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Transient Stability Analysis and Control Strategy 

for Paralleled Grid-forming Renewable Power 

Generations under Symmetric Faults 

Sen Huang, Jun Yao, Member, IEEE, Wenwen He, Dong Yang, and Hai Xie 

Abstract—Similar to synchronous generators (SGs), 
symmetrical short-circuit faults can reduce the stability 
margin of grid-forming renewable power generation 
(GFM-RPG), thereby heightening the risk of transient 
instability. While existing studies primarily examine sin-
gle-machine infinite-bus systems, this work explores 
transient stability challenges inherent in paralleled 
GFM-RPG systems. First, through rigorous mathematical 
derivation, it establishes that the transient characteristics 
of paralleled systems can still be effectively characterized 
by a second-order motion equation. Subsequently, by 
applying the extended equal area criterion (EEAC) and 
numerical solutions to differential equations, the study 
uncovers the governing principles behind the variations in 
the critical clearing angle (CCA) and critical clearing time 
(CCT) for the paralleled GFM-RPG system under various 
operating conditions. Finally, to mitigate potential insta-
bility risks, two corrective strategies, namely adaptive 
damping enhancement and power switching control, are 
proposed to improve the transient stability of the paral-
leled system during symmetrical faults. Simulation results 
confirm the accuracy of the theoretical analysis and 
demonstrates the effectiveness of the proposed strategy. 

Index Terms—Grid-forming, renewable power genera-
tion, transient, stability control strategy. 

 

NOMENCLATURE 

A. Variables 

, ,E E   
vectors, amplitude, and phase angle of in-

herent voltage 
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L F, ,Z Z Z  
line impedance, load impedance, and fault 

impedance 

g b, ,    
GFM-RPG’s output angular frequency, rated 

angular frequency, and angular frequency 

base value 

ref ref,P Q  active and reactive power reference value 

e e,P Q  active and reactive power output value 

,  J D  virtual inertia and damping coefficient 

qK  proportional coefficient of reactive power 

control loop 

0 ref,  E E  rated and reference voltage amplitude 

f f,  C L  filter capacitor and inductance 

B. Subscripts  

n, f normal and fault conditions 

Ⅰ.   INTRODUCTION 

n recent years, the rapid advancement of renewable 
energy technologies has led to a substantial increase 

in the integration of renewable energy sources into 
power systems [1]–[3]. Owing to their fast switching 
speeds and flexible control capabilities, power elec-
tronic devices offer distinct advantages in enhancing 
power quality and advancing smart grid construction [4]. 
However, their inherently low inertia and insufficient 
damping characteristics present significant stability 
challenges when subjected to disturbances, posing se-
rious risks to the safety and reliability of the power 
supply [5]–[7]. To improve the weak disturbance im-
munity of power electronic devices, grid-forming (GFM) 
control, incorporating inertia and damping mechanisms, 
has been developed [8]. By simulating the external 
characteristics of traditional synchronous generators 
(SG), renewable power generation (RPG) can actively 
regulate both frequency and voltage. Consequently, 
grid-forming renewable power generation (GFM-RPG) 
is capable of functioning in isolated islands [9]–[10]. 
However, given that GFM-RPG retains the control 
characteristics of a power electronic device, its an-
ti-interference ability is far inferior to that of SG. Under 
extreme conditions, such as short-circuit faults, 
GFM-RPG remains vulnerable to instability, presenting 
considerable risks [11]. 

I 
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Currently, stability concerns associated with GFM-RPG 
have garnered extensive attention from both academia 
and industry. Utilizing impedance analysis and 
state-space method [12]–[15], various studies have de-
termined that factors such as grid strength, power loop 
control parameters, system operating points, and the 
voltage control loop all play pivotal roles in influencing 
the stability of grid-connected GFM-RPG. References 
[16] and [17] highlight that the synchronization stability 
of GFM-RPG under minor disturbances can be im-
proved through the optimization of controller parameters 
and the integration of supplementary controllers. 

