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Stability Analysis of Parallel Grid-Forming Inverters
in Asymmetrical Conditions

Ali Akhavan, Senior Member, IEEE, Juan C. Vasquez, Senior Member, IEEE, and Josep M. Guerrero, Fellow, IEEE

Abstract—The stability of inverters can be greatly improved by
designing them with a robust control system. However, even if
the system remains stable under symmetrical conditions, the
presence of asymmetrical load/grid impedance can still pose a
threat to its stability. Under this circumstance, the coupling
between the af- and dg-frames in the average model leads to the
creation of a multi-input multi-output (MIMO) system.
Consequently, simplifying the system into a single-input single-
output (SISO) form is no longer feasible. This situation becomes
even more complex when multiple inverters are connected in
parallel, where the interaction among inverters complicates the
modeling of the system. This paper presents a simple yet accurate
approach to address these challenges. To this end, the models of
the inverters in the frequency domain are lumped to investigate
the stability of the entire system in light of the asymmetrical
condition using the generalized Nyquist criterion.

Index Terms—Asymmetrical conditions, parallel inverters, stability,
grid-forming inverters.

|. INTRODUCTION

The stability of inverter-based systems is crucial in either
voltage-controlled (grid-forming) or current-controlled (grid-
following) modes for reliable operation. Different challenges
such as the LCL filter resonance, the negative impact of the
delay in digitally-controlled systems, and the interaction of
inverters may threaten the stability of the system [1], [2].
Many works have been done to address these challenges.
Different resonance damping methods [1], adding a positive
phase to the system through high-and band-pass filters [3], and
designing the control system based on passivity [4] are among
the well-known approaches for addressing the mentioned
challenges.

Even though all these works are admirable, however, they
have considered a symmetrical condition. Assuming this
condition simplifies the system analyses because one can
analyze the system in a single-input single-output (SISO)
form. Thus, the control system could be evaluated freely in
either a/d or plq axis as they are mathematically equal.
However, different factors especially in islanded systems such
as asymmetrical loads make the system structure asymmetric.
Research studies indicate that the stability of the system may
be endangered by system asymmetry. The generalized Nyquist
criterion (GNC) was employed in [5] to conduct the stability
analysis of an inverter equipped with the L filter under
asymmetrical grid impedance conditions. The investigation of
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inverter behavior under asymmetrical grid conditions was
expanded by Wu et al. [6] through an analysis of a current-
controlled inverter with an LCL filter. Their findings indicate
that the presence of system asymmetry leads to coupling
between the a and S axes, making it impossible to simplify the
system into a single-input single-output (SISO) form, due to
its multi-input multi-output (MIMO) structure.

An analysis of the stability of parallel inverters is proposed
in this paper to address this problem. For stability analysis of
parallel inverters, the frequency model of each inverter is
derived, then, an aggregated model is built. Afterward, the
effect of the asymmetrical load on the system is elaborated. It
is shown that by examining only two eigenvalues from the
combined model, one can predict the stability of parallel
inverters, making this method a promising approach for
analyzing stability in large-scale systems.

Il. SYSTEM OVERVIEW

Fig. 1 shows the typical configuration of a system with n
parallel inverters, where L, L, and C are the inverter- and
grid-side inductors, and filter capacitor, respectively, where
their associated impedances are as follows:

1
ZLl Lls' ZLZ L2 S’ ZC CS (l)
Also, Zioagi (i = a, b, ¢) is the load impedance, which could
have different values in each line. Fig. 1 shows inverters
connected to a passive load, however, the analysis is
applicable to both islanded and grid-connected modes since
grid-forming inverters can operate in either mode.

A. Control System

Fig. 2 illustrates the control block diagram of inverters for
each phase. A dual-loop control system is employed to
regulate the capacitor voltage, in which a proportional-
resonant (PR) regulator for the voltage regulator and a
proportional regulator for the current regulator are used,
denoted as Gy(s) and kg, respectively [7]. Active damping is
implemented by using the proportional gain kap for mitigation
of the LCL filter resonance [7]. The model for the lumped
sampling and PWM delays is represented by Gq(s) as [1]

G,(s)=e""™ (2)

B. Deriving the Frequency Model

By utilizing block diagram algebra and referring to Fig. 2,
one can derive the capacitor voltage as shown below:

