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Effects of Interaction of Power Converters Coupled
via Power Grid: A Design-Oriented Study

Cheng Wan, Meng Huang, Member, IEEE, Chi K. Tse, Fellow, IEEE, and Xinbo Ruan, Senior Member, IEEE

Abstract—Voltage-source converters are commonly employed as
rectifiers for providing a regulated dc voltage from an ac power
source. In a typical microdistribution system, the power grid is
nonideal and often presents itself as a voltage source with signif-
icant impedance. Thus, power converters connected to the grid
interact with each other via the nonideal grid. In this paper, we
study how stability can be compromised in a system of interacting
grid-connected converters, which are used typically as rectifiers.
Specifically, the stable operating regions in the selected parameter
space may shrink when grid-connected converters interact under
certain conditions. We consider the effect of both source (grid)
impedance and transmission line impedance between converters,
and derive bifurcation boundaries in the parameter space. A small-
signal model in the dq-frame is adopted to analyze the interacting
system using an impedance-based approach. It is shown that the
system of interacting converters can become unstable. Moreover,
results are presented in design-oriented forms so as to facilitate the
identification of variation trends of stable operation boundaries.
Experimental results verify the instability phenomenon.

Index Terms—Grid-connected converters, interacting systems,
power converters, stability analysis.

I. INTRODUCTION

THREE-PHASE pulsewidth-modulated (PWM) voltage-
source converters (VSCs) operating in rectifier mode have

become a popular choice for ac–dc power conversion in many
medium- to high-power applications. Due to the many desirable
features that the VSC offers, e.g., low current harmonics, con-
trollable power quality, and high efficiency, the VSC has been
used in a variety of industrial and commercial applications,
such as uninterruptible power supply systems, power supplies
for telecommunication equipment, HVDC systems, distributed
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Fig. 1. Multiple VSCs connected to power grid.

energy sources for renewable energy generation, battery stor-
age systems, power conversion systems for process technology,
and so on [1]. In most of these applications, the VSC does not
only function as a high-performance power load to the ac power
source, but also a reliable interface for many power conversion
systems with the ac source.

As the spectrum of applications of VSCs widens, it can be
appreciated that multiple VSCs may connect to the power grid
at a so-called common point of coupling (PCC), while each VSC
works under its own specific condition, as shown in the usual
representation of Fig. 1 [2]. The same structure is also employed
in some specific application scenarios, including aircraft power
systems [3], shipboard power systems [4], microgrids [5], etc.
As each converter is designed separately for its own load condi-
tion, the mutual coupling in practice via the grid may pose a sta-
bility concern as the grid is nonideal in reality and presents at the
point of common coupling a significant amount of impedance,
which is not always predictable. As a result, the stability of the
system should be considered with the coupled system model
in mind rather than the unrealistic though simple model, where
each converter is assumed to behave independently.

For the purpose of illustrating the effect of mutual coupling,
it suffices to consider two converters under the structure shown
in Fig. 2. To maintain generality of our study, the VSCs are
controlled under a typical feedback configuration that contains
an outer voltage loop, which operates in conjunction with a
sinusoidal PWM inner current loop for achieving a constant
output dc voltage, as presented in Fig. 3. The two converters
have been designed separately according to their respective ap-
plication conditions. However, when they are connected to the
grid, their interaction may have an impact on stability. Further-
more, in practice, the effect of transmission line impedance LL
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Fig. 2. Basic model of two VSCs connected to the nonideal grid.

Fig. 3. Controller schematic of the three-phase VSC with filter in a rotating dq reference frame.

between converters should also be considered [6], as represented
in Fig. 2.

The stability issue of grid-connected VSCs in the presence of
varying grid impedance has been discussed in several prior pub-
lications. For instance, Belkhayat [7] presented an impedance-
based approach to evaluate the stability of ac interfaces in the
dq-frame by employing a generalized Nyquist stability criterion
based on small-signal modeling, and for three-phase rectifiers,
the analysis assumed an ideal power grid. The stability of grid-
connected inverters and rectifiers have also been discussed by
Sun [9], Burgos et al. [10], Belkhayat et al. [12], and Vesti et al.
[11]. Moreover, a converter’s impedance modeling has been
studied in some detail by Harnefors et al. [13], Céspedes and
Sun [14], [15], He et al. [16], and Huang et al. [17]. However,
the key parameters of converters that would affect the system’s