In addition, some scholars have investigated the tran-
sient stability issue of GFM-RPG under significant dis-
turbances. Reference [9] analyzes the impact of reactive 
power voltage droop on the stability of GFM-RPG, re-
vealing that this interaction leads to a reduction in the 
transient stability margin of the converter. Reference [18] 
asserts that non-inertial GFM-RPG can reliably transi-
tion to a new operating status as long as an equilibrium 
point exists. Utilizing the phase portrait method, refer-
ence [19] investigates the transient stability of four dif-
ferent GFM-RPG types, elucidates the impact of con-
troller gain and virtual inertia, and subsequently pro-
poses guidelines for controller parameter design criteria 
for GFM-RPG. Reference [20] employs the Lyapunov 
direct method to derive sufficient conditions for ensuring 
the transient stability of GFM-RPG control parameters. 
However, accurately formulating the Lyapunov function 
for nonlinear systems remains a complex challenge. To 
address the conservatism issue associated with the tra-
ditional equal area criterion (EAC), references [21] and 
[22] introduce the concept of a damping area and de-
velop a more accurate method for assessing transient 
stability by intuitively evaluating the damping effect. 
Furthermore, references [23] and [24] conduct a com-
prehensive investigation into the transient operational 
characteristics of GFM-RPG following its transition 
from voltage-source mode to current source mode. Their 
findings indicate that current saturation negatively im-
pacts system stability by constraining the stability region 
and deteriorating transient stability. However, the 
above-mentioned studies focus on a single-machine 
infinite-bus system, making their conclusions inappli-
cable for direct extrapolation to a multi-machine system. 

To further enhance the transient stability of the 
GFM-RPG system, some control schemes have been 
proposed. References [9] and [25] present a control 
method for adaptively reducing the active power ref-
erence value of GFM-RPG to improve stability. Ref-
erence [26] proposes a mode-adaptive power angle 
control method, which can help GFM-RPG mitigate 
transient instability by toggling between positive and 
negative feedback modes. Meanwhile, references [27] 
and [28] suggest stabilization control strategies based 
on damping optimization, effectively contributing to 
overall stability enhancement. Reference [11] presents a 
flexible switching control method for managing inertia 
and damping, effectively enhancing both the critical 

clearing angle (CCA) and critical clearing time (CCT) 
simultaneously. However, beyond these control meth-
ods designed for a single-generation system mentioned 
above, further research is required to develop robust 
stabilization control strategies applicable to multi-RPG 
systems. 

Consequently, in contrast to existing studies, this 
study seeks to conduct a comprehensive investigation 
into the transient stability analysis and corresponding 
control strategies for paralleled GFM-RPG systems. 
The main contributions of this study are presented as 
follows. 

1) By integrating the extended equal area criterion 
(EEAC) with numerical solutions of differential equa-
tions, this study examines the influence of different 
factors on both CCA and CCT. Based on this analysis, a 
transient stability criterion tailored for paralleled 
GFM-RPG systems is established. 

2) An advanced adaptive damping enhancement con-
trol method is proposed, incorporating a compensation 
term associated with the system power deviations within 
the damping control loop of GFM-RPG. This approach 
automatically enhances the system’s damping perfor-
mance while bolstering transient stability margins. In 
addition, an alternative power deviation switching con-
trol strategy is proposed for parallel GFM-RPG systems. 
By regulating unbalanced power to zero, this method 
effectively mitigates the risk of transient instability. 

The remainder of this paper is organized as follows. 
Section Ⅱ introduces the mathematical model of a par-
alleled GFM-RPG system, while Section Ⅲ delves into 
the analysis of the transient stability mechanism and 
criterion. Section Ⅳ presents an adaptive damping en-
hancement control strategy and a power deviation 
switching control strategy for the paralleled system. 
Section Ⅴ provides simulations to validate the theoret-
ical analysis and proposed method. Finally, Section Ⅵ 
concludes the study. 

