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Abstract—With the development of virtual synchronous gener-
ator (VSG) techniques, parallel operations of synchronous genera-
tors (SGs) and VSGs become increasingly common in a microgrid.
The differences between paralleled systems will affect the transient
stability of the system, which probably threatens stable operation
of the system, especially under fault conditions. In this article, the
transient angle stability of a paralleled synchronous and virtual
synchronous generators (SG-VSG) system is investigated by com-
paring it with that of the paralleled VSGs system. It is observed that
the paralleled SG-VSG system is more prone to transient instability
due to the differences between their speed governors. Then, a
control method is proposed to improve the transient stability of
the paralleled SG-VSG system. Furthermore, a Lyapunov method
is employed to establish the nonlinear model of islanded microgrid,
by which the attraction domain of paralleled system is quantified.
The hardware-in-loop experiment is performed to validate the
theoretical analysis.

Index Terms—Islanded microgrid, lyapunov method, paralleled
system, synchronous generator (SG), transient angle stability,
virtual synchronous generator (VSG).

I. INTRODUCTION

TO ADDRESS the environmental pollution and energy cri-
sis, an increasing portion of distributed energy resources

(DERs) are being integrated into conventional power systems
via power electronic converters, which leads to a huge change
in the structure of power systems [1]–[4]. Because of flexibility
and controllability of power electronics, microgrids are experi-
encing a rapid development and can operate both in islanding
and grid-connected modes [5], [6]. However, it is vulnerable
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to disturbances caused by intermittency and uncertainty of re-
newable energies due to lack of inertia, damping, and spinning
reserve capacity of power electronic converters, which poses
considerable challenges in the secure operation. To resolve those
problems, virtual synchronous generators (VSGs) are designed
[7], [8].

With an increasing number of VSGs connected to the micro-
grid, the stability problems are aroused extensive attentions and
have been chiefly focused on that of a single VSG and paralleled
VSGs [8]–[12]. However, VSGs are a type of inverters with
low overcurrent capabilities and thus, are susceptible to physical
damages and need to be protected through the control switching
or even forced outages under severe disturbances [13]. Hence,
reliable power sources are essential to maintain the secure level
of frequency and voltage of an islanded microgrid. Synchronous
generator (SG)-based DERs are one of typical reliable power
sources and widely used in a Consortium for Electric Reliabil-
ity Technology Solutions microgrid [14], [15]. Consequently,
a paralleled synchronous and virtual synchronous generators
(SG-VSG) system exists in microgrids and its stability prob-
lems are needed to be investigated as well, especially under
large disturbances. More importantly, the transient instability
mechanism of paralleled SG-VSG systems is more complicated
than that of a single VSG or paralleled VSGs, which leads to the
difficulty of system planning and designing, and even threatens
the system security.

Prior studies have been primarily carried out to analyze the
transient stability of a single VSG and paralleled VSGs. A single
grid-connected VSG is prone to instability because the reactive
power control loop reduces the internal voltage amplitude of a
VSG through Q–V curve during severe faults [16]. Although
droop-control and VSG-control methods resemble greatly, their
differences lie in that VSG-control methods own the links of
virtual inertia and virtual damping over droop-control methods
[17], [18]. A swing equation of droop-control inverter is built
and a Lyapunov function was derived to evaluate the stability
margin [19]. Transient stability of droop-controlled inverters is
deteriorated during faults due to the existence of a current limiter
[20], [21]. The full-order nonlinear model of droop-controlled
inverters is established by means of the Takagi–Sugeno (TS)
fuzzy model-based Lyapunov method. Then, the accuracy and
validity of reduced order models are discussed in replicating
the performance of the full-order model [22]. Nevertheless, the
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studies mentioned above focus on the transient stability of a
single grid-connected inverter. Generally, large quantities of
inverter-based DERs operate in parallel to scale up the total
generation capacity in microgrids. Thus, it is necessary to inves-
tigate the transient stability of multiple paralleled VSGs. Robust
stability of paralleled VSGs is analyzed in [9] and characteristics
of power oscillation for paralleled VSGs are studied in [10]
and [11]. However, the analysis and mechanism on transient
stability are not covered. Alipoor et al. in [12] propose a transient
stability assessment for paralleled VSGs, but no theoretical
analysis is provided for transient stability mechanism of the
system.

Several research works have been reported on analysis of
transient characteristics for paralleled SG-VSG systems. The
work in [23] experimentally investigates the transient power-
sharing characteristics of paralleled SG-VSG systems. A tran-
sient energy analysis is adopted to assess transient stability
of a paralleled SG-VSG system in [24]. Transient response
between SGs and droop-controlled inverters is studied based on
simulation results [25]. However, those studies mentioned above
lack a theoretical analysis to reveal transient stability mechanism
of paralleled SG-VSG systems. The work in [26] investigates the
stability of microgrids and interactions between SG-based and
inverter-based DERs under islanded conditions. Nevertheless,
it is of narrow limitation to develop large-signal stability of
the system by means of small-signal methods. The cascading
collapse occurs in a large-scale microgrid during extreme events,
because of the slow response of SG-based DERs [27]. However,
essential explanations are lacked to understand the instability
mechanism of the system. Thus, there is an urgent need to
investigate the transient stability mechanism of the paralleled
SG-VSG system. Based on the theoretical analysis, a control
method can be designed to improve the transient stability of the
system.