stability significantly has rarely been discussed and identified.
Furthermore, Chandrasekaran et al. [18], Wan et al. [19], and
Huang et al. [20] have reported the effects of grid impedance on
grid-connected interacting converters, but these works focused
on the stability of one converter and avoided the complication
of analyzing the more realistic situation where two or more con-
verters’ interact in the presence of significant grid impedance.
While literature abounds with studies of three-phase rectifiers
[23]–[26], in-depth study of variation of control parameters on
stability of interacting three-phase rectifiers is still glaringly
insufficient. Furthermore, from previous study of nonlinear be-
havior of power converters, some bifurcation phenomena have
been observed and reported [27]–[29], which provide effective
analytical tools for some in-depth study of stability of interacting
converters.
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TABLE I
PARAMETERS OF NONIDEAL POWER GRID

us a , s b , s c fl Ls LL

110 Vrms 50 Hz 0.1–1.5 mH 0–100 μH

TABLE II
CIRCUIT PARAMETERS OF CONVERTER 1

Ud c , r e f Cd c L1 RL 1 r fs

360 V 1200 μF 3 mH 30–75 Ω 0.01 Ω 10 kHz

Parameters are as Shown in Figs. 2 and 3

TABLE III
CIRCUIT PARAMETERS OF CONVERTER 2

Ud c , r e f Cd c L2 RL 2 r fs

360 V 1200 μF 3 mH 30–75 Ω 0.01 Ω 10 kHz

Parameters are as Shown in Figs. 2 and 3

In this paper, we attempt to address the important issue of the
effect of interaction between the grid-connected converters un-
der nonideal power grid conditions, which has remained largely
unexplored despite its practical importance. Our study will
probe into the key control parameters and examine how variation
of these parameters alters the stability regions under the effect
of converters’ interaction. Specifically, we focus on the loss of
stability corresponding to emergence of a low-frequency oscilla-
tion as commonly studied under the broad class of Hopf-type bi-
furcation phenomena [32]. We show that the bifurcation bound-
aries (stability regions from an engineering viewpoint) generally
shrink when converters interact via the nonideal grid. In other
words, results obtained from analysis that assumes indepen-
dent (uncoupled) converters under ideal grid condition, there-
fore, provide overoptimistic stability prediction. In Section II,
we present several instability phenomena arising from convert-
ers’ interaction. In Section III, in the presence and absence
of transmission line impedance, a detailed stability assess-
ment employing an impedance-based approach is presented. In
Section IV, we present our results in a design-oriented format
that reveals the way in which stability would be affected by vari-
ation of selected parameters, and hence, facilitates the choice
of parameters for stable operation [33]. Moreover, Section V
presents the observed instability phenomenon experimentally.
Finally, Section VI concludes the paper.

II. GLIMPSE AT THE INSTABILITY

We begin by taking a quick glimpse at the way in which a
VSC loses stability. The circuit of Fig. 2 is studied in full circuit
implementation using MATALAB. The values of the circuit
components used in the simulation are summarized in Tables I,
II, and III. Converters 1 and 2 employ the same control method
that is described in Fig. 3.

Fig. 4(a) shows stable operation of the two converters with
different load conditions when separately connected to the same
nonideal grids with impedance Ls = 1.2 mH. Thus, the con-
verters are stable when analyzed separately. However, when the
converters are connected at the same time to the nonideal grid
having the same impedance at the PCC, i.e., LL = 0, as shown
in Fig. 2, the converters’ output voltages have manifested low-
frequency oscillations that are typical Hopf-type instability, as
shown in Fig. 4(b). The dc voltage Udc of both converters oscil-
late at 255 Hz around the regulated level, while all converters’
parameters have remained the same as in the case of indepen-
dent (uncoupled) operation. Thus, it can be inferred that the
converters could interact with each other and lose stability via
a Hopf-type bifurcation when the values of parameters are se-
lected beyond a specific region in the parameter space (referred
to as stability region here).

Moreover, the two converters may not be connected at the
same PCC in practice. Thus, LL �= 0. When the converters
are connected to the same grid at different points of coupling,
the presence of nonzero transmission line impedance LL be-
tween the two converters’ connection points could affect sta-
bility, as shown in Fig. 5. We see that the two converters
connected to the nonideal grid at the same PCC are origi-
nally stable, as shown in Fig. 5(a), but can become unstable
when the coupling points are separated by nonzero transmis-
sion line impedance, as shown in Fig. 5(b). Thus, the convert-
ers connected to a nonideal grid can be made unstable by the
presence of transmission line impedance separating the points
of coupling.

