
14252 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 12, DECEMBER 2022

Control and Stability Analysis of Current-Controlled
Grid-Connected Inverters in Asymmetrical Grids

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

Abstract—In symmetrical grids, single-input single-output
(SISO) analysis/design tools are applicable for the analysis and de-
sign of grid-tied inverter systems as their average αβ- or dq-frame
models are to a high extent decoupled (in the high-frequency range).
In this way, designing the control system could be done in a straight-
forward manner. However, this is not the case under asymmetrical
grids. In this condition, the interaction between different phases
makes the average model of the grid-tied inverter a multi-input
multioutput (MIMO) system, and therefore, complicated to analyze
and design. To cope with this challenge, this article deals with
deriving the MIMO control system considering the impact of the
asymmetrical grid. Then, the MIMO system turns into two decou-
pled SISO systems. Thus, a simple yet accurate model is developed
which intuitively demonstrates the effect of the grid asymmetry on
creating coupling between current control loops. In this way, the
stability analysis could be carried out irrespective of the MIMO
system difficulties. The experimental results validate the accuracy
of the proposed approach in asymmetrical grid conditions.

Index Terms—Asymmetrical grids, grid-connected inverters,
interaction, multi-input multioutput (MIMO) system, stability.

I. INTRODUCTION

GRID-CONNECTED inverters, which often use an LCL
output filter, are one of the most important elements in

renewable-energy-based systems [1]. The resonance of the LCL
filter, especially in weak grids with a varying grid impedance,
is among the most important factors that jeopardize the stability
of the system [2]. To address this issue, various passive and
active resonance damping methods have been proposed in the
literature [3]–[9]. Another challenge, especially in active damp-
ing methods, is the negative effect of the pulsewidth modulation
(PWM)/measurement delay on the resonance damping [2]. To
overcome this issue, a large number of approaches have been
reported which are mostly based on introducing a positive phase
to the control system using various kinds of high- or band-pass
filters [10]–[12]. Also, many research works have focused on
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developing the control system for enhancing the system stability
and robustness, by considering both resonance and delay issues
[13]–[18].

A common feature of almost all the conventional methods
is assuming a symmetrical grid condition. In this situation, the
three-phase inverter and its control system are modeled as a
single-input single-output (SISO) control loop, and classical
control approaches are applied for the analysis/design [19]. This
approach is simple and quite accurate under symmetrical grid
conditions. However, it may not be practical under asymmetrical
ac grids.

In distributed power grids many factors such as asymmetri-
cal power line impedance and asymmetrical/single-phase local
loads make the equivalent grid impedance seen by the inverter
asymmetric. In such a condition, there is a coupling effect among
different parts of the system and therefore, the system should
be modeled by a multi-input multioutput (MIMO) system with
cross-coupling terms between the α- and β-axes. It makes the
system more complex from design and stability analysis points
of view. Neglecting the cross-coupling terms for simplifying
the control system may result in poor control system design and
imprecise stability analysis, which in turn may jeopardize the
stability of the system in real applications. Hence, a powerful
tool for stability analysis of the system in asymmetrical grids is
immediately demanded. This is an area of great potential that
could attract attention.

Some recent investigations have proved that asymmetrical
grid line impedance has an adverse effect on the stability of
grid-connected inverters [20], [21]. The stability of an L-filtered
grid-connected inverter in the asymmetrical grid using the har-
monic linearization method is investigated in [20]. However,
the extension of this method to an inverter with the LCL filter
complicates the model derivation. In [22], a system consisting
of an inverter with an L filter is modeled in the asymmetrical
grid line impedance using decoupled matrices and then, the
generalized Nyquist criterion (GNC) is applied to predict the
stability of the system. It is noted that the control system of an
LCL-filtered inverter has more internal loops than an L-filtered
inverter including resonance damping and capacitor voltage
loops, which in turn bring more complexity to the system.
Wu et al. [21] proposed an approach based on the individual
channel method [23] to model a three-phase inverter with the
LCL filter in asymmetrical grids, where a passive damping
method is used to mitigate the resonance of the LCL filter. In
this method, transfer functions of cross-coupled terms between
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the α- and β-axes in the MIMO system are derived to simplify
the control system. However, using active damping methods is
preferred to passive ones to avoid power losses. In this situation,
the number of cross-coupled terms will increase, which may
increase the system complexity and may demand additional
tasks for model derivation, consequently. In [24], the MIMO
system is decomposed into three SISO closed-loop subsystems
in the dq frame, and the classical SISO Nyquist stability criterion
is applied for the stability investigation. To this end, the effects
of the dc-bus-voltage control and phase-locked loop (PLL) have
been considered. Then, the derived MIMO system that includes
all these controllers’ effects is turned into three SISO systems.
Even though admirable, however, the effect of grid impedance
asymmetry has not been addressed. Suh et al. [25] proposed
a control scheme that improves the transient response of an
ac/dc converter in an unbalanced condition. To this end, the
control scheme employs individual current regulators in the
dq synchronous frame in each positive and negative sequence.
However, analyzing both positive and negative sequences in a
unified control system increases the system complexity consid-
erably. On the other hand, designing such a complex control
system needs to be addressed appropriately. The stability of the
system under asymmetrical local loads was investigated in [26],
where conservative power theory (CPT) is employed for the
active compensation of the imbalance local load current and
eliminating the effect of the local load by adding an offset to the
inverter reference current. Nevertheless, the effect of asymmet-
rical grid line impedance on the system stability is not addressed.
In [27], a mathematical model for positive and negative frames
of a grid-connected inverter is proposed, which is based on
the multifrequency proportional-resonant controller in the αβ
frame. Afterward, a new concept for instantaneous active and
reactive powers is introduced in unbalanced conditions. The
linear time-periodic (LTP) method is another approach that has
recently attracted attention for modeling systems that suffer
from unbalanced conditions, especially in the low-frequency
range [28]. However, designing the control system, especially
for the MIMO systems, is not mature enough. On the other hand,
the stability analysis methods that are used for this modeling
method are not straightforward [29]. Zhang et al. [30] proposed
an approach that is based on the harmonic-transfer-function
(HTF) for asymmetrical grids, where the sequence impedances
are modeled in the HTF framework and the effect of the PLL
is considered on the internal loops, elaborately. However, the
order of the system should be reduced based on the property
of frequency couplings since the HTFs are of infinite dimen-
sion and cannot be directly analyzed. In [31], the dynamics
of a system consisting of an LCL filter are represented using
the complex-based method, in which the root locus analysis
is employed for designing the control system for unbalanced
power networks. A multifrequency admittance based on the
complex-valued model is proposed in [32] to characterize the
frequency-coupling dynamics of inverters in unbalanced grid
voltage conditions. In [33], a multifrequency admittance matrix
has been used for the stability analysis of a single-phase inverter,
in which the frequency coupling effect caused by the PLL is
investigated. Using the harmonic-state-space approach [34] is