To guarantee secure operation of VSGs during a fault, vari-
eties of fault ride through control methods are proposed in [13],
[28], and [29]. Those control methods primarily contribute to
limiting the fault current, but the effects on transient stability
of paralleled systems are not discussed. An enhanced control
strategy is added in VSGs by reducing the reference active
power, which can improve transient stability of the system
[16]. The work in [21] proposes a stability enhanced P–f droop
control to prevent the inverter from transient instability under
large disturbances. However, both control methods are designed
for the improvement of transient stability of grid-connected
inverters, but might not be suitable for parallel operation of
SGs and inverters in an islanded microgrid. Hence, a novel
control method is needed to be considered for enhancing the
transient stability of the paralleled SG-VSG system. Then, a
Lyapunov function is derived to evaluate the effectiveness of the
proposed method and estimate stability regions of the system.
Here, the approach for deriving the function is based on a TS
fuzzy model which is useful for modeling nonlinear systems
with multiplication, division, exponential, or square root non-
linearities [22], [30]. Besides, linear matrix inequalities (LMI)
technique is needed to maximize the size of the stability region
[31], [32].

This article aims to investigate transient angle stability of a
paralleled SG-VSG system. It is found that the paralleled SG-
VSG system is more likely to lose stability than the paralleled
VSGs system under serious faults, due to their differences. Then,
a new control method is introduced to enhance the transient
stability of the system. Moreover, a Lyapunov function based
on the TS fuzzy model is derived to quantify transient stability
margins of paralleled systems. The main contributions of this
article are summarized as follows.

1) According to the deduced swing equations, the difference
of speed governors is found between the paralleled VSGs
system and the paralleled SG-VSG system.

2) The instability mechanism of paralleled SG-VSG system
is revealed and comparison of stable operation capability
between two paralleled systems is discussed.

3) A stability-enhanced control method is proposed to im-
prove the transient stability of the paralleled SG-VSG
system by changing the equivalent input torque of the
system.

4) The influences of different parameters on the attraction
domains of the paralleled SG-VSG system are analyzed.

The remainder of this article is organized as follows. In
Section II, swing equations of both paralleled VSGs system and
paralleled SG-VSG system are established, and the transient
instability mechanisms of paralleled systems are explored. In
Section III, a stability-enhanced control method is designed
and a Lyapunov function is deduced to evaluate the transient
stability of the paralleled SG-VSG system. Experimental results
are obtained to verify the theoretical analysis in Section IV.
Section V concludes this article.

II. TRANSIENT STABILITY ANALYSIS OF

PARALLELED SYSTEMS

In this section, swing equations of a paralleled SG-VSG sys-
tem and a paralleled VSGs system are established to discuss the
differences between two paralleled systems. Then, the transient
instability mechanism of paralleled SG-VSG can be revealed
through power–angle (P–δ) curves.

A. Swing Equation of Paralleled Systems

As depicted in Fig. 1(a), the control parts of a SG consist of
an automatic voltage regulator (AVR) and governor. The AVR
and speed governor regulate the terminal voltage and mechanical
speed, respectively [33]. The SG is connected to the bus through
transformer and transmission lines.LT represents the equivalent
transformer inductance. Rl and Ll are the equivalent resistance
and inductance of transmission line l, respectively. Fig. 1(b)
shows the control block of a VSG which is comprised of active-
and reactive power control loops. To be specific, the active power
control loop is to emulate rotor motion equations and regulate
active power, while the reactive power control loop is to control
terminal voltage and regulate reactive power [7]. Lf is the filter
inductance of VSGs.

The swing equation of SGs is as follows [33]:

Jg
dωg

dt
= Tmg − Teg −Dgωg (1)
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Fig. 1. Control blocks. (a) SG. (b) VSG.

where Jg and Dg represent the inertia constant and damping
coefficient of SG, respectively. ωg is the rotor angular frequency
of SG. Teg is the SG’s electromagnetic torque and Tmg is
generated by the speed governor, which can be expressed as
follows:

Tmg = T0g − T ∗
g (2)

dTmg

dt
=

1

τi
[T0g −Kpg(ωg − ω0)− Tmg] (3)

whereKpg is the control parameters of the speed governor. τi and
ω0 are the time-delay constant and reference angular frequency,
respectively. T0g represents the reference input torque. T ∗

g =
Kpg(ωg − ω0).

Combining (1)–(3), there is

Jg
dωg

dt
= T0g −Kpg (ωg − ω0)− τi

dTmg

dt
− Teg −Dgωg.

(4)
The swing equation of VSGs is as follows [15]:

J
dω

dt
= Tm − Te −Dpω (5)

where J and Dp denote the virtual inertia and virtual damping
coefficient of VSG, respectively. ω is the virtual rotor angular
frequency of VSG. Te is the VSG’s output torque and Tm is
generated by the governor, which can be written as follows:

Tm = T0 − T ∗ (6)

where T0 represents the reference input torque. T ∗ =
Kp(ω–ω0).

Fig. 2. Equivalent circuit of a paralleled SG-VSG system.

Fig. 3. Reference frames of SG and VSG2.

According to (5) and (6), there is

J
dω

dt
= T0 −Kp(ω − ω0)− Te −Dpω. (7)

According to (4) and (7), it is found that speed governors are
the main differences between SGs and VSGs.

Fig. 2 shows the equivalent circuit of a paralleled SG-VSG
system. A three-phase short-circuit fault occurs at the load2, and
then the load2 is cut off to clear the fault. An SG can be regarded
as a voltage source in series with an impedance [23]. Z ′

d is equal
to jx′

d and x′
d is the transient reactance. Also, a VSG can be

regarded as a voltage source in series with an impedance [16]. E2

and δ2 are the amplitude and phase of internal voltage of VSG2.
Zfliter2 represent the filter impedance of VSG2. Zload represent
the load impedance. Zlinek is the total impedance between the
export of SG/VSG and the bus, which can be calculated by the
following:

Zlinek = Rl + jω0 (Ll + LT ) . (8)

The voltage-oriented reference frames of SG and VSG2 are
shown in Fig. 3, where the axis (dg–qg) and axis (d2–q2) are their
frames rotating at a frequency of ωg and ω2, respectively. The
axis (d2–q2) is chosen as the common reference frame for the
paralleled SG-VSG system. δg2 is the angle difference between
the SG and VSG, which can be expressed as follows:

δ̇g2 = ωg − ω2. (9)

Fig. 4 shows the equivalent circuit of a paralleled VSGs
system.Ek and δk are the amplitude and phase of internal voltage
of VSG, respectively (k = 1, 2). Zfliterk represents the filter
impedance of VSG. The reference frames of VSG1 and VSG2
are shown in Fig. 5, where the axis1 (d1–q1) and axis2 (d2–q2)
are their reference frames rotating at a frequency of ω1 and ω2,
respectively. Assuming that the angular acceleration of VSG1
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Fig. 4. Equivalent circuit of a paralleled VSGs system.