III. ANALYSIS

Literature abounds with conventional methods for analyz-
ing converter’s stability [9]. For an individual grid-connected
VSC, control models and their closed-loop stability analy-
sis have been studied, employing techniques like root locus
analysis and Bode diagrams. Moreover, the state-space ap-
proach is also used to determine stability in the time do-
main [20]. For grid-connected converters, prior studies [7],
[22] have pointed out that the impedance-based approach is
more advantageous and flexible. For the case of the grid-
connected system under study, the impedance-based analysis
is highly suitable, as will be demonstrated in the subsequent
sections.

A. Basic Model: The Standalone Converter

Following the formulation of Sun [21], the three-phase VSC
can be represented by an averaged model in the dq rotating
coordinate. Since converters 1 and 2 share the same model, we
provide, for brevity, the equations for converter 1 as follows:

L1
di1d

dt
= ωlL1i1q + ugd − r1i1d − u1d

L1
di1q

dt
= − ωlL1i1d + ugq − r1i1q − u1q

Cdc1
dudc1

dt
=

3
2
(d1di1d + d1q i1q ) − io1 (1)
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Fig. 4. Waveforms of the two converters’ output voltages with RL 1 = 22.5 Ω and RL 2 = 27 Ω with the same set of control parameters kv p = 2.4, kv i =
20, kip = 24, kii = 100. (a) Two converters work independently (with no interaction) under same grid impedance Ls = 1.2 mH, showing stable operation; (b)
two converters interact via connecting to the nonideal grid with Ls = 1.2 mH, showing unstable operation or Hopf-type instability.

Fig. 5. Waveforms of the two converters’ output voltages with RL 1 = 22.5 Ω and RL 2 = 30 Ω with the same set of control parameters kv p = 2.4, kv i =
20, kip = 24, kii = 100. (a) Two converters interact at the same PCC with Ls = 1.2 mH and transmission line impedance LL = 0, showing stable operation;
(b) two converters interact via connecting to different points of coupling with Ls = 1.2 mH and transmission line impedance LL = 70 μH, showing unstable
operation or Hopf-type instability.

where subscript 1 denotes converter 1 (likewise, subscript 2
denotes converter 2 in the subsequent analysis); ωl = 2πfl ;
d1d = u1d/udc1 and d1q = u1q /udc1 are the duty cycles; i1d

and i1q are the input currents of converter 1 in the dq-frame;
ugd and ugq are the voltages at the PCC; u1d and u1q are the leg
voltages in the dq-frame; and io1 is the load current. For simplic-
ity, we ignore the inductor resistance r in the following analysis.

From (1), we can obtain the small-signal representation via the
usual linearization procedure, i.e.

dî1d

dt
= ωl î1q −

ûdc1D1d + d̂1dUdc1

L1
+

ûgd

L1
dî1q

dt
= −ωl î1d − ûdc1D1q + d̂1qUdc1

L1
+

ûgq

L1
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dûdc1

dt
=

3
2Cdc1

(D1d î1d + D1q î1q + d̂1dI1d

+ d̂1q I1q ) −
îo1

Cdc1
(2)

where D1d ,D1q , I1d , I1q , and Udc1 are the system’s steady-state
values, which are given by

D1d =
Usd

Udc1
, D1q =

−ωlL1I1d

Udc1
, I1d =

2U 2
dc1

3RL1Usd

I1q = I1q−ref , and Udc1 = Udc1−ref . (3)

Here, the state variables are î1d , î1q , and ûdc1 ; the controlled
variables are d̂1d and d̂1q ; and the disturbances are ûsd , ûsq , and
îo . The small-signal model can be represented in the s-domain
as follows:

s

⎡
⎢⎣

I1d(s)

I1q (s)

Udc1(s)

⎤
⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎣

0 ωl −D1d

L1

−ωl 0 −D1q

L1
3D1d

2Cdc1

3D1q

2Cdc1
0

⎤
⎥⎥⎥⎥⎥⎦

⎡
⎢⎣

I1d(s)

I1q (s)

Udc1(s)

⎤
⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎣

−Udc1

L1
0

0 −Udc1

L1
3I1d

2Cdc1

3I1q

2Cdc1

⎤
⎥⎥⎥⎥⎥⎦

[
D1d(s)

D1q (s)

]

+

⎡
⎢⎢⎢⎣

1
L1

0 0

0 1
L1

0

0 0 − 1
Cdc1

⎤
⎥⎥⎥⎦

⎡
⎢⎣

Ugd(s)

Ugq (s)

Io1(s)

⎤
⎥⎦ . (4)