Fig. 1. Topology of a three-phase grid-connected inverter.

another method for harmonic modeling and stability analysis,
however, the model derivation is not easy because of the large
model dimensions. In [35], the stability of microgrid clusters in
the asymmetrical grid is investigated by lumping the frequency-
domain model of all inverters, and then, applying the GNC.

To analyze the system in a simple yet precise way, this
article presents a method for the stability analysis of inverters
in asymmetrical grids. In this method, the MIMO model of
a grid-tied inverter equipped with an active damping method
is first derived intuitively. Then, the MIMO model is decom-
posed into two SISO systems by considering the effect of the
cross-coupling terms. In this way, the stability analysis could
be done using classical SISO methods, without neglecting any
dynamics, which in turn guarantees the accuracy of the proposed
method. Note that the proposed modeling is valid for both cases
of asymmetrical grid line impedance and asymmetrical local
loads.

The rest of this article is summarized as follows. Section II
explains the system description and control method, and then
discusses the effect of asymmetrical grids. Section III is devoted
to the MIMO model derivation and its transformation into two
SISO systems for a simple stability investigation. The stability
analysis of the derived model is investigated in Section IV. The
validity of the proposed approach is verified using the experi-
mental results in Section V, for the case of the asymmetrical grid
line impedance and local load. Finally, Section VI concludes this
article.

II. SYSTEM DESCRIPTION AND PROBLEM DEFINITION

This section first provides a system overview and then ex-
plains the negative aspects of asymmetrical grids on the con-
verter stability.

A. System Description

Fig. 1 depicts the structure of a three-phase grid-connected
inverter, where ZL1, ZL2, and ZC, as shown in (1), are the
impedances of the inverter-side inductor, grid-side inductor, and
filter capacitor, respectively

ZL1 = L1 s, ZL2 = L2 s, ZC =
1

Cs
. (1)

Also, Zg (Zga, Zgb, and Zgc) is the grid impedance, which is
defined in a general form here because it could be symmetrical
or asymmetrical.
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Fig. 2. Control block diagram of a current-controlled grid-connected inverter.

The well-known control block diagram of a current-controlled
grid-connected inverter that uses a capacitor current feedback
for the active damping is shown in Fig. 2 [2], [10], [12]. In this
figure, Gi(s) and Had are the grid-side current controller and
proportional controller of the active damping loop, respectively,
and ig is the injected current to the grid. Also, vpcc is the point
of common coupling (PCC) voltage that is shown in Fig. 1. The
transfer function of the inverter is modeled by KPWM = Vdc

/(2Vtri), where Vdc and Vtri are the dc voltage and amplitude
of the triangular carrier, respectively [2]. Gd(s) models the
aggregated computational and PWM delays that is expressed
as follows [2], [36]:

Gd(s) = e−1.5 Tss (2)

where Ts is the sampling period. Also, it should be pointed out
that the bandwidth of the PLL is designed intentionally much
lower than the internal loops so that its effect on the control
system could be neglected, without considerably affecting the
accuracy of the modeling [14]. This allows us to keep the system
as simple as possible.

From Fig. 2, the loop gain of the control system could be
derived as follows:

T (s) =
KPWMGi(s)Gd(s)

s3L1L2C + s2L2CHadKPWMGd(s) + s(L1 + L2)
.

(3)
As could be found in Figs. 2 and (3), the impact of grid

impedance is overlooked in the dynamics of the control system,
while it could affect the stability of the whole system [12],
[19]. Therefore, designing the control system and stability anal-
ysis should be done considering the effect of grid impedance.
Otherwise, it may jeopardize the stability of the system. The
situation could be even worse when the inverter is connected to
an asymmetrical grid with different values of grid impedance or
local load per phase. In the next section, the adverse effect of
asymmetricity in grids will be clarified.