Fig. 5. Reference frame of VSG1 and VSG2.

is greater than that of VSG2 during a fault, the axis (d2–q2) is
selected as the common reference frame in the paralleled VSGs
system. Hence, δ12 is the angle difference between VSG1 and
VSG2, which leads to

δ̇12 = ω1 − ω2. (10)

The swing equations of the paralleled SG-VSG system and
the paralleled VSGs system are presented as equations (B.8) and
(B.10) in Appendix B, respectively. Obviously, speed governors
are the main differences between two paralleled systems.

B. Transient Angle Stability Analysis of Paralleled Systems

As analyzed above, the main difference between two paral-
leled systems is speed governors. This part will investigate the
effect of the difference on the transient angle stability of the
paralleled SG-VSG system.

Assuming that Dg/Jg and Dp1/J1 are equal to Dp2/J2;
Kpg/Jg and Kp1/J1 are as large as Kp2/J2, (B.8) and (B.10)
can be changed into

Jeqg
d2δ′g2
dt2

=

(
TMg − Jeqg

Dp2

J2
ωg2

)
− Temg sin δ

′
g2 (11)

Jeq
d2δ′12
dt2

=

(
TM − Jeq

Dp2

J2
ω12

)
− Tem sin δ′12. (12)

The damping link belongs to a part of the equivalent input
torque, since it owns a similar function with a speed governor
based on (11) and (12). The equivalent input torques of both
paralleled systems can be rewritten as follows:

T ′
Mg=

J2T0g−JgT02

Jg + J2
− J2E

2
gGgg − JgE

2
2G22

(Jg + J2)ω0
−Jeqg

De2

J2
ωg2

− J2
Jg+J2

τi
dTmg

dt
(13)

Fig. 6. P–δ curve of paralleled systems. (a) Paralleled VSGs system.
(b) Paralleled SG-VSG system.

T ′
M =

J2T01 − J1T02

J1+J2
− J2E

2
1G11−J1E

2
2G22

(J1 + J2)ω0
−Jeq

De2

J2
ω12

(14)

where De2 denotes the equivalent damping coefficient and
De2 = Dp2 +Kp2.

To analyze the effects of the differences on the transient angle
stability of the paralleled SG-VSG system, the transient stability
of the paralleled VSGs system is first discussed. During the
fault, the input torque of the paralleled VSGs system can be
adjusted via speed governors and damping links. Assuming
that the angular acceleration of VSG1 is greater than that of
VSG2 during a fault, the angular frequency of VSG1 is higher
than that of VSG2. Thus, the term –(JeqDe2/J2)ω12 in (14) is
negative. The input power will be continually changed unless
the system reaches steady state. The P–δ curve of the paralleled
VSGs system is shown in Fig. 6(a), where the red dashed line
represents the input power of the paralleled VSGs system during
the fault; Curves I, II, and III describe the relationship between
the output power P and the power angle δ of the paralleled system
during the prefault, fault, and postfault, respectively. Before
subjecting to the fault, the paralleled system initially operates
at the stable equilibrium point a. The operating point moves
from point a to b, when a short-circuit fault occurs. In this case,
the virtual rotor of the paralleled system keeps accelerating and
thus δ successively increases according to (12). From (14), the
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input torque of the paralleled VSGs system is decreased and the
acceleration area S1 is decreased. δ decelerates since the output
power is larger than the input power, after the fault is cleared
at point c. The acceleration area S1 is equal to the deceleration
area S2, when the paralleled system operates at point d. Points e
and f are the stable and unstable equilibrium point, respectively.
The paralleled system is stable if the power angle δu of point f
is larger than δmax of point d.

As analyzed above, the predominant differences between two
paralleled systems are speed governors, which can influence the
transient angle stability of the paralleled SG-VSG system. From
(13) and (14), their difference only affects the input torque of par-
alleled systems. The difference of speed governors is represented
by the term –[J2τi/(Jg + J2)](dTmg/dt). It is known that the
transient angle instability of the paralleled system is intrinsically
caused by the imbalance between the input and output powers.
Thus, it is crucial to discuss the influence of their difference on
the input torque of the paralleled system during a fault.

The difference of speed governors is reflected in that of
time-delay links. The effects of time-delay link of an SG on
transient angle stability of the system are analyzed as follows.
Since the SG’s input torque Tmg decreases by means of speed
governors, –[J2τi/(Jg + J2)](dTmg/dt) in (13) is positive and
thus the input torque of the paralleled SG-VSG system is larger
than that of the paralleled VSGs system. The rotor of SG starts
to decelerate, when the fault is cleared. Tmg increases and then
–[J2τi/(Jg + J2)](dTmg/dt) is negative, which prevents Tmg

from increasing. In the early stage of fault clearance, the input
power of the paralleled SG-VSG system is still larger than that
of the paralleled VSGs system, as shown in Fig. 6(b). The blue
dashed line stands for the input power of the paralleled SG-VSG
system when the difference of speed governors is considered.
Obviously, the input power changes with the variation of SG’s
angular frequency. Compared to the paralleled VSGs system, the
acceleration area of the paralleled SG-VSG system increases,
and its deceleration area decreases. Thus, the paralleled SG-
VSGs system becomes more prone to instability than the paral-
leled VSGs system. In this section, transient angle stability of the
system is analyzed under three-phase symmetrical faults. For the
analysis of system transient stability under asymmetric faults,
the system is needed to be separated into positive, negative, and
zero sequence networks [33].