The typical control configuration for VSCs consists of two
loops, as shown in Fig. 3. The inner loop is used to minimize the
errors between the reference signals (idref , iqref ) and the sensed
currents (id , iq ), and the outer voltage loop is responsible for
minimizing the error between udc−ref and udc . The duty cycles
can be derived as

[
D1d(s)

D1q (s)

]
=

⎡
⎢⎢⎣

Gi1

Udc1

ωlL1

Udc1

Gv1Gi1

Udc1

−ωlL1

Udc1

Gi1

Udc1
0

⎤
⎥⎥⎦

⎡
⎢⎣

I1d(s)

I1q (s)

Udc1(s)

⎤
⎥⎦ (5)

where Gv1 = kvp + kvi/s and Gi1 = kip + kii/s. From (4) and
(5), we obtain the state-space representation of the closed-loop
system as

s

⎡
⎢⎣

I1d(s)
I1q (s)
Udc1(s)

⎤
⎥⎦ = A

⎡
⎢⎣

I1d(s)
I1q (s)
Udc1(s)

⎤
⎥⎦ + B

⎡
⎢⎣

Ugd(s)
Ugq (s)
Io1(s)

⎤
⎥⎦ (6)

where A =⎡
⎢⎢⎢⎢⎣

−Gi1

L1
0 −D1d

L1
− Gv 1 Gi1

Udc1

0 −Gi1

L1
−D1q

L1

3D1d

2Cdc1
+

3Gi1 I1d

2Cdc1Udc1

3D1q

2Cdc1
+

3I1d ωlL1

2Cdc1Udc1

3Id1Gv 1Gi1

2Cdc1Udc1

⎤
⎥⎥⎥⎥⎦

TABLE IV
EIGENVALUES OF THE UNCOUPLED CONVERTERS (INDEPENDENTLY OPERATED)

System Eigenvalues Stability

Converter 1 −1524.885 ± j2889.817, Stable
−4.168, −4.199, −7995.83, −8.029

Converter 2 −1936.866 ± j2622.119, Stable
−4.168, −4.199, −7995.83, −8.067

and

B =

⎡
⎢⎢⎢⎢⎣

1
L1

0 0

0
1
L1

0

0 0 − 1
Cdc1

⎤
⎥⎥⎥⎥⎦

. (7)

For brevity of presentation, we define

I1 =

[
I1d(s)

I1q (s)

]
, Ug =

[
Ugd(s)

Ugq (s)

]
, Y1i =

[
1

L1
0

0 1
L1

]

G1id =

⎡
⎢⎣
−Gi1

L1
0

0 −Gi1

L1

⎤
⎥⎦ , A1i =

⎡
⎣−D1d

L1
− Gv1Gi1

Udc1
−D1 q

L1

⎤
⎦

A1v =
[

3D1d

2Cdc1
+

3Gi1I1d

2Cdc1Udc1

3D1q

2Cdc1
+

3I1dωlL1

2Cdc1Udc1

]

T (s) =
[

G1id A1i

A1v Z1

]
, Z1o = − 1

Cdc1
, Z1 =

3Id1Gv1Gi1

2Cdc1Udc1
.

The impedance function of the closed-loop system can be writ-
ten as follows:[

I1

Udc1

]
= (s1 − T (s))−1

[
Y1i O

O Z1o

] [
Ug

Io1

]
. (8)

where 1 is the unit matrix. Therefore, the characteristic polyno-
mial that determines the stability of the closed-loop system can
be found as

ΦC L (s) = det(s1 − T (s)). (9)

Thus, we can assess the stability of the system by inspecting
the roots of ΦC L (s) = 0, i.e., eigenvalues of T (s). Stability
requires that all eigenvalues have negative real parts. Putting
the parameter values in (9), we can compute the eigenvalues
as given in Table IV, which indicate stable operation of the
uncoupled converters.

B. Interacting Converters in the Absence of Transmission
Line Impedance

The foregoing section derives the conventional converter’s
closed-loop model and assesses the stability of the converters
when working independently (uncoupled). In this section, the
converters are connected to the power grid at a common coupling
point (i.e., LL = 0), and thus, interact with each other. As the
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Fig. 6. Impedance model of the system of interacting converters in dq-frame.