B. Effect of Asymmetrical Grids

From Fig. 1, the mathematical relation between PCC voltage
and injected current to the grid could be derived in the abc frame
as follows:⎡

⎣ vpcc,a
vpcc,b
vpcc,c

⎤
⎦−

⎡
⎣ vg,a
vg,b
vg,c

⎤
⎦ =

⎡
⎣Zga 0 0

0 Zgb 0
0 0 Zgc

⎤
⎦
⎡
⎣ iga
igb
igc

⎤
⎦ (4)

where vpcc,i and vg,i are the phase PCC voltage and grid voltage
for phase i (i = a, b, c), respectively. By using the Clarke

transform, the above equation turns to

[
vpcc,α
vpcc,β

]
−
[
vg,α
vg,β

]
= T abc→αβ ×

⎡
⎣Zga 0 0

0 Zgb 0
0 0 Zgc

⎤
⎦

× T αβ→abc ×
[
ig,α
ig,β

]
(5)

where vpcc,α, vpcc,β , vg,α, vg,β and also, ig,α and ig,β are the
PCC voltage, grid voltage, and injected current to the grid in the
α- and β-axes, respectively. Also, T abc→αβ and T αβ→abc are
matrices for transforming from abc to αβ frame and vice versa,
respectively, as presented in (6). The gain 2/3 is considered for
T abc→αβ in (6) to preserve the amplitude of waveforms constant
after the transformation

T abc→αβ =
2

3

[
1 − 1

2 − 1
2

0
√
3
2 −

√
3
2

]
,T αβ→abc =

[
1 − 1

2 − 1
2

0
√
3
2 −

√
3
2

]T
.

(6)
It should be noted that a three-phase three-wire system is

considered in this article; therefore, there is no zero-sequence
component in (6). By substituting (6) into (5), this equation can
be represented as follows:[

vpcc,α
vpcc,β

]
−
[
vg,α
vg,β

]
=

[
Zg,αα Zg,αβ

Zg,βα Zg,ββ

] [
ig,α
ig,β

]
(7)

where

Zg,αα = 2
3Zga +

1
6Zgb +

1
6Zgc

Zg,αβ = Zg,βα =
√
3
6 (Zgc − Zgb)

Zg,ββ = 1
2Zgb +

1
2Zgc.

(8)

From (7) and (8), it could be immediately found that, in
asymmetrical grids, α- and β- components of the grid-injected
current are coupled together through nondiagonal terms of the
impedance matrix in (7). Some stability issues may be caused if
the grid impedance effect is neglected. According to (8), even
though in the case of Zgb = Zgc, the nondiagonal terms are equal
to zero (Zg,αβ = Zg,βα = 0), yet Zg,αα � Zg,ββ , which reveals
that the inverter may see a different grid impedance at its output
in the α- and β-axes. In this case, designing a similar control
system for both α- and β-axes may jeopardize the stability of
the system. The next section discusses the modeling of this
asymmetricity for the stability analysis.

III. MODELING THE SYSTEM IN ASYMMETRICAL GRIDS

In the previous section, it was found that there is a coupling
between α and β components of the grid-injected current in
asymmetrical grids. Therefore, the control system should be
modeled as an MIMO system to consider this coupling for the
sake of stability analysis.

A. MIMO Model Derivation

From the findings in the previous section and keeping (7) in
mind, the traditional control block diagram of the inverter in
Fig. 2 turns into a two-input two-output system as depicted in
Fig. 3, where the cross-coupling terms between α- and β-axes
show the system complexity raised by the grid asymmetricity.
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Fig. 3. MIMO control block diagram of a grid-connected inverter in an asymmetrical grid.

Note that the current and active damping controllers in Fig. 3
are named with α and β subscript in different axes, to point out
that the control system could be different on each axis.

Various control methods have been proposed for MIMO sys-
tems [37]–[39]. However, most of them need extensive math-
ematical derivation, which in turn makes the control system
design and stability analysis complicated. On the other hand,
the accuracy of some of these methods is a matter of concern in
highly coupled MIMO systems [40].

Perhaps, the simplest possible way to reduce the analysis com-
plexity of MIMO systems is by neglecting their cross-coupling
terms. In this way, only the effect of diagonal impedance terms
in (7) will be considered. Even though simple, however, it may
lead to an imprecise stability evaluation. Therefore, an intuitive
method for simple yet accurate system analysis is demanded,
without neglecting the system dynamics.

B. Decomposing the MIMO System Into Two SISO Subsystems

By decomposing the derived MIMO system into separate
SISO subsystems, well-established SISO methods instead of
complex MIMO ones can be used for investigating the system
behavior under different conditions [40], [41]. To this end, the
transfer function from dβ(s) to ig,α(s), and also, the transfer
function from dα(s) to ig,β(s), should be derived, first. It is
worthy to note that dα and dβ are defined as disturbance inputs
caused by α- and β-axes, respectively. According to Fig. 3 and
applying the block diagram algebra, the aforementioned transfer
functions could be derived as (9) and (10) shown at the bottom
of this page. In this way, the 2 × 2 MIMO control system could

be turned into two decoupled SISO subsystems in the α- and
β-axes, as Fig. 4 shows, considering the cross-coupling terms
between axes. Hence, the system could be evaluated simply, in
asymmetrical grids without loss of dynamics, which is one of
the advantages of the proposed method in this article.