III. STABILITY-ENHANCED CONTROL AND TRANSIENT

STABILITY ESTIMATION

In this section, a new method is proposed to improve the
transient angle stability based on the instability mechanism
analysis of a paralleled SG-VSG system. Besides, a Lyapunov
function is derived to quantify the stability margin of paralleled
SG-VSG system.

A. Stability-Enhanced VSG Control

As discussed in Section II, the input power of the paralleled
SG-VSG system increases more than that of the paralleled VSGs
system, since paralleled SG-VSG system owns a supplementary
time-delay link compared with the paralleled VSG system. That
would lead to both a larger acceleration area and a smaller

Fig. 7. Diagram of the stability-enhanced control.

Fig. 8. P–δ curve of the paralleled SG-VSG system with the stability-enhanced
control.

deceleration area, which reduces the stability margin of the
system. Namely, the angle instability is caused by the sustained
imbalance between the input power and output power during a
fault. Thus, the transient angle stability of the system can be
enhanced by reduction of the input power.

Fig. 7 gives the block diagram of the stability-enhanced
control. To achieve it, the steps are as follows: the angular
frequency of SG is collected to be fed into VSG control;
the difference of angular frequency between SG and VSG is
sent into a proportional controller; an additional torque is pro-
duced to adjust the input torque. The additional torque can be
expressed by

ΔT = Kpω(ω − ωg) (15)

where Kpω is the stability-enhanced coefficient.
Fig. 8 shows the P–δ curve of the paralleled SG-VSG system

with the stability-enhanced control. The control method does
not contribute when the angular frequency of SG is equal to that
of VSG in steady state. As is known in Section II, the angular
frequency of SG is larger than that of VSG during a short-circuit
fault. Hence, ΔT is negative according to (15). The equivalent
input torque of the paralleled SG-VSG system is decreased from
(13) and thus the stability margin of the system is increased.

B. Lyapunov Function Based on TS Fuzzy Model

A TS fuzzy model is used to derive a Lyapunov function
which can be applied to the estimation of attraction domains of
the system [22]. The Lyapunov function is constructed by the
steps as follows.
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Fig. 9. Estimated attraction domain of paralleled systems projected on the
x1–x2 plane, where x1 is δg2–δg20 and x2 is ωg–ωg0.

Fig. 10. Estimated attraction domain with variations of τi.

Step 1: Defining the nonlinear system as ẋ = A(x)x and es-
tablishing a nonlinear matrix function A(x).

Step 2: Calculating the minimum and maximum values for
each nonlinear quantity in A(x). Thus, 2r matrices Ai

are obtained when there are r nonlinear quantities.
Step 3: Obtaining a matrix M which satisfies the LMI:{

M = MT > 0

AT
i M +MAi < 0.

(16)

Step 4: Constructing the Lyapunov function, which is ex-
pressed as follows:

V (x) = xTMx. (17)

TS fuzzy model-based Lyapunov functions of the paralleled
SG-VSG system are detailed in Appendix C. The attraction
domains of paralleled systems can be evaluated. Fig. 9 shows the
attraction domains of paralleled systems projected on the x1–x2
plane, where the state variables x1 is δg2–δg20 and x2 is ωg–ωg0.
The system can regain its equilibrium when it is initialized
within the estimated domain. It can be seen that the estimated
attraction domain of the paralleled SG-VSG system with the
proposed method is larger than that of the paralleled SG-VSG
system without the proposed method, which is consistent with
the theoretical results.

C. Effect of Different Parameters on Attraction Domain

The effects of different parameters on the attraction domain
of the paralleled SG-VSG system are investigated in this part.

Fig. 11. Estimated attraction domain of the paralleled SG-VSG system. (a)
Variations of Kpg , (b) Variations of Kp2.

Fig. 12. Reactive power control loop of VSG2.

1) Effect of Time-Delay Constant τi: The effect of time-delay
constant on attraction domain is analyzed with τi varied from
0.3 to 1.2 s, as depicted in Fig. 10. It is shown that the attraction
domain decreases with the increase of the time-delay constant.
That is, a larger time-delay constant is not conducive to the
system stability. A larger time-delay constant leads to slower
change in the input power during faults, which leads to the rapid
increases of power angle and thus deteriorates the transient angle
stability of the system.

2) Effect of Proportional Controller Parameter Kpg and
Kp2: Fig. 11 shows the estimated attraction domains with dif-
ferent Kpg and Kp2. The results show that a larger Kpg or a
smaller Kp2 is more beneficial to the transient stability of the
paralleled SG-VSG system. As indicated in Fig. 6(d), a larger
Kpg or a smaller Kp2 would lead to a smaller acceleration area
during a fault and a larger deceleration area during a postfault.
Namely, a larger Kpg or a smaller Kp2 would help the system
to return back to stability after the clearance of a fault.

3) Effect of Reactive Power Control Loop of VSG2: The
reactive power control loop of VSG2 is shown in Fig. 12 [16],
[17], which can be expressed as follows:

K2
dE2

dt
= Q02 −Q2 −Dq2 (E2 − E02) (18)



CHENG et al.: TRANSIENT ANGLE STABILITY OF PARALLELED SYNCHRONOUS AND VSCs IN ISLANDED MICROGRIDS 8757

Fig. 13. Estimated attraction domain with variations of Dq2.