Ⅱ.   MODELING OF THE PARALLELED GFM-RPG SYSTEM 

A. System Description 

Island microgrids play a vital role in integrating dis-

tributed renewable energy sources, offering flexible and 

efficient energy conversion capabilities. As a result, 

their development has progressed rapidly. To ensure the 

reliable operation of island microgrids, it is essential to 

examine their transient stability challenges. Conse-

quently, this study focuses on a representative paralleled 

GFM-RPG system [10] as the subject of research anal-

ysis, aiming to explore its transient stability mechanism 

and control strategy. As illustrated in Fig. 1, the system 

contains two GFM-RPGs and a constant impedance 

load. Notably, the GFM-RPG depicted in Fig. 1 is not 

confined to representing a single power generation unit; 

instead, it can equivalently model an entire renewable 

energy power generation station or a coordinated cluster 

composed of multiple small-capacity units. 
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Fig. 1.  Structural configuration of the paralleled GFM-RPG system. 

Figure 2 shows the control block diagram of a con-
ventional GFM-RPG [26], which consists of an external 
power control loop and an inner voltage and current 
control loop. In addition, virtual impedance is incorpo-
rated to enforce current-limiting protection for the 
GFM-RPG during fault conditions [9]. Since the re-
sponse speed of the inner voltage and current loop is 
significantly higher than that of the external power loop, 
the dynamic behavior of the internal voltage and current 
control loop can be considered negligible when ana-
lyzing transient stability issues associated with the 

power loop [27], [28], i.e., refE E can be approximated. 

Consequently, the following assumptions are estab-
lished: 

1) The internal voltage and current controls are 
highly efficient and precise, enabling rapid tracking of 
the reference values; 

2) The DC-link voltage of the GFM-RPG remains 
constant, as the integrated chopper circuit effectively 
regulates the DC-link voltage level even during faults. 

 
Fig. 2.  Control block framework for a typical GFM-RPG system. 

B. Network Voltage Equation 

Because GFM-RPG exhibits a voltage source char-
acteristic, the equivalent circuit representation of the 
paralleled GFM-RPG system can be derived, as illus-
trated in Fig. 3. 

 
Fig. 3.  Equivalent circuit model based on the paralleled GFM-RPG 

system. 

Based on Fig. 1, the admittance in the equivalent 
circuit is expressed as: 

1 1

2 2

3 L L F

1

1

1  or 1 ( // )

Y Z

Y Z

Y Z Z Z





 

/

/

/ /

                 (1) 

Subsequently, by applying the node analysis method, the 
network voltage equation of the system can be derived as: 

1 1 1 1

1 1 2 3 2 3 3

2 2 2 2

0

0

Y Y E I

Y Y Y Y Y U I

Y Y E I

     
         
          

           (2) 

where 1 2 3, ,Y Y Y represent the corresponding admittance, 

respectively; 1,I 2 ,I and 3I signify the injection current 

of node 1, node 2, and node 3, respectively. 

C. Mathematical Model of GFM-RPG 

The power loop serves as a crucial control link in 
GFM-RPG. In conjunction with Fig. 2, the basic 
mathematical model of GFM-RPG can be formulated as: 

ref e gd d ( )J / t P P D                      (3) 

q ref e 0( )  E K Q Q E                        (4) 

Then, based on Fig. 3 and (1), the output active power 
of GFM-RPG1 and GFM-RPG2 can be derived as: 

2

e1 1 11 1 2 12 1 2 12cos( ) P E G E E Y               (5) 

2

e2 2 22 2 1 21 2 1 12cos( ) P E G E E Y               (6) 

where 11G and 22G refer to the real parts of 11Y and 22Y , 

respectively; 12Y and 12  imply the amplitude and 

phase of 12Y , respectively; while 21Y  and 21 denote the 

amplitude and phase of 21Y , respectively. 
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 

    (7) 

D. Model of the Paralleled GFM-RPG System 

The voltage vector relationship between GFM-RPG1 

and GFM-RPG2 is illustrated in Fig. 4, where axis 1 1( )d q  

and axis 2 2( )d q refer to their respective reference frames, 

which rotate at angular frequency 1 and 2 , respectively. 

 
Fig. 4.  Voltage vector relationship. 