The dashed boxes in Fig. 4 show the main difference between
the control system in asymmetrical grids with the traditional
one that is shown in Fig. 2, where an additional feedback path
(it is shown in red) is introduced in each axis because of the
asymmetricity of the grid. It is noted that in a symmetrical grid,
the cross-coupling terms are zero, and only the grid impedance
could be inserted instead of Zg,αα and Zg,ββ for considering the
effect of grid impedance in the control system design [13]. To
reveal the effect of cross-coupling terms, the Bode plots of the
feedback path in the dashed boxes are depicted in Fig. 5 using
the system parameters in Table I, for both α- and β-axes. The
transfer function associated with these Bode plots are presented
as follows:

GCC,α(s) = Zg,βα(s)Δαβ(s)Zg,αβ(s) (11)

GCC,β(s) = Zg,αβ(s)Δβα(s)Zg,βα(s). (12)

As shown in Fig. 5, the coupling magnitude is magnified
for both axes as frequency increases. This magnification, if
neglected, may cause harmonic instability. Fig. 5 reveals that
unlike a symmetrical grid, where the cross-coupling terms are
zero, the asymmetrical grid possesses a highly coupled system,
especially at high frequencies.

Δαβ(s) =
ig,β
dα

∣∣∣
iref,β=0

=
ZL1(s)+ZC(s)+Gd(s)KPWMHad,β

ZL1(s)(ZL2(s)+Zg,ββ(s))+ZL1(s)ZC(s)+ZC(s)(ZL2(s)+Zg,ββ(s))+Gd(s)KPWMHad,β(ZL2(s)+Zg,ββ(s))+Gi,β(s)Gd(s)KPWMZC(s)

(9)

Δβα(s) =
ig,α
dβ

∣∣∣
iref,α=0

=
ZL1(s)+ZC(s)+Gd(s)KPWMHad,α

ZL1(s)(ZL2(s)+Zg,αα(s))+ZL1(s)ZC(s)+ZC(s)(ZL2(s)+Zg,αα(s))+Gd(s)KPWMHad,α(ZL2(s)+Zg,αα(s))+Gi,α(s)Gd(s)KPWMZC(s) .
(10)
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Fig. 4. Decoupled SISO subsystems derived from the MIMO control system.

Fig. 5. Bode plots of the GCC,α(s) and GCC,β(s).

TABLE I
SYSTEM AND CONTROL PARAMETERS

Fig. 6. Topology of a grid-connected system in the presence of a local load.

C. Effect of Local Loads

Fig. 6 illustrates the topology of a grid-connected system in
the presence of a local load. In this figure, ZL (ZLa, ZLb, and
ZLc) is a typical local load connected to the three-phase system,
which could be symmetrical or asymmetrical. Since the local
load may affect the stability of the control system, its influence
is investigated here. According to Fig. 4, the grid voltages in
the α- and β-axes, which are vg,αα(s) and vg,ββ(s), respectively,
could be regarded as disturbance inputs and therefore, do not
affect the stability of the system. Supposing vg = 0 in Fig. 6,
the local load in each phase could be regarded as a parallel
connection with the grid impedance in its corresponding phase.
Therefore, the impedance matrix in (4) in the abc frame could
be turned into (13) in the presence of the local load

Zgl(s) =

⎡
⎣Zga ‖ZLa 0 0

0 Zgb ‖ZLb 0
0 0 Zgc ‖ZLc

⎤
⎦ . (13)

In (13), Zgl(s) is the equivalent matrix that considers both the
grid and local load impedances, and the symbol “||” denotes
the parallel connection of two impedances. In this way, the
new impedance matrix could be transformed to the αβ frame
using (6), and the system modeling could be done following
the guidelines in Sections III-A and III-B. Different scenarios
such as the connection of a load between two phases could be
considered, where the nondiagonal elements of the matrix Zgl(s)
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will not be zero, anymore. However, because of the similarity
of the modeling, it is not repeated here.

IV. CONTROL SYSTEM DESIGN AND STABILITY ANALYSIS

In this part, the system stability is investigated under different
case studies. The loop gain of the control systems in the α and
β axes could be derived using Fig. 4, as presented at the bottom
of this page. Note that these transfer functions have a general
form that could be used for the case of asymmetricity in grid
line impedance, local loads, or both.