Fig. 7. Block diagram of the impedance model of the system of interacting
converters in dq-frame.

two converters have identical control loops, from (8), we can
derive the converters’ impedance as

[
Ik

Udck

]
=

[
Y C L

ki AC L
ki

AC L
kv ZC L

ko

][
Ug

Iok

]
, (k = 1, 2)

[
Y C L

ki AC L
ki

AC L
kv ZC L

ko

]
= (s1 − T (s))−1

[
Yki O

O Zko

]
. (10)

Combining (10) and Io = Udc/RL , we obtain the input ad-
mittance of each converter as seen at the coupling point as well
as the overall input admittance, i.e.

YVSCk = Y C L
ki + [RLk − ZC L

ko ]−1AC L
ki AC L

kv , (k = 1, 2)

Y (s) = YVSC1 + YVSC2 (11)

where YVSCk (k = 1, 2) is the converter’s input admittance and
Y (s) is the total input admittance of the two converters.

In a likewise manner, the grid impedance can be found from

ZsIs = Us − Ug (12)

where

Is =
[

Isd

Isq

]
, Us =

[
Usd

Usq

]
, Zs =

[
Lss −ωlLs

ωlLs Lss

]
. (13)

Thus, the system’s impedance can be considered in the usual
Thévenin form, as shown in Fig. 6.

Fig. 8. Nyquist diagram of the system of interacting converters.

TABLE V
EIGENVALUES OF THE SYSTEM OF INTERACTING CONVERTERS

System Eigenvalues Stability

61.616 ± j2439.676,
−1749.02 ± j2739.079,

Connected system −4433.38, −4.19 ± j0.011, Unstable
−4.168, −4.199, −8.03,

−8.06, −7995.83

Based on this small-signal model, the current Is from power
grid to the coupled converters is

Is = [1 + Y (s)Zs ]−1Y (s)Us. (14)

Since the converters are stable when operating independently,
both Us and Y (s) are stable and the stability of the connected
system can be assessed by applying Nyquist criterion [8] to

H(s) = [1 + Y (s)Zs ]−1 . (15)

The Nyquist plot of det[1 + Y (s)Zs ], for the purpose of de-
termining stability of the closed-loop system [30], is given in
Fig. 8, which shows encirclement of the origin, and hence, as-
serts that the system is unstable. Numerical calculations of the
poles of the closed-loop system also indicate unstable operation,
as shown in Table V. This result is in full agreement with the
simulations presented earlier.

For a general system with multiconverters connected to a
nonideal power grid at the same PCC as shown in Fig. 1, we can
track the trajectory to determine the overall system’s stability.
The total input admittance of the connected system is YVSC =
YVSC1 + YVSC2 + YVSC3 + · · · + YVSCn , and the impedance
in dq-frame can be obtained as shown in Fig. 9. The stability
can be assessed by examining the root locus of det[1 + YVSCZs ]
= 0.

C. Interacting Converters in the Presence of Transmission
Line Impedance

When the two converters are connected to a nonideal power
grid at different points separated by an impedance (i.e., LL > 0
in Fig. 2), stability of the system can be affected, as observed
previously in Section II. Using the same impedance-based ap-
proach, we can readily find the Thévenin equivalent circuit of
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Fig. 9. Thévenin equivalent circuit of multiple VSCs connected to a nonideal
power grid at the same coupling point.

Fig. 10. Impedance model of the system with transmission line impedance in
dq-frame.

TABLE VI
EIGENVALUES OF THE SYSTEM OF INTERACTING CONVERTERS WITH NONZERO

TRANSMISSION LINE IMPEDANCE

LL Eigenvalues Stability

40 μH −4.679 ± j2447.89, Stable
−1853.05 ± j2633.7,

−4417.128, −4.16, −4.169, −4.199,
−4.224, −8.027, −8.084, −7943.28

50 μH −1.22 ± j2446.77, Stable
−1847.96 ± j2634.06,

−4413.0, −4.16, −4.169, −4.199,
−4.224, −8.027, −8.084, −7930.39

60 μH 2.23 ± j2445.63, Unstable
−1842.92 ± j2634.42,

−4408.86, −4.16, −4.169, −4.199,
−4.224, −8.027, −8.084, −7917.59

70 μH 5.68 ± j2444.48, Unstable
−1837.93 ± j2634.75,

−4404.71, −4.16, −4.169, −4.199,
−4.224, −8.027, −8.084, −7904.89

the system in the presence of transmission line impedance in the
dq-coordinate, as shown in Fig. 10. Here, ZL is the impedance
of the transmission line. Therefore, to ensure stability of
the system, YVSC1 and Y ′

VSC2 should be stable, where Y ′
VSC2

is the combined admittance of converter 2 and the transmission
line. From Kirchhoff’s laws, Y ′