Fig. 14. Estimated attraction domain with variations of K2.

where K2 and Dq2 are the voltage integral coefficient and Q–
V coefficient, respectively. Q2 and Q02 represent the reactive
power and reference reactive power, respectively. E02 is the
reference voltage.

Obviously, the effects of reactive power control loop on
the system stability can be illustrated by estimating attraction
domains with variations of the coefficients Dq2 and K2. The
Q–V coefficient Dq2 increases from 80 to 320 and the result
is given in Fig. 13. A larger Dq2 leads to a smaller estimated
attraction domain, which would deteriorate the system stability.
Fig. 14 depicts that the estimated attraction domain of the system
will be enlarged with a smaller K2.

IV. VALIDATIONS

In this section, the simulation results verify the accuracy of
analytical models of both paralleled systems in Section II. Then,
the control hardware-in-loop experiments are implemented to
validate the correctness of theoretical analysis and the effective-
ness of the proposed method.

A. Simulation Results

The simulations are carried out to validate the accuracy of
analytical models in Section II. Fig. 15 shows the time-domain
responses of angular frequencies and active powers of VSG1
and VSG2 in the paralleled VSGs system. The fault duration
is 0.7 s. The red dashed lines represent waveforms of angular
frequencies and active powers of the analytical model. The blue

Fig. 15. Comparison of time-domain evaluation between the analytical models
and simulation models in paralleled VSGs system when the fault duration is
0.7 s. (a) Angular frequency of VSG1. (b) Angular frequency of VSG2.
(c) Active power of VSG1. (d) Active power of VSG2.

(c)

Fig. 16. Comparison of time-domain evaluation between the analytical models
and simulation models in the paralleled SG-VSG system when the fault duration
is 0.7 s. (a) Angular frequency of SG. (b) Angular frequency of VSG. (c) Active
power of SG. (d) Active power of VSG.

solid lines stand for waveforms of angular frequencies and active
powers of the simulation model. Obviously, similar responses
of angular frequencies are obtained from both models during
prefault, fault, and postfault. The amplitude of active power of
simulation model is larger than that of the analytical model at the
moment that a symmetrical fault occurs, while there are similar
transient responses of active powers during fault and postfault.
Namely, the analytical model of the paralleled VSGs system can
capture the transient performance well.

Fig. 16 depicts the time-domain evolutions of angular fre-
quencies and active powers of SG and VSG in the paralleled
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Fig. 17. Experiment results of paralleled VSGs system when the fault duration
is 0.62 s. (a) Angular frequency of VSG1 and VSG2. (b) Active power of VSG1
and VSG2. (c) Voltage magnitude of VSG1 and VSG2. (d) Current magnitude
of VSG1 and VSG2.

SG-VSG system. At the same fault duration, the paralleled
SG-VSG system loses its stability and the angular frequencies
and active powers of both models oscillate. It can be noticed
that the transient behavior of the analytical model matches well
with that of the simulation model during the fault. After the
fault is cleared, both models have similar transient responses on

Fig. 18. Angular frequency versus power angle trajectory of two paralleled
systems when the fault duration is 0.62 s.

the 10 s time scale. Thus, the analytical model of the paralleled
SG-VSG system can be used to analyze transient angle stability
of the system.

B. Experimental Results: Paralleled Systems

The control hardware-in-loop experiments are carried out to
verify the correctness of the theoretical analysis. Figs. 2 and 4
show the study systems, and the control blocks are depicted in
Fig. 1. Detailed parameters are given in Table I of Appendix A.

1) Paralleled VSGs System: Fig. 17 shows the experimental
results of the paralleled VSGs system when the fault duration
is 0.62 s. ω and Pe represent the angular frequency and active
power, respectively. Vm and Im are the voltage magnitude and
current magnitude.

As depicted in Fig. 17, the angular acceleration of VSG1 is
greater than that of VSG2 during the fault, which is coincident
with the theoretical assumptions. The angle difference between
VSG1 and VSG2 is sustainably increased. The active power
and voltage magnitude of VSG1 and VSG2 are decreased while
the current magnitude is suddenly increased. After the fault
is cleared, the angular speeds of two VSGs are finally equal
and reach a stable equilibrium point. Besides, the active power,
voltage, and current remain stable.

2) Paralleled SG-VSG System: Fig. 18 shows the angular fre-
quency versus power angle trajectory of two paralleled systems
when the duration of the short-circuit fault is 0.62 s. ω12 and
δ12 are the angular frequency and angle difference between
two VSGs. ωg2 and δg2 are the angular frequency and angle
difference between the SG and the VSG. The power angle of the
paralleled VSGs system returns to a stable equilibrium point.
However, the power angle of the paralleled SG-VSG system
cannot get to an equilibrium point and system state variables
diverge, which is consistent with the theoretical results.

The corresponding experimental results of paralleled SG-
VSG system are illustrated in Fig. 19. The angular frequencies of
SG and VSG2 keep oscillating after the fault is cleared at 4.62 s.
Consequently, the angle difference between SG and VSG2 will
be continuously increased. Namely, the system loses transient
angle stability. The voltage, current, and active power continu-
ally fluctuate in this condition, as depicted in Fig. 19(b)–(d).

In summary, the experimental results of two paralleled sys-
tems are compared after the fault is cleared. The transient angle
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Fig. 19. Experiment results of the paralleled SG-VSG system when the fault
duration is 0.62 s. (a) Angular frequency of SG and VSG2. (b) Active power of
SG and VSG2. (c) Voltage magnitude of SG and VSG2. (d) Current magnitude
of SG and VSG2.

instability occurs in the paralleled SG-VSG system, which ac-
companies with the phenomenon of increase of sustained angle
between the SG and the VSG. Simultaneously, the voltage,
current, and power are oscillating. Nevertheless, the paralleled

Fig. 20. Angular frequency versus power angle trajectory with or without the
proposed method when the fault duration is 0.62 s.