A. Control System Design

Using (14) and (15), the system stability can be easily in-
vestigated. It is, however, not the case if designing the control
parameters is intended, because all the control variables in the
α-axis exist in the transfer function of the loop gain of theβ-axis,
and vice versa. It implies that both these transfer functions
need to be considered simultaneously for designing the control
parameters, which can be a challenging task

In order not to deal with this difficulty, one way is to design the
control parameters of one axis (for instance, the α-axis), based
on the passivity-based stability [12], [13], [18], and using the
conventional control block diagram in Fig. 2. The main reason
behind this idea is to simplify the design procedure. Passivity
theory offers some guidelines for designing the control system
so that the inverter has a passive behavior at all (or at least a
wide range of) frequencies [42]. In this situation, it could be
argued that the inverter is to a high extent robust, and could work
stably in different conditions such as grid impedance variations
[12]. In other words, even though the system asymmetry has
not been considered in designing the α-axis, the system has
high robustness against grid impedance variations thanks to the
passivity approach. As the only difference between Fig. 2 and the
α-axis of Fig. 4 is the grid impedance part (dashed box in Fig. 4)
and based on the aforementioned explanation about passivity
theory, the passivity of the control system in Fig. 2 can guarantee
the passivity of the α-axis to a high extent. This approach
gives proper base control parameters for simplifying the design
procedure. Afterward, the control parameters of another axis
(here, β-axis) could be designed based on the block diagram
of Fig. 4, and by considering the coupling effect of the α-axis
(taking parameters of the α axis into consideration). In this way,
the control system could be designed for asymmetrical grids so

that the coupling effect between axes is considered, and, the
system stability could be investigated accurately.

According to the above explanations, the control parameters
for the α-axis could be designed by following the passivity-
theory-based guidelines in [12] and [13]. More details could be
found in those references, and the control design procedure is
not repeated here to save space. The control parameters for the
α-axis could be summarized as: kp,α = 13, kr,α = 500, Had,α

= 5, where kp,α and kr,α are the proportional and resonant
coefficients of the current controller in the α-axis (Gi,α(s)),
respectively. Also, Had,α is the active damping controller.

After designing the controller parameters of the α-axis, the
controller parameters of the β-axis could be tuned according to
Fig. 4 and (15) to consider the asymmetricity of the grid and/or
local load. To this end, the active damping controller (Had,β)
could be designed first. Had,β could be optimized following the
well-established method in [13] as follows:

0 < Had,β <
ωrL1(2 cos(ωrTs)− 1)

KPWM sin(ωrTs)
(16)

where ωr and Ts are the resonant angular frequency and sam-
pling period, respectively. It is noted that the active damping
controller should be designed to mitigate the resonance of the
LCL filter by creating a virtual resistance in parallel with the filter
capacitor. In this way, the grid asymmetry does not considerably
affect its damping performance. Therefore, the proposed method
in [13] still can be used for designing this controller.

The effect of the resonant term of the current controller could
be neglected at frequencies much higher than the fundamental
frequency [11], and it could be designed solely to provide a
high control gain for tracking the fundamental component with
a negligible steady-state error. Hence, supposing Gi,β(s) ≈ kp,β
at high frequencies, Tβ(s) could be rewritten as Tβ(s) = kp,β
× Gplant,β(s), where Gplant,β is presented in (17) shown at the
bottom of this page. Then, the phase margin (PM) and gain
margin (GM) of the Tβ(s) could be considered for designing the
proportional term of the current controller (kp,β) as follows:

PM = 180◦ + �(kp,β ×Gplant,β(jω))|fc (18)

GM = −20 log |kp,β ×Gplant,β(jω)|f180◦ (19)

where fc and f180◦ are, respectively, the crossover frequency and
the frequency in which the phase diagram crosses –180°.

From (18) and (19), it can be found that kp,β could be achieved
based on the desired PM (kp,β_PM) or GM (kp,β_GM). A better

Tα(s) =
Gi,α(s)Gd(s)ZC(s)KPWM

ZL1(s)ZC(s) + (ZL2(s) + Zg,αα(s) + Zg,αβ(s)Δαβ(s)Zg,βα(s))(ZL1(s) + ZC(s) +KPWMHad,αGd(s))
(14)

Tβ(s) =
Gi,β(s)Gd(s)ZC(s)KPWM

ZL1(s)ZC(s) + (ZL2(s) + Zg,ββ(s) + Zg,αβ(s)Δβα(s)Zg,βα(s))(ZL1(s) + ZC(s) +KPWMHad,βGd(s))
. (15)

Gplant,β(s) =
Gd(s)ZC(s)KPWM

ZL1(s)ZC(s) + (ZL2(s) + Zg,ββ(s) + Zg,αβ(s)Δβα(s)Zg,βα(s))(ZL1(s) + ZC(s) +KPWMHad,βGd(s))
(17)
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Fig. 7. Bode plots of the Tα(s) and Tβ (s) with kp,α = kp,β = 13 (Case I) in
an asymmetrical grid line impedance condition.

TABLE II
PROPORTIONAL GAIN OF CURRENT CONTROLLER IN AN ASYMMETRICAL GRID

LINE IMPEDANCE CONDITION

way is to consider kp,β as kp,β = min(kp,β_PM, kp,β_GM)
to satisfy the desired PM and GM at the same time. In this
way, the control system could be accurately designed without
complicated design methods for MIMO systems.

B. Asymmetricity in Grid Line Impedance

The Bode plots of the α and β loop gains for a grid-connected
inverter with parameters presented in Table I are illustrated in
Fig. 7, where the control parameters of both axes are intention-
ally selected identical to show the consequence of ignoring the
coupling between axes. Note that in this case there is no local
load. As shown in Fig. 7, the α-axis, despite having the same
control parameters as the β one, is unstable because of having
a negative GM. This problem, which makes the entire system
unstable, is due to neglecting the coupling between axes.