VSC2 can be found as

Y ′
VSC2 = [1 + YVSC2ZL ]−1YVSC2 (16)

where

ZL =
[

sLL −ωlLL

ωlLL sLL

]
. (17)

Similarly, if YVSC2 and [1 + YVSC2ZL ]−1 are stable, so is
Y ′

VSC2 . Thus, the system can be regarded as two admittances
YVSC1 and Y ′

VSC2 connected to the grid. The total admittance is

Y (s) = YVSC1 + Y ′
VSC2 , and using (14) again, we examine the

roots of det[1 + Y (s)Zs ] = 0 for stability assessment. Table VI
presents the system’s eigenvalues with different values of trans-
mission line impedance. It can be concluded that transmission
line impedance destabilizes the system, and as the transmission
line impedance gets larger, the interacting converters becomes
more prone to instability.

The aforementioned analysis clearly shows that the in-
teracting converters can be unstable, while the individual
separately operated converters are stable, and that the in-
teracting converters can also become unstable in the pres-
ence of transmission line impedance between the points of
coupling.

IV. DESIGN-ORIENTED RESULTS AND VERIFICATION

The foregoing analysis provides a precise tool for determin-
ing the system’s stability using interface impedance. However,
for engineering design purposes, it is more useful to identify
the system parameters and their variation trends that have sig-
nificant impact on the stable region of operation [31], [33]. In
this section, we derive stability boundaries using the forego-
ing analysis and present them in design-oriented forms. Results
from simulations of the actual switching circuits will also be
presented for comparison and verification.

Relevant to our present study is the region of stable operation
bounded by the bifurcation boundary corresponding to the loss
of stability via a Hopf-type bifurcation (practically known as
low-frequency oscillation). For the system of two converters
connected to a nonideal power grid, we focus on the following
parameters:

1) the grid impedance Ls ;
2) the transmission line impedance LL ;
3) the dc gains of the two converters’ voltage loop kvp1 , kvp2 ;
4) the converters’ load resistance RL1 , RL2 ;
5) the dc-link capacitance Cdc1 , Cdc2 .
Moreover, for the purpose of comparison, the stability regions

of converters coupled via the power grid and those of the inde-
pendently operating (uncoupled) converters are presented. Our
results are generated from simulations of the complete switching
model, which provides viable verification of the actual physical
system.

In the sequel, we will present a series of design-oriented sta-
bility charts, which are computed from the analysis of Section II
and also from full circuit simulations. Each chart contains two
sets of stability boundaries, shown in red and blue, correspond-
ing to two specific parameter values as labeled in the chart. In
each chart, for the red or blue set of boundaries, the parameter
plane is divided into regions I, II, and III:

1) region I (stable) is the parameter region, where the sys-
tem is stable for both cases of independently operated
converters and grid-coupled converters;

2) region II (intermediate) is the parameter region, where
the independently operated converters are stable, but the
system of grid-coupled converters is unstable;

3) region III (unstable) is the parameter region, where the
system is unstable for both cases of independently oper-
ated converters and grid-coupled converters.
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Fig. 11. Stability boundaries on the 2-dim plane of dc gains, i.e., kv p1 versus kv p2 , with (a) variation of converter 1’s dc load RL 1 with RL 2 = RL 1 ;
(b) variation of grid impedance Ls with RL 1 = RL 2 = 30 Ω; (c) variation of converter 2’s dc-link capacitor Cdc2 with Cdc1 = Cdc2 . Points (∗) are calculated
from analysis of Section III and solid curves are from full circuit simulations.

Fig. 12. Stability boundaries on the 2-dim plane of load resistances, i.e., RL 1 versus RL 2 , with (a) variation of grid impedance Ls with kv p1 = kv p2 = 2.4;
(b) variation of dc gain of converter’s voltage loop with kv p1 = kv p2 ; (c) variation of the dc-link capacitor with Cdc1 = Cdc2 . Points (∗) are calculated from
analysis of Section III and solid curves are from full circuit simulations.

Thus, the boundary separating regions I and II is the bifurca-
tion boundary or stability threshold for the system of coupled
converters, and the boundary separating regions II and III is
the bifurcation boundary for the independently operated con-
verter. In each chart, analytically calculated stability boundaries
are plotted in asterisk (∗), and the corresponding full circuit
simulated boundaries are shown in solid curves.