Fig. 21. Experiment results of the paralleled SG-VSG system with the pro-
posed method when the fault duration is 0.62 s. (a) Angular frequency of SG
and VSG2. (b) Active power of SG and VSG2. (c) Voltage magnitude of SG and
VSG2. (d) Current magnitude of SG and VSG2.
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Fig. 22. Topology of parallel operation of a SG and two VSGs in an islanded
microgrid.

VSGs system can restore stability with the stable voltage, cur-
rent, and power. It can be proved that the differences between
two paralleled systems aggravate the transient instability of the
paralleled SG-VSG system.

3) Paralleled SG-VSG System With the Proposed Method:
The stability-enhanced control is added in VSG2 to improve
the transient stability of the paralleled SG-VSG system. The
stability-enhanced coefficient Kpω is 100. Angular frequency
versus power angle trajectory with or without the proposed
method is shown in Fig. 20. It can be seen that the system loses
stability without the proposed method, while it can return to
the stable equilibrium point with the proposed method after the
fault is cleared at 4.62 s. The proposed method can change the
fault trajectory of the studied system because it slows down
the acceleration process and speeds up the deceleration pro-
cess by balancing the input active power and the output active
power. Furthermore, effectiveness of the proposed method to
enhance the transient stability is demonstrated by experiment
results.

From Fig. 21(a), the angular frequency of VSG2 can track that
of SG well and thus the angle difference between SG and VSG2
is relatively smaller during the fault. The angular frequencies of
SG and VSG2 are stable and the system is in steady state after the
fault clearance. The voltage, current, and active power remain
stale under the circumstances, as depicted in Fig. 21(b)–(d).
Thus, the proposed method can improve the transient stability
of the paralleled SG-VSG system.

C. Experimental Results: Parallel Operation of an SG and
Two VSGs in an Islanded Microgrid

To further validate the effectiveness of the proposed method,
the transient response of parallel operation of an SG and two
VSGs in an islanded is investigated and its topology is presented
in Fig. 22. A short-circuit fault occurs at loada and the fault
duration is 2 s. Detailed parameters are shown in Table II of
Appendix A.

The angular frequencies of SG and two VSGs are shown in
Fig. 23(a). Obviously, those angular frequencies keep oscillating
and the system loses transient angle stability after the fault
clearance. Moreover, the active power of SG and two VSGs is

Fig. 23. Experiment results of parallel operation of a SG and two VSGs when
the fault duration is 2 s. (a) Angular frequency of a SG and two VSGs. (b) Active
power of a SG and two VSGs. (c) Voltage magnitude of a SG and two VSGs.
(d) Current magnitude of a SG and two VSGs.

dramatically oscillating, as depicted in Fig. 23(b). Their voltage
and current are unstable, which is illustrated in Fig. 23(c) and
(d). That stability problem deteriorates the system responses
and results in failure of the system recovery when the system is
subjected to large disturbances.

Fig. 24 shows the experiment results of the system with
the proposed method. Clearly, the angular frequencies of SG
and two VSGs are approximately the same and continuously
increase during the fault. Those angular frequencies start to
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Fig. 24. Experiment results of parallel operation of an SG and two VSGs with
the proposed method when the fault duration is 2 s. (a) Angular frequency of
an SG and two VSGs. (b) Active power of a SG and two VSGs. (c) Voltage
magnitude of a SG and two VSGs. (d) Current magnitude of a SG and two
VSGs.

restore stability when the fault is cleared at 6 s. Accordingly, the
active power, voltage, and current of SG and two VSGs are also
in a steady state. That is, the system can remain in synchronism
after large disturbance.

From the results in Figs. 23 and 24, it can be observed that the
proposed method can effectively enhance the system stability

under large disturbances and guarantee the secure operation of
the system.

V. CONCLUSION

In this article, the transient stability of two islanded systems
is investigated in the context of paralleled VSGs and paralleled
SG-VSG. The differences of two systems are discussed and the
instability mechanisms of the paralleled SG-VSG system are
elaborated through P–δ curves. Based on the theoretical analysis,
a novel control method is proposed to improve the transient
stability of the paralleled SG-VSG system. Furthermore, a Lya-
punov function is proposed based on TS fuzzy model to quantify
the transient stability of the paralleled system.

1) The transient angle instability of the paralleled SG-VSG
system is worse aggravated by the time delay of SG’s speed
governor under large disturbances, compared to that of the
paralleled VSGs system.

2) The transient stability of the paralleled SG-VSG system
can be enhanced by decreasing the input active power, be-
cause transient angle instability results from the imbalance
between the input power and output power.

3) The SG with a larger time-delay constant is easier to drive a
paralleled SG-VSG system into the unstable region during
a fault. The estimated attraction domain of the paralleled
SG-VSG system is reduced under the condition of SG with
a smaller proportional controller parameter. However, the
VSG with a smaller proportional controller parameter is
more beneficial for transient stability of the system.

4) The attraction domains of the paralleled SG-VSG system
are estimated with variations of the voltage integral coef-
ficient and Q–V coefficient of VSG, which quantifies the
effects of reactive power control loop on the system stabil-
ity. The system is more likely to lose stability with a larger
voltage integral coefficient or a larger Q–V coefficient of
VSG.