The control parameters of the α- and β-axes could be re-
designed using the proposed method so that two subsystems have
almost equal PM and GM in an asymmetrical grid condition.
By following the guidelines in Section IV-A, and changing the
proportional gain of the current controller of the α-axis to 10,
the new Bode plots of the α and β loop gains are presented
in Fig. 8. As could be observed in this figure, both subsystems
have almost similar PM and GM, and more importantly, both
subsystems are stable unlike the previous case in Fig. 7. The
proportional gains of the current controller for the former case
(unstable case) and the latter one (stable case) for both α- and
β-axes are summarized in Table II. Other parameters are the
same as those presented in Table I.

Fig. 8. Bode plots of the Tα(s) and Tβ (s) with kp,α = 10 and kp,β = 13 (Case
II) in an asymmetrical grid line impedance condition.

Fig. 9. Bode plots of the Tα(s) and Tβ (s) with kp,α = 10 and kp,β = 13 (Case
II) in an asymmetrical grid line impedance condition without considering the
coupling terms.

Neglecting coupling terms in Fig. 3 will remove the feedback
paths highlighted in red in Fig. 4. Therefore, the model of
the system turns into the model of a grid-tied inverter under
a balanced grid condition except that, instead of identical grid
impedance for both axes, Zg,αα and Zg,ββ are considered for
the α- and β-axes, respectively. However, neglecting Zg,αβ and
Zg,βα, and consequently, coupling terms in Fig. 3, may result in
inaccurate stability predictions. In this part, the stability analysis
is done without considering the coupling terms in Fig. 3. In this
condition, the loop gain of the control systems for the α- and
β-axes could be obtained as (20) and (21) shown at the bottom
of the next page.

To show the consequence of ignoring the coupling terms, Case
II in Table II is considered. According to Fig. 8, which is derived
based on the accurate model presented in this article, the system
should be stable. The Bode plots of Tα(s) and Tβ(s) are depicted
in Fig. 9. As shown in this figure and unlike Fig. 8, the Bode plots
indicate that the system is unstable because the PM and GM are
negative on the β-axis. However, this is not a true prediction
because the system has not been considered accurately and the



AKHAVAN et al.: CONTROL AND STABILITY ANALYSIS OF CURRENT-CONTROLLED GRID-CONNECTED INVERTERS 14259

Fig. 10. Pole-zero maps of the system with changing kp,α and kp,β . (a)α-axis.
(b) β-axis.

analytical results of Fig. 8 are more accurate, where the coupling
terms have been taken into account. The experimental result
in the next section shows that contrary to the analytical results
derived from Fig. 9, the system is stable and validates the stability
analysis based on Fig. 8.

The loci of poles and zeros of the system with variation of
two main parameters, i.e., the proportional gains of the current
controller in α- and β-axes (kp,α and kp,β), are presented as
shown in Fig. 10. To this end, kp,α and kp,β are swept from 5 to 15
at the step of 1 to show the system dynamic behavior in the case
of grid impedance asymmetry. Fig. 10(a) shows the pole-zero
maps of the system in the α-axis while kp,α is varied. As could
be found, the system has a pole pair in the right half-plane when
kp,α = 13. Similarly, the pole-zero maps of the system in the
β-axis are shown in Fig. 10(b) when kp,β is swept. As could
be observed in this figure, the system is stable for all values of
kp,β . The analysis presented in this section is compatible with
the conclusion drawn from Fig. 7, where the Bode diagram of

TABLE III
SYSTEM AND CONTROL PARAMETERS IN AN ASYMMETRICAL LOCAL LOAD

CONDITION

Fig. 11. Bode plots of the Tα(s) and Tβ (s) with kp,α = kp,β = 13 and Had,α

= Had,β = 5 (Case I) in an asymmetrical RC local load condition.

the system in the α-axis is unstable with kp,α = 13, yet the Bode
diagram of the system in the β-axis is stable.

C. Asymmetricity in Local Load

The stability of a grid-connected inverter in the presence of
an asymmetrical parallel RC local load is investigated in this
section. The new system and control parameters for this case are
summarized in Table III, while other ones are kept the same as
before. The diagonal and cross-coupled terms of the equivalent
grid impedance (consisting of the grid impedance and local load)
seen by the inverter could be derived using (8) and (13).

The Bode diagrams of the α and β loop gains (Tα(s) and
Tβ(s)) with kp,α = kp,β = 13 and Had,α = Had,β = 5
(Case I in Table III) are plotted in Fig. 11. As could be observed,
the stability investigation of the control system is quite difficult
using the Bode plot, therefore, the Nyquist plot is used instead
in this case.

Tα(s) =
Gi,α(s)Gd(s)ZC(s)KPWM

ZL1(s)ZC(s) + (ZL2(s) + Zg,αα(s))(ZL1(s) + ZC(s) +KPWMHad,αGd(s))
(20)

Tβ(s) =
Gi,β(s)Gd(s)ZC(s)KPWM

ZL1(s)ZC(s) + (ZL2(s) + Zg,ββ(s))(ZL1(s) + ZC(s) +KPWMHad,βGd(s))
. (21)
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Fig. 12. Nyquist plots of the α and β loop gains with kp,α = kp,β = 13 and
Had,α = Had,β = 5 (Case I) in an asymmetrical RC local load condition. (a)
Nyquist plot of the Tα(s). (b) Nyquist plot of the Tβ (s).