The dc gains of voltage loop kvp1 , kvp2 are the key parame-
ters that affect stability with respect to Hopf bifurcation. Since
the inner current loop gain is usually chosen to be sufficiently
high to ensure that the current tracks the reference closely, we
will ignore the inner-loop gain in our study. For the system
of converters connected at the same PCC, the stability regions
in the kvp1–kvp2 plane is shown in Fig. 11, for both the un-
coupled and coupled systems for different values of dc loads,
grid impedance, and dc-link capacitors. These charts reveal how
variation of these parameters would affect the stability regions,
and specifically we see that the stable operating regions are re-
duced when either dc load current, line impedance, or dc-link
capacitor is increased.

The dc load resistance of the converters can affect stabil-
ity, as shown in the design-oriented charts of Fig. 12. From
the charts presented in Fig. 12, when one converter is more
heavily loaded, the system moves closer to the boundary of
instability. Moreover, we observe that the region of stabil-
ity shrinks when the converters are coupled via the nonideal
grid.

The converter’s dc-link capacitor is another key parameter
affecting stability. As shown in Fig. 13, one converter should
increase its dc-link capacitor value to ensure stability if the other
converter’s dc-link capacitor value decreases. Moreover, under
different power, control, and grid impedance conditions, the
region of stability is reduced when the converters are connected
to the grid.

When the converters are connected to a nonideal power
grid at different coupling points, the presence of transmission
line impedance affects the stability of the system, as shown
in Fig. 14. It could be observed that the presence of trans-
mission line impedance would shrink the converters’ stability
region.
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Fig. 13. Stability boundaries on the 2-D plane of dc-link capacitors, i.e., Cdc1 versus Cdc2 , with (a) variation of grid impedance Ls with kv p1 = kv p2 = 2.4;
(b) variation of dc gain of converter’s voltage loop with kv p1 = kv p2 ; (c) variation of converter 1’s dc load RL 1 with RL 2 = RL 1 . Points (∗) are calculated from
analysis of Section III and solid curves are from full circuit simulations.

Fig. 14. Effect of varying LL on the stability boundaries: (a) kv p1 versus kv p2 plane; (b) RL 1 versus RL 2 plane; (c) Cdc1 versus Cdc2 plane. Points (∗) are
calculated from analysis of Section III and solid curves are from full circuit simulations.

From the charts presented previously, we see that the analyti-
cally computed boundaries are in perfect agreement with the full
circuit simulated results. The effects of different parameters on
the overall system stability can be summarized qualitatively in
Table VII. Specifically, the system would alter the stability mar-
gin when parameters vary. In the table, the “+” and “−” signs
indicate increasing and decreasing values of the parameters, re-
spectively. Correspondingly, the sign “↑” means enlarging the
overall system stability margin, whereas “↓” refers to reduc-
ing the stability margin. For instance, when the load decreases
(−), the overall system stability region shrinks (↓), and vice
versa.

From Table VII, we see that the stability margin would en-
large when the values of -link capacitor (Cdc) and the converter’s
load (RL ) increase. On the contrary, the stability margin would
shrink when the dc gain of voltage loop (kvp ), grid impedance
(Ls), and transmission line impedance (LL ) increase. To probe
further, we perform simulation to examine the variation of
the stability margin when two key parameters are varied at

the same time. Here, we consider varying two parameters,
which have opposite effects on the stability margin when varied
separately. As shown in Table VIII, the stability margin

TABLE VII
EFFECTS OF VARYING SYSTEM’S PARAMETERS ON STABILITY REGIONS

Parameters Variation Stability Margin

DC gain of voltage loop – + ↑ ↓
DC-link capacitor – + ↓ ↑
Converter’s load – + ↓ ↑
Grid impedance – + ↑ ↓
Transmission line impedance – + ↑ ↓

The “+” and “−” signs indicate increasing and decreasing values of
the parameters, respectively. Correspondingly, “↑” means enlarging
the overall system stability margin and “↓” refers to shrinking of the
stability region.

may change in different ways for different pairs of varying
parameters.

V. EXPERIMENTAL VERIFICATION

The aim of this section is to verify the instability phenomenon
observed in the previous sections. Two three-phase converters
rated at 2 and 4 kW have been constructed in the laboratory.
The control strategy of two converters is the same, as shown
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TABLE VIII
EFFECTS OF VARYING TWO PARAMETERS ON STABILITY REGIONS

Parameters Stability Margin

Cd c , kv p ↓
Cd c , Ls ↑
Cd c , LL ↑
RL , kv p ↓
RL , Ls ↑
RL , LL ↑

The two parameters, when increased separately, have opposite effects on
stability margin. The parameter increments are 50% of their design values.
The signs “↑” and “↓” denote widening and shrinking of the stability
margin.