APPENDIX A

TABLE I
SYSTEM PARAMETERS
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TABLE II
SYSTEM PARAMETERS

APPENDIX B

1) SWING EQUATION OF THE PARALLELED SG-VSG SYSTEM

According to [8] and [33], the dynamics of inductors can
be ignored those are in the faster time scale compared with the
dynamics of power control loop and mechanical rotor. The active
power of SG and VSG can be calculated by [30]

Pg = E2
gGgg + EgE2 |Yg2| cos (δg2 + φg2) (B.1)

P2 = E2
2G22 + EgE2 |Yg2| cos (δg2 − φg2) (B.2)

whereGgg andBgg are the conductance and susceptance of Ygg .
G22 and B22 are the conductance and susceptance of Y22. |Yg2|
and φg2 are the amplitude and phase of Yg2⎧⎪⎨

⎪⎩
Ygg = Yg (Y2 + Y3) / (Yg + Y2 + Y3)

Yg2 = −YgY2/ (Yg + Y2 + Y3)

Y22 = Y2 (Yg + Y3) / (Yg + Y2 + Y3)

(B.3)

where ⎧⎪⎨
⎪⎩

Yg = 1/Ztg

Y2 = 1/Zt2

Y3 = 1/Zload

(B.4)

where Ztg = Z ′
d + Zline2 and Zt2 = Zfilter2 + Zline2.

From (4), (7), (B.1), and (B.2), the swing equations of SG and
VSG can be derived as follows:

Jg
d2δg
dt2

= T ′
mg −

EgE2 |Yg2|
ωg0

sin δtg −Dgωg (B.5)

J2
d2δ2
dt2

= T ′
2 −

EgE2 |Yg2|
ω20

sin δtg −Dp2ω2 (B.6)

where ωg0 and ω20 are equal, which can be represented by ω0⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

T ′
mg = T0g − E2

gGgg

ω0
−Kpg (ωg − ω0)− τi

dTmg

dt

T ′
2 = T02 − E2

2G22

ω0
−Kp2(ω2 − ω0)

δtg = δg2 + φg2 − 90◦

δt2 = δg2 − φg2 − 90◦.

(B.7)

Combining (B.5) and (B.6), the swing equation of the paral-
leled VSGs system can be deduced as follows [30]:

Jeqg
d2δ′g2
dt2

= TMg−Temg sin δ
′
g2−Jeqg

(
Dg

Jg
ωg − Dp2

J2
ω2

)

(B.8)
where d2δ′g2/dt

2 is the relative angular acceleration between SG
and VSG.Jeq_g is the equivalent inertia constant of the paralleled
SG-VSG system. TMg and Temgsinδ′g2 are the equivalent input
and output torque of the paralleled SG-VSG system, respectively

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Jeqg =
JgJ2

Jg+J2

δ′g2 = δg2 − γg
γg = −arccot(

Jg−J2

Jg+J2
cotφg2)− 90◦

TMg =
J2Tmg−JgTm2

Jg+J2
− J2E

2
gGgg−JgE

2
2G22

(Jg+J2)ω0

Tmg = T0g −Kpg (ωg − ω0)− τi
dTmg

dt

Tm2 = T02 −Kp2 (ω2 − ω0)

Temg =
EgE2|Yg2|

√
J2
g+J2

2−2JgJ2 cos 2φg2

(Jg+J2)ω0
.

(B.9)

2) SWING EQUATION OF THE PARALLELED VSGS SYSTEM

Similarly, the swing equation of the paralleled VSGs system
can be expressed by

Jeq
d2δ′12
dt2

= TM − Tem sin δ′12 − Jeq

(
Dp1

J1
ω1 − Dp2

J2
ω2

)

(B.10)
where d2δ′12/dt

2 is the relative angular acceleration between
VSG1 and VSG2. Jeq is the equivalent inertia of the paralleled
VSGs system. TM and Temsinδ′12 are the equivalent input- and
output torque of the paralleled VSGs system. The variables
mentioned above are presented as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Jeq = J1J2

J1+J2

δ′12 = δ12 − γ

γ = −arccot( J1−J2

J1+J2
cotφ12)− 90◦

TM = J2T01−J1T02

J1+J2
− J2E

2
1G11−J1E

2
2G22

(J1+J2)ω0

Tm1 = T01 −Kp1 (ω1 − ω0)

Tm2 = T02 −Kp2 (ω2 − ω0)

Tem =
E1E2|Y12|

√
J2
1+J2

2−2J1J2 cos 2φ12

(J1+J2)ω0

(B.11)

where G11 and B11 are the conductance and susceptance of Y11.
G22 and B22 are the conductance and susceptance of Y22. |Y12|
and φ12 are the amplitude and phase of Y12⎧⎪⎨

⎪⎩
Y11 = Y1 (Y2 + Y3) / (Y1 + Y2 + Y3)

Y12 = −Y1Y2/ (Y1 + Y2 + Y3)

Y22 = Y2 (Y1 + Y3) / (Y1 + Y2 + Y3)

(B.12)

where Y1, Y2, and Y3 are as follows:⎧⎪⎨
⎪⎩

Y1 = 1/Zt1

Y2 = 1/Zt2

Y3 = 1/Zload

(B.13)

where Ztk is equal to the sum of Zfilterk and Zlinek.
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APPENDIX C

1) PARALLELED SG-VSG SYSTEM

The paralleled SG-VSG system can be modeled as follows
[8], [33]:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẋ1 = x2 − x6

ẋ2 = 1
J1

{[1.5 (L′
d − Lq) f (x2) f (x4) f (x5)−Deg]x2

−1.5f (x2) f (x5)x3 + 1.5ωg0

(L′
d − Lq) I1q0f (x2)x4

−1.5 [E ′
q0f (x2)− ωg0 (L

′
d − Lq) f (x2) f (x4)]

x5 + x10}
ẋ3 = 1

T ′
d0

[−x3 − (xd − x′
d)x4]