Fig. 12 depicts the Nyquist plots of the loop gains Tα(s) and
Tβ(s) with the parameters that have been used in Fig. 11. This
figure reveals that the subsystem in the β-axis is unstable since it
encircles the critical point (–1, 0) [2], [21]. Therefore, although
the α-axis is stable, the instability of the β-axis makes the whole
system unstable.

The control parameters are redesigned considering the effect
of system asymmetricity, and the Nyquist diagrams of loop gains
Tα(s) and Tβ(s) are illustrated in Fig. 13, with kp,α = kp,β = 10,
Had,α = 6, and Had,β = 7 (Case II in Table III). As shown in this
figure, both subsystems are stable, which reveals that the system
could work stably despite the asymmetricity of the local load.
This section reveals that the stability of a grid-connected inverter
could be investigated in asymmetrical grids by dividing the
MIMO control system into two SISO subsystems. In this way,
the stability analysis could be done easily, without neglecting
the system dynamics.

V. EXPERIMENTAL RESULTS

The laboratory setup shown in Fig. 14 is used to verify the
validity of the proposed method for analyzing the stability of
grid-connected inverters in asymmetrical grids. The hardware
and control parameters are the same as those presented in Tables
I–III. The control algorithm is implemented using a dSPACE
DS1006 platform. Also, a Chroma 61845 is employed to mimic
the utility grid

A. Asymmetricity in Grid Line Impedance

To show the accuracy of system modeling and also the validity
of analysis for the case of asymmetrical grid line impedance,

Fig. 13. Nyquist plots of theα andβ loop gains with kp,α = kp,β = 10, Had,α

= 6, and Had,β = 7 (Case II) in an asymmetrical RC local load condition. (a)
Nyquist plot of the Tα(s). (b) Nyquist plot of the Tβ (s).

Fig. 14. Experimental setup.

experiments are conducted with the same system and control
parameters as presented in Section IV-A. Note that some induc-
tors are inserted between the grid-side inductor and Chroma to
mimic the asymmetrical grid line impedance.

Fig. 15 illustrates the experimental results of a grid-connected
inverter in an asymmetrical grid line impedance condition (Lga=
1 mH, Lgb = 4 mH, Lgc = 3 mH), while the proportional gains
of the both axes are 13 (kp,α = kp,β = 13). This experiment
is corresponding to Case I in Table II. As could be observed
in Fig. 15, the injected current to the grid contains severe
oscillations, which reveals that the system is unstable.

In the next experiment, just the proportional gain of theα-axis
is changed to 10 (kp,α = 10), which corresponds to Case II in
Table II. The experimental result for this case is presented in
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Fig. 15. Injected current to the grid in an asymmetrical grid line impedance
condition with kp,α = kp,β = 13.

Fig. 16. Injected current to the grid in an asymmetrical grid line impedance
condition with kp,α = 10 and kp,β = 13.

Fig. 17. Transient response of the system by changing kp,α from 10 to 13.

Fig. 16. As could be observed, the injected current is stable,
which fully validates the conclusion drawn from Fig. 8. It shows
that the system is stable although the control parameters of theα-
and β-axes are not identical. The results reveal that the stability
analysis of an asymmetrical system could be done easily using
the proposed modeling method and the system stability could be
achieved by tuning the control parameters of the α and β control
subsystems to ensure the stability of both axes.

Fig. 17 illustrates the transient response of the system when
the proportional gain of the α-axis changes from 10 to 13. As
shown in this figure, by changing kp,α to 13, the system becomes
unstable rapidly, although control parameters of the α and β
subsystems are identical in this case. It indicates that neglect-
ing the asymmetricity of the grid impedance and assuming an
identical subsystem for bothα- andβ-axes may make the system

Fig. 18. Inverter output current in an asymmetrical RC local load condition
with kp,α = kp,β = 13 and Had,α = Had,β = 5.

Fig. 19. Inverter output current in an asymmetrical RC local load condition
with kp,α = kp,β = 10, Had,α = 6, and Had,β = 7.

unstable. Therefore, considering the asymmetricity in controller
design and stability analysis steps is necessary.

B. Asymmetricity in Local Load

The experimental tests are conducted in this section to evalu-
ate the correctness of the theoretical analysis in an asymmetrical
local load condition. The control and system parameters are
the same as what presented in Table III. Fig. 18 shows the
experimental results for Case I in Table III (i.e., kp,α = kp,β
= 13, Had,α = Had,β = 5). As could be seen in Fig. 18, the
inverter output current is unstable, which is compatible with the
analysis derived from Fig. 12.

The experiment is repeated using the control parameters
corresponding to Case II in Table III (i.e., kp,α = kp,β = 10,
Had,α = 6, and Had,β = 7). As shown in Fig. 19, and unlike the
previous case, the system is stable, which verifies the conclusion
drawn from Fig. 13. It should be noted that in this case because
of capacitors in the local load, switching harmonics find a low-
impedance path, and therefore, a part of switching harmonics
passes through the load, instead of the filter capacitor. Hence,
the waveforms in Fig. 19 contain a part of switching harmonics.
However, the stability of the system is evident in comparison
with Fig. 18.