TABLE IX
CIRCUIT COMPONENTS VALUES FOR THE NONIDEAL POWER GRID

Parameters Values

us a , s b , s c 110 Vrms
Ls 1.2 mH
LL 180 μH
fl 50 Hz

TABLE X
CIRCUIT COMPONENTS VALUES OF THE TWO EXPERIMENTAL VSCS

Parameters Values of VSC1 Values of VSC2

Ud c , r e f 360 V 360 V
Cd c 1000 μF 1000 μF
L 3 mH 3 mH
fs 10 kHz 10 kHz
RL 37 Ω 72 Ω

Fig. 15. Experimental circuits of two coupled power converters.

in Fig. 3, which has been realized on a DSP board. Also, the
insulated-gate bipolar transistors have been applied in the con-
verters. The grid’s parameters and converters’ parameters are
given in Tables IX and X, respectively, which are consistent
with the simulation parameters. The experimental platform is
shown in Fig. 15.

Fig. 16. Waveforms of two converters connected to a nonideal power grid with
no transmission line impedance. (a) Waveforms of converter 1’s line currents
i1a , i1b , dc voltage udc1 and PCC voltage usa when connected to the grid
independently, showing stable operation. (b) Waveforms of converter 2’s line
currents i2a , i2b , dc voltage udc2 and PCC voltage usa when connected to the
grid independently, showing stable operation. (c) Waveforms of two converters’
line currents i1a , i2a , dc voltages udc1 , udc2 , PCC line voltage usa when
connected to the same grid with the same converters’ parameters, showing
unstable operation or low-frequency Hopf-type bifurcation.

As shown in Figs. 16(a) and (b), the two three-phase bal-
anced converters are stable at the rated power levels when they
are working independently, i.e., the grid being an ideal voltage
source behind an impedance. With the same converters’ param-
eters, when the two converters are coupled through connecting
to the same nonideal power grid, both converters become un-
stable and exhibit Hopf bifurcation, as shown in Fig. 16(c).
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Fig. 17. Waveforms of two converters coupled via the nonideal grid. (a) Wave-
forms of two converters’ line currents i1a , i1b , dc voltage udc1 , udc2 , PCC line
voltage usa when coupled to the same grid with transmission line impedance
LL = 0, showing stable operation. (b) Waveforms of two converters’ line cur-
rents i1a , i1b , dc voltage udc1 , udc2 , PCC line voltage usa when coupled to the
same grid with transmission line impedance LL = 180 μH, showing unstable
operation or low-frequency Hopf-type bifurcation.

The two converters exhibit low-frequency oscillation in the dc
output voltages with very significant amount of low-frequency
harmonics in the input line currents. This result is in perfect
agreement with the simulation results shown earlier in Fig. 4. It
can be observed that the oscillation frequency of the dc voltage
is nearly 150 Hz. This result verifies that the two converters
could interact with each other, resulting in loss of stability via
Hopf bifurcation, although they are shown to be stable when
they are independently operated.

Varying the control parameters, we observe that the two
grid-connected converters are stable with transmission line
impedance LL = 0, as shown in Fig. 17(a). However, by in-
creasing the transmission line impedance to a high value LL =
180μH , which is practical [6], both converters lose stability via
Hopf bifurcation, as shown in Fig. 17(b). Low-frequency oscil-
lation in the dc voltage and a large amount of low-frequency har-
monics on the line current can be clearly seen. This result clearly
verifies the analytical result reported in the foregoing sections.

VI. CONCLUSION

Three-phase VSCs connected to a nonideal power grid are
studied in this paper. The emphasis is on the coupling of two or

more converters via the grid and how the resulting interaction
may affect stability of the overall system. It should be readily ap-
preciated that the method presented in this paper is applicable to
three-phase grid-connected inverters. This study is important as
converters are increasingly being deployed for applications in-
volving power conversion functions that require interfacing with
power grid, which is often nonideal. The significant impedance
present in the grid poses an issue deserving attention as con-
verters’ stability is no longer a standalone problem. Through
mutual interaction, converters become more prone to instability
under certain conditions. This paper points out that the overall
system stability should be reconsidered in the light of a more
complete model that takes into account the interaction of con-
verters connected to the grid at a common point of coupling or
different points of coupling. Analysis has been developed using
the impedance approach, and stability boundaries are derived in
various parameter planes. Findings reported in this paper would
facilitate engineers in making design choices related to the se-
lection of parameter values that would guarantee stability in a
sufficiently wide parameter range.
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