To analyze the synchronization characteristics of the 
two GFM-RPGs within the paralleled system, the fol-
lowing definitions are established: 

12 1 2                                  (8) 

12 1 2                                 (9) 



PROTECTION AND CONTROL OF MODERN POWER SYSTEMS, VOL. 10, NO. 5, SEPTEMBER 2025 168 

where 

12 12 b 12d d/ t                          (10) 

Subsequently, by combining (3)–(10), the equivalent 
motion equation governing the overall parallel system 
can be formulated as: 

eq 12 ref_eq eq eq 12J P P D                    (11) 

where 
eq ,J eq ,D ref_eq ,P and eqP signify the equivalent 

inertia, damping, active power reference value, and ac-
tive power output value of the paralleled system, re-
spectively. To ensure a conservative and realistic analy-

sis, the smaller value between 
eq 1 1/J D J  and 

eq 2 2/J D J  

is chosen as 
eqD . 

1 2
eq

1 2 b

1 2
eq eq eq

1 2

( )

min ,

J J
J

J J

D D
D J J

J J




 

  
   
  

              (12) 

2 1
ref_eq ref1 ref2

1 2 1 2

J J
P P P

J J J J
 

 
           (13) 

22
eq 1 11 1 2 12 12 12

1 2
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2 22 2 1 21 12 12
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J
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J J

 

 

     

   

(14) 

Based on (8)–(14), it can be seen that the synchroni-

zation characteristics of a paralleled GFM-RPG system 

can still be characterized using second-order motion 

equations. Consequently, it is reasonable to infer that 

the transient stability mechanism of the paralleled sys-

tem resembles those of traditional power systems. This 

similarity suggests that the established analytical 

methods for evaluating transient synchronization in 

traditional power systems remain applicable. 

Ⅲ.   TRANSIENT STABILITY ANALYSIS 

In the traditional transient stability analysis theory of 
power systems, multiple machines are typically repre-
sented as an equivalent to the single-machine infi-
nite-bus system. The system’s transient stability is as-
sessed by comparing the acceleration area during a fault 
with the deceleration area after fault clearance. This 
approach, known as EEAC, serves as a method for de-
termining system stability. Since GFM-RPG emulates 
the external dynamic characteristics of SG, this method 
can similarly be applied to the paralleled GFM-RPG 
systems investigated in this study. 

A.  Extended Equal Area Method 

1) Without Considering Damping Term 

Since this method neglects the influence of damping, 

the equivalent motion equation governing the paralleled 

GFM-RPG system can be expressed as: 

eq 12 ref_eq eqJ P P                         (15) 

According to (15) and the parameter values provided 

in Table AI in Appendix A, the synchronization process 

of the paralleled system under varying fault-clearing 

times can be obtained. As illustrated in Fig. 5, point A 

refers to the initial operating point and point C signifies 

the fault clearing point. 

 

 
Fig. 5.  Synchronization behavior of the paralleled system under 

different fault clearing times without considering the damping 

effect. (a) Fault clearing time 0.15 s.t   (b) Fault clearing time 

0.20 s.t   

Figure 5(a) shows that the paralleled system main-
tains transient stability when the fault clearance time is 
0.15 s. Following the occurrence of a symmetrical fault, 
the system’s operating point jumps from A to B. Since 

ref_eq eq ,P P＞ the system undergoes an acceleration pro-

cess. Subsequently, upon fault clearance, the operating 

point jumps from C to D. At this stage, as 
ref_eq eq ,P P＜  

the system enters a deceleration operation stage, where 
the incremental kinetic energy is converted into potential 
energy. Since the system lacks a damping term, it un-
dergoes a continuous exchange between kinetic energy 
and potential energy. Resultantly, the system reciprocates 

along ,N D A F A D N       maintaining a 

state of critical equilibrium. 
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Figure 5(b) shows that the paralleled system experi-
ences instability when the fault clearance time reaches 
0.2 s. The long duration of the fault prevents the system 
from generating sufficient deceleration area to offset the 
increase in kinetic energy. Consequently, once the op-
erating point crosses point M, the system loses stability 
due to uncontrollable sliding motion. 