The transient response of the system when the controller
parameters change from Case II to Case I (in Table III) is
presented in Fig. 20. As could be observed, the system becomes
unstable after changing the parameters. It reveals that despite the
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Fig. 20. Transient response of the system by changing kp and Had.

Fig. 21. Bode plots of the Tα(s) and Tβ (s) with kp,α = 10 and kp,β = 13
(Case II in Table II) in an asymmetrical grid line impedance condition with Lga

= 2 mH, Lgb = 8 mH, Lgc = 6 mH.

stability of the α subsystem (see Fig. 12), the system is unstable
because of the instability of the β subsystem.

The experimental results in this section validate the proposed
method for modeling grid-connected inverters in asymmetrical
grid conditions. It was shown that the asymmetricity of the
system may raise instability if it is neglected in the control system
design and stability analysis procedure.

C. System Robustness Against the Grid Impedance Variation

In the next experiment, the system robustness against the grid
impedance variation is investigated. To this end, the control
parameters in Tables I and II (Case II) which are corresponding to
the stable condition when Lga = 1 mH, Lgb = 4 mH, Lgc = 3 mH
are used. To verify the system robustness, the line inductances
are increased 100%, i.e., Lga = 2 mH, Lgb = 8 mH, Lgc = 6
mH. Fig. 21 depicts the Bode diagrams of the α and β loop
gains in this condition. As could be observed, both subsystems
in theα- andβ-axes are stable, since they have a positive PM and
GM. To validate this theoretical prediction experimentally, the
line inductances are suddenly increased during the experiment.
Some relays have been used to bypass the new inductors (the
additional inductors in comparison to the previous case) first,
and then, they are opened to put those inductors in series with
the previous ones, and in this way, the grid impedance increases
in each line.

Fig. 22. Inverter output current during the grid impedance variation.

Fig. 22 shows the experimental results in this case. As could
be seen in this figure, even though a severe variation is applied
to the grid impedance, the system keeps its stability and injects
a clean current to the grid after a very short transient.

VI. DISCUSSION

At the end of this study, it may be helpful to briefly compare
the proposed method here and the common methods in the
literature for investigating the grid asymmetry effect on the
converter stability. The investigations of this article are based
on modeling and investigation in the linear time-invariant (LTI)
framework. The result is a two-input-two-output LTI model,
which is transformed into two decoupled SISO models, and
investigated using SISO classic control tools. The common
methods in the literature, however, are mainly based on mod-
eling in the LTP framework, which involves some difficulties as
follows.

1) The LTP modeling involves linearization around a periodic
trajectory, which may be difficult.

2) The concept of the transfer function for an LTP model is
elusive. This fact makes investigating LTP systems com-
plicated. To tackle this difficulty, the concept of harmonic
transfer function has been introduced, which translates the
LTP system to an LTI system with infinite dimension.
The infinite dimension of the HTF, however, makes its
investigation impossible. To tackle this challenge, it needs
to be truncated and analyzed using MIMO control tools
(e.g., generalized Nyquist stability criterion), which are
much more complicated than SISO tools.

Admittedly, the LTP models developed in the literature may
be more accurate than the LTI one presented here. However, this
increased accuracy is mostly in the low-frequency range (within
the PLL bandwidth) of the converter output impedance, which
is not the scope of our work.

The main advantage of the proposed method in comparison
to other works is presenting a systematic and step-by-step ap-
proach for modeling the system in asymmetrical conditions. This
reveals that the asymmetricity of the grid impedance may even
result in negative impedance in the coupling terms [see (8)],
which in turn shows the necessity of considering the effect of
asymmetrical grids. On the other hand, based on Fig. 4, the effect
of an asymmetrical grid still is modeled as a grid impedance (see
the dashed boxes of Fig. 4). It means that the asymmetric grid
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impedance effect could be investigated irrespective of the control
approach that is employed for controlling the inverter. Therefore,
the analysis presented in this article could be readily applied to
other types of control algorithms such as inverter- and grid-
current control methods, different active damping approaches,
etc. Finally, dividing one MIMO system into two SISO systems
makes the stability analysis easier so that classical methods could
be employed for this purpose. In summary, the contributions of
this article could be presented as follows:

1) developing a simple yet accurate LTI model to intuitively
demonstrate the influence of the electric grid asymmetry
on creating coupling between current control loops of grid-
tied converters and causing instability;

2) theoretically and experimentally investigating these insta-
bilities and identifying worst-case conditions by consid-
ering different case studies and performing different tests.

VII. CONCLUSION

The focus of this work lies in the stability analysis of current-
controlled grid-connected inverters in asymmetrical grids. To
this end, it breaks the MIMO model of the system into two
SISO subsystems and in this way, the stability of the system
could be analyzed using the conventional SISO methods instead
of complex MIMO ones. The SISO subsystems inherit the
dynamics of the MIMO system, which ensure the accuracy of
the modeling. Furthermore, the inverter’s control system does
not affect the MIMO model derivation, which makes the mod-
eling valid for arbitrary control systems without affecting the
generality of the proposed approach. A step-by-step procedure
has been presented for deriving the system model. Also, a
system design guideline has been provided for tuning the control
parameters in the case of asymmetrical grids. The proposed
modeling method could be used for the case of asymmetricity in
grid line impedance and/or local loads. The experimental results
for different cases of asymmetricity verify the validity of the
proposed method and theoretical analysis.
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