Ve (8) = Gy (S)Vier (8) = Z,(9)i () (€)
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Fig. 1. The grid-forming system consisting of n parallel inverters.
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Fig. 2. The control block diagram of grid-forming inverters.
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Fig. 3. The Thevenin equivalent model for grid-forming inverters.

where the transfer functions of the closed-loop system and the
output impedance of the inverter are Gg(s) and Zy(s) as:
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From Fig. 2, it can be found that the impedance Z,, can be
considered as a part of the load/grid impedance. Regarding
(3), the Thevenin equivalent circuit of the inverter in the
frequency domain is derived as illustrated in Fig. 3. By
substituting each inverter in Fig. 1 with its Thevenin
equivalent, Fig. 4(a) could be achieved. Assuming similar
inverters in the system, the aggregated model for n parallel
inverters could be derived as illustrated in Fig. 4(b).

1. STABILITY ANALYSIS

Regarding Fig. 4(b), the capacitor voltage of the
aggregated model could be expressed as

Z,(9)

Vc,a (S) Gcl (S) Vrei a (S) n Z iload a (S)
OIS IHC! OIS - s ()
v.) 649 ]| v 9 2.(5) Liwsc®

n

(6)

PCC
Zo (3) ZLZ iLoad,a ZLoad,a
o -_—
Ga (3) Vret a (9)
Zy(s) Z, iLoadb Zigadp
T o -
G (8) Vretv () (: E Vib
Z, (s) :Z\m.LZ TLoad,c Zyoadc
Gcl (5) Vref ¢ (S) ( E% VIC
.
Z,(9) Z,
Gl (8) Vreta (S) ( E% Vea
26 1z,
G (8) Vret,0 (S) Vib
Z,(s) Z,
Gcl (5) Vref ¢ (S) V}:
(®
Z,(s) h PCC
n n iLoada Zioada
G (8) Vreta (S) VIE VDIC@
Z,(s) Z,
n n iLoadb Zyioadp
T -
Ga () Vret,v () Veb Voee b
Zu S) @
n n iLoad,c ZLoad‘c
x o |
Ga (S) Vret () Vic Vpce o
(b)

Fig. 4. The frequency model for n parallel grid-forming inverters.
(a) Actual model. (b) Aggregated model.

Also, the load current could be derived as follows:

_iLoad,a (S)
iLDad‘b () |=

_iLoad <(8)
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By combining (6) and (7), the capacitor voltage could be
obtained as (8), as presented at the bottom of the next page. To
transform the system into the of frame, the Clarke matrix in
(9) is multiplied by both sides of (8), which results in (10).
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where diagonal and off-diagonal elements of the load
admittance matrix Yicaq are presented in (11). As could be
found from (10) and (11), a coupling exists between the « and
S axes, caused by the asymmetry of the load impedance.
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In this condition, the system is MIMO, and by ignoring the
asymmetrical condition of the system, stability analysis of the
system might result in an inaccurate stability prediction.

Without considering the matrix nature of (10), one can
represent it as follows:

1
V(S =
1+ Zon(S) YLoad (S)

Supposing that the closed-loop control system (i.e., Ga(S))
of each inverter is designed to be individually stable, to
investigate the stability of the overall system, it is necessary to
analyze the stability of 1/(1+Z,(S)YLcad(S)/N). It represents the
closed-loop transfer function of a system, where
Zo(S)YLoad(S)/n is the characteristic equation. Thus, if the
characteristic equation is stable, the whole system also will be
stable. Referring to (10), and based on the above explanation,
the characteristic equation is presented in (13).

Z,(8)

Gcl (S)vref (S) (12)

TABLEI
SYSTEM AND CONTROL PARAMETERS
Inductor L; 3mH
Capacitor C 15 uF
Inductor L, 3mH
DC voltage, Vg 150 V
Sampling frequency, f, 10 kHz
Nominal voltage (RMS) 50 V (Phase voltage)
Power frequency 50 Hz
Zioada = 10Q resistive
Load Zioadp = 40pF or 50mH-4Q in

series
Zioade = 15Q resistive

GuulS) = Guy(s)
=k, +k, xs/(s* +f)