ẋ4 = Rload

Lline1

[
(sin δg20f (x8)− cos δg20f (x9))x1

+
Lline1+Lq

Rload
f (x5)x2 −

(
1 +

Rtg

Rload

)
x4

+
Lline1+Lq

Rload
ωg0x5 − cos δg20x8 − sin δg20x9

]
ẋ5 = Rload

Lline1

[
(sin δg20f (x9)+cosδg20f (x8))x1

− Ltg

Rload
f (x4)x2 +

1
Rload

x3 − Ltg

Rload
ω10x4

−
(
1 +

Rtg

Rload

)
x5 + sin δg20x8 − cos δg20x9

]
ẋ6=

1
J2

(−De2x6−1.5f (x6) f (x9)x7 − 1.5E20f (x6)x9)

ẋ7 = 1
K2

[(−Dq2 − 1.5f (x8))x7 − 1.5E20x8]

ẋ8 = Rload

Lt2

[
(sin δg20f (x4) + cos δg20f (x5))x1

− cos δg20x4 + sin δg20x5 +
Lt2

Rload
f (x9)x6

−
(
1 + Rt2

Rload

)
x8 +

Lt2

Rload
ω20x9

]
ẋ9 = Rload

Lt2

[
(− cos δg20f (x4) + sin δg20f (x5))x1

− sin δg20x4 − cos δg20x5 − Lt2

Rload
f (x8)x6

+ 1
Rload

x7 − Lt2

Rload
ω20x8 −

(
1 + Rt2

Rload

)
x9

]
ẋ10 = 1

τi
(−Kpx2 − x10)

(C.1)

with
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

x1 = δg2 − δg20, x2 = ωg − ωg0

x3 = E ′
q − E ′

q0, x4 = I1d − I1d0

x5 = I1q − I1q0, x6 = ω2 − ω20

x7 = E2 − E20, x8 = I2d − I2d0

x9 = I2q − I2q0, x10 = Tmg − Tmg0

(C.2)

{
f (x2) =

1
x2+ωg0

, f (x4) = x4 + I1d0, f (x5) = x5 + I1q0

f (x6) =
1

x6+ω20
, f (x8) = x8 + I2d0, f (x9) = x9 + I2q0

(C.3)

where Deg equals to the sum of Kpg and Dg. xd and T ′
d0 are

the d-axis synchronous reactance and the d-axis open-circuit
transient time constant. E′

q is the internal voltage of SG. De2 is
equivalent to the sum of Kp2 and Dp2. Ikd and Ikq represent the
d-axis and q-axis components of line current. The subscript “0”
refers to the steady-state operating point.

Based on the above model, the system is expressed as ẋ =
A(x)x with six nonlinear quantities. Then, the Lyapunov func-
tion can be constructed by following the steps in Section III-B.

2) PARALLELED SG-VSG SYSTEM WITH THE

PROPOSED METHOD

The paralleled SG-VSG system with the proposed method can
be modeled as follows [8], [33]: eq. (C.4) shown at the bottom
of this page, with

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

x1 = δg2 − δg20, x2 = ωg − ωg0

x3 = E ′
q − E ′

q0, x4 = I1d − I1d0

x5 = I1q − I1q0, x6 = ω2 − ω20

x7 = E2 − E20, x8 = I2d − I2d0

x9 = I2q − I2q0, x10 = Tmg − Tmg0

(C.5)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẋ1 = x2 − x6

ẋ2 = 1
J1

{[1.5 (L′
d − Lq) f (x2) f (x4) f (x5)−Deg]x2 − 1.5f (x2) f (x5)x3 + 1.5ωg0 (L

′
d − Lq) I1q0f (x2)x4

−1.5 [E ′
q0f (x2)− ωg0 (L

′
d − Lq) f (x2) f (x4)]x5 + x10}

ẋ3 = 1
T ′

d0
[−x3 − (xd − x′

d)x4]

ẋ4 = Rload

Lline1

[
(sin δg20f (x8)− cos δg20f (x9))x1 +

Lline1+Lq

Rload
f (x5)x2 −

(
1 +

Rtg

Rload

)
x4

+
Lline1+Lq

Rload
ωg0x5 − cos δg20x8 − sin δg20x9

]
ẋ5 = Rload

Lline1

[
(sin δg20f (x9)+cosδg20f (x8))x1 − Ltg

Rload
f (x4)x2 +

1
Rload

x3 − Ltg

Rload
ω10x4

−
(
1 +

Rtg

Rload

)
x5 + sin δg20x8 − cos δg20x9

]
ẋ6 = 1

J2
(Kpωx2 − (De2 +Kpω)x6 −1.5f (x6) f (x9)x7 − 1.5E20f (x6)x9)

ẋ7 = 1
K2

[(−Dq2 − 1.5f (x8))x7 − 1.5E20x8]

ẋ8 = Rload

Lt2

[
(sin δg20f (x4)+cos δg20f (x5))x1 − cos δg20x4+sin δg20x5+

Lt2

Rload
f (x9)x6 −

(
1+ Rt2

Rload

)
x8 +

Lt2

Rload
ω20x9

]
ẋ9 = Rload

Lt2

[
(− cos δg20f (x4) + sin δg20f (x5))x1 − sinδg20x4 − cos δg20x5 − Lt2

Rload
f (x8)x6

+ 1
Rload

x7 − Lt2

Rload
ω20x8 −

(
1 + Rt2

Rload

)
x9

]
ẋ10 = 1

τi
(−Kpx2 − x10)

(C.4)
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{
f (x2) =

1
x2+ωg0

, f (x4) = x4 + I1d0, f (x5) = x5 + I1q0

f (x6) =
1

x6+ω20
, f (x8) = x8 + I2d0, f (x9) = x9 + I2q0

.

(C.6)

Similarly, the system is represented as ẋ = A(x)x with six
nonlinear quantities. Then, the Lyapunov function can be con-
structed by following the steps in Section III-B.
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