inverter 3 is the most responsible for system
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FIGURE 11. Frequency characteristics of the system under different operating states when Lg=5mH. (a) Three
inverters operate in parallel;(b) Remove Inverter 1; (c) Remove Inverter 2; (d) Remove Inverter 3.

TABLE 2. The contribution factors of each inverter under different grid
inductances.

TABLE 3. The contribution factors of the corresponding inverter under
different grid inductances.

Cases CF, CF, CF; CF"
L~5mH 0.23 0.20 0.57 0.22
L~TmH 0.21 0.16 0.63 0.46
L~10mH 0.14 0.20 0.66 0.82
L~12mH 0.16 0.23 0.61 0.73
L~15mH 0.11 0.21 0.68 1.27
L~20mH 0.1 022 0.67 1.52

instability while inverter 1 and inverter 2 are with less respon-
sibility instability.

The contribution factors (CF;) of each inverter under differ-
ent grid inductances are shown in Table 2. It can be seen that
inverter 3 contributes the most to system instability since it
always has the largest CFj, while the system can be restored
to stability after removing inverter 3 since CF3 >CF* under
the condition of Lg=5mH and Ly;=7mH. On the contrast, the
system will remain unstable if only inverter 3 is removed
since CF3 < CF* under the condition of L, > 10mH.

When the grid inductance is greater than 10mH, it is
necessary to take measures on more inverters to restore sys-
tem stability. After removing the inverter 3, the contribution
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Cases CF3 CFy3 CF'
L~10mH 0.35 0.65 0.34
L~12mH 0.36 0.64 0.42
Le~15mH 0.39 0.61 0.53
L,~20mH 041 0.59 0.65

factors of the remaining inverters under different grid induc-
tances are calculated as shown in Table 3, where the CFiy;
represents the corresponding contribution factor after remov-
ing inverter i and inverter j. It is evident that the system
can be restored to stable operation by removing inverter
3 and inverter 2 due to CF43 > CF* under the con-
dition of Ly=10mH, Ly=12mH and Ly;=15mH. However,
when Ly;=20mH, since CF23 < CF*, the system will remain
unstable even if inverters 2 and 3 are removed at the same
time.

B. APPLICATION IN THE PSII

The proposed method is also applied to a PSII with three
inverters, assuming that all the inverters are the type of
inverter 1 in Table 1. Table 4 shows the number of inverters
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TABLE 4. The number of inverter 1 that need to be removed under Three inverters
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FIGURE 12. Simulation results of the PSDI under different grid (b)
inductances.

FIGURE 14. Simulation results of the PSDI when Lg=7mH. (a) Remove
Inverter 3 when t=0.2s;(b) Remove Inverter 2 when t=0.2s.
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(b) VI. SIMULATION VERIFICATION
FIGURE 13. Simulation results of the PSDI when Lg=5mH. (a) Remove A. SIMULATION VERIFICATION FOR THE PSDI UNDER
Inverter 3 when t=0.2s;(b) Remove Inverter 2 when t=0.2s. DIFFERENT GRID IMPEDANCES

Fig.12 shows the simulation waveforms of the PSDI under
that need to be removed to restore system stability under different grid inductances, where iy, iz, i3 and i, are
different grid inductances. When the grid inductance is equal the output current of the inverter 1, 2, 3 and the total
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FIGURE 16. Simulation results of the PSDI when Lg=10mH. (a) Remove
Inverter 3 and Inverter 2 when t=0.2s;(b) Remove Inverter 3 when t=0.2s.

grid-connection current, respectively. Although each inverter
is capable of operating stably under ideal grid conditions
(Lg=0mH), the parallel system still experiences oscillations
when the grid inductance step up to SmH at t=0.2s. The
simulation results validate the theoretical analysis mentioned
earlier.

When L,=5mH, the simulation waveforms of the PSDI
are shown in Fig.13. It is clear that the current oscillations
will be damped after disconnecting inverter 3 and the total
harmonic distortions (THD) of the i, will decrease to 2.16%
since inverter 3 has the largest CF; ( CF3=0.57> CF’=0.22).
By contrast, since inverter 2 has a small CFj and CF, <CF”,
the current oscillations will remain in the PSDI even after
disconnecting inverter 2.

Fig.14 shows the simulation waveforms of the PSDI under
the condition of Ly=7mH. In this case, the inverter 3 is
still the main unstable factor of the multi-paralleled grid-
connected inverters system. The system can be restored to
stability by disconnecting the inverter 3. In contrast, the
system is still unstable when the operation of inverter 2 is
disabled.

Fig.15 illustrates the THD analysis of the grid-connected
current when different inverters are removed from the system
under varying grid inductances. Regardless of the specific
grid impedance, it is evident that the removal of inverter
3 consistently results in the most significant reduction in
THD of the grid-connected current. It indicates that inverter
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FIGURE 17. Simulation results of the PSIl under different grid
impedances. (a) Remove one inverter 1 under the condition of
Lg=7mH;(b) Remove two inverter under the condition of Lg=20mH.

3 is always the main unstable factor under different grid
inductances.

Under the condition of Ly=10mH, the simulation wave-
forms of iy, i, i3 and i, are shown in Fig.16. It can be seen
that the current oscillations of the system will be damped after
removing inverter 3 and inverter 2, and the THD of the i, will
decrease to 2.75% since CF»13=0.65 > CF*=0.34. How-
ever, if only inverter 3 is removed, the current oscillations will
remain in the PSDI since CF3 <CF* at this time.

B. SIMULATION VERIFICATION FOR THE PSII

Fig.17 shows the simulation waveforms of the PSII with three
inverter 1 under the condition of Ly=7mH and Ly=20mH.
When Ly=7mH, it is clear that the system can be restored to
stability by removing one inverter. In the case of Ly=20mH,
the current oscillations will remain in the PSII even after dis-

connecting two inverters. It confirms the analysis presented
in Table 4.

VIl. CONCLUSION

This paper presents a method to quantify which inverters con-
tribute more to the harmonic instability in the multi-paralleled
grid-connected inverters system. The method calculates the
contribution factor (CF;) by analyzing the variation of the
system stability margin after exiting the operation of dif-
ferent types of inverters, which can be used to identify the
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main sources of harmonic instability in the system. For the
PSDI, the analysis of the proposed method shows that a
specific inverter always contributes the most to the instability
of the system under different grid impedances. However,
it does not mean that the inverter is the only source of har-
monic instability in the system. For the PSII, the proposed
method can be used to determine the number of inverters
that need to be removed to restore the system to stable
operation. The simulation results confirm that the change
in grid impedance has a significant impact on the stabil-
ity of the system. The larger the grid impedance, the more
sources of harmonic instability in the system. The proposed
method can simply and directly determine the responsibil-
ity of each inverter for harmonic instability to ensure that
targeted measures can be taken quickly to restore system
stability.

In future work, it is worth considering how to imple-
ment optimal design approach to maintain system stabil-
ity based on the contribution of each inverter to system
stability.
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