Voltage controller

(Proportional-resonant

controller) k, = 0.1, k, = 500
p = oy r—

kp,'ﬁ =25

Current controller Kpia =

Active damping controller Kipa =Kipp=5

To evaluate the stability of Gcu(s), the generalized Nyquist
criterion is employed. First, the eigenvalues of Gcn(s) should
be derived from (14).

det[ A1 -G, (s)]=0 (14)

The system eigenvalues can be expressed by solving (14)

as follows:

ﬂ'l,z (S) = Z;EIS) x [(Yg aa +Yg PP ) x \/(Yg oa _Yg‘ﬁ/] )2 + 4Yg ,a/iYg af ) (15)

In accordance with GNC, if a system is stable, the Nyquist
diagrams of its eigenvalues will not encircle (-1, 0), i.e., the
critical point. As could be concluded, a simple analysis of two
eigenvalues would suffice for the stability investigation of a
system, even one with a large number of parallel inverters.

IV. ANALYTICAL AND EXPERIMENTAL RESULTS
The stability of two parallel inverters is analyzed here.

A. Stability Analysis of Two Parallel Inverters

Two parallel inverters are considered in this section, and
they feed different types of loads in each phase. Table I lists
the system and control parameters. The control parameters in

n Yot oo Yioas both o and S axes are tuned intentionally identically even
G (S) — « oad,aa oad,af (13) . . .
cH 2.6 | Miosne Yicas though each axis sees a different load impedance, to show the
OT - v consequence of ignoring the asymmetrical condition. Details
on how to design the control system for grid-forming inverters
can be found in [7] and [8].
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Fig. 5. The Bode diagram of the loop gain of the control system.
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Fig. 6. The Nyquist diagrams of the eigenvalues 4;(s) and Z(s). (&) Ra =

10Q, C, =40pF, R = 15Q. (b) R, = 10Q, Ly = 50mH-R, =4Q, R, = 15Q.

Fig. 5 displays the Bode diagram for the loop gain of the
system illustrated in Fig. 2, with the control parameters from
Table I, in order to demonstrate the stability of each inverter.
The transfer function of the loop gain of the system, as shown
in Fig. 2, is presented below:

G, (s)kyGy(s)Zc (s)

= (16)
Z,(8)+ Zc(8) +K,iKupGy (3)

Stability is evident in Fig. 5 because it has a positive
phase- and gain margin. To simulate the system, a 10Q
resistor, a 40uF capacitor, and a 15Q resistor are connected,
respectively, to phases A, B, and C. The Nyquist diagrams are
depicted in Fig. 6(a) for the eigenvalues A1(s) and 1x(s). As
could be observed, A:(s) is stable because it does not encircle
the critical point, but this is not the case for 1(s). It reveals
that the system is unstable, even though each inverter has a
stable control system. Afterward, the capacitor of Phase B is
replaced with a series RL load (L = 50mH, R = 4Q). Fig. 6(b)
displays the Nyquist diagrams for Ai(s) and Ax(s) in this
scenario. It reveals that, unlike the previous case, both A4(s)
and Ax(s) are stable, which demonstrates that the entire system
is stable under this asymmetrical load condition.

B. Experimental Results

To examine the validity of the theoretical analysis, the
experiments are carried out in the same condition that the
theoretical analysis has been done. To this end, two parallel
inverters are paralleled while they are connected to R, = 10Q,
Cp =40uF, and R. = 15Q. Fig. 7 shows the load current in this
case. Based on this figure, the system is unstable, confirming
the theoretical analysis presented in Fig 6(a).

In the next step, the load in Phase B is replaced with a
series RL load, where L, = 50mH, R, = 4Q. The experimental
outcome, displayed in Fig. 8, reveals that the system is stable

Tek stp — —
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Fig. 7. The load current for the case of R, = 10Q, C, = 40uF, R, = 15Q.
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Fig. 8. The load current for the case of R, = 10Q, L, = 50mH-R, = 4Q,
Re=15Q.

under the new load condition, which validates Fig. 6(b).

V. CONCLUSION

This paper offers a simple and accurate approach for
modeling parallel grid-forming inverters. The frequency
model of each inverter is derived and replaced to obtain an
aggregated model, simplifying stability analysis. This
approach is highly advantageous for large-scale systems that
comprise multiple parallel inverters, as the stability of the
system can be assessed by examining only two eigenvalues.
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