The above discussions provide a qualitative analysis 
of transient instability, while the quantitative evaluation 
of the stability of the paralleled system can conducted 
utilizing EEAC, i.e.: 

 max S S ≥                          (16) 

where 

 
12M

12C

12C

12A

eqn ref_eq

2

ref_eq eqf eq 12C

max

1

2

S P P

S P P J














 

  




            (17) 

where 12A ,  12C ,  and 12M  indicate the angles of the 

initial equilibrium point, the fault clearing point, and the 
unstable equilibrium point, respectively. 

2) Considering Damping Term 

The above analysis neglects the influence of the 
damping term. However, when damping effects become 
significant, the resulting assessment may lead to a rela-
tively conservative conclusion. To improve the accu-
racy of the analysis, this section employs the EEAC 
method while incorporating damping to analyze the 
transient synchronization stability mechanism of the 
paralleled system. 

First, equation (11) can be rewritten as: 

eq 12 m_eq eq    J P P                      (18) 

where 

m_eq ref_eq eq 12P P D                        (19) 

According to (18), the synchronization process of the 
paralleled system, considering the damping effects un-
der varying fault clearing times, can be derived, as il-
lustrated in Fig. 6. 

In contrast to Fig. 5(b), Fig. 6(a) shows that the par-
alleled system maintains transient stability even when 
the fault-clearing time is 0.20 s. Following the occur-
rence of a symmetrical fault, the system’s operating 
point jumps from A to B. Although condition 

m_eq eqP P＞  remains valid, the acceleration area S de-

creases as a result of the dynamic decline in 
m_eqP . 

Subsequently, once the fault is cleared, the system’s 
operating point jumps from C to D. Given that 

m_eq eqP P＜ , the system shifts into a deceleration opera-

tion stage. Consequently, due to the influence of the 
damping component, it ultimately stabilizes at its initial 
equilibrium point A. 

Figure 6(b) shows the occurrence of transient insta-
bility phenomenon when the fault clearing time is set to 
0.3 s. As the fault persists for a longer duration, even 

with a moderate reduction in 
m_eq ,P  the paralleled sys-

tem still lacks sufficient deceleration area S  to offset 

the increase in kinetic energy. Once the operating point 

surpasses point M, 12 continues to increase, leading to 

a loss of synchronization within the paralleled system. 
A comparative analysis of the above-mentioned two 

parts reveals that the damping term plays a crucial role 
in significantly enhancing the CCT of the paralleled 
system while improving its transient stability. Therefore, 
to prevent excessively conservative analytical results, 
the impact of damping on the transient stability should 
be fully considered. 

 

 
Fig. 6.  Synchronization process of the paralleled system under 
different fault clearing times considering the damping effect. 

(a) Fault clearing time 0.20 s.t  (b) Fault clearing time 0.30 s.t   

Consequently, the transient stability of the paralleled 

system must satisfy the conditions: 

 

12M 12C

12C 12A
eqn m_eq m_eq eqf

max

P P P P

SS

 

 



  ≥
          (20)

 

B.  Transient Stability Criterion 

Based on the above analysis, it can be seen that an 
accurate evaluation of the transient stability necessitates 
incorporating the effect of damping. However, since the 
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damping term is not a function of 12C ,  it cannot be di-

rectly quantified using (20). Therefore, this study adopts 
principles from differential equation solving techniques 

and employs the RungeKutta method to obtain the 

numerical solution of 12 12[ , ],   followed by numerical 

fitting to establish its corresponding analytical expression 

of 12 12.   Building on this approach, a more accurate 

criterion for transient stability can be obtained. 

Equation (11) can be interpreted as a second-order 

differential equation with constant coefficients. Since 

direct computation is challenging due to the presence of 

a second-order derivative term, converting the sec-

ond-order derivative term into a first-order derivative is 

preferable. Therefore, the following transformation can 

be introduced. 

12

12

(1)

(2) (1)

x

x x








 
                     (21) 

Subsequently, equation (11) can be written as a sys-

tem using first-order differential equations. 

 

 

1

22
ref_eq 1 11 1 2 12 12

1 2

21
2 22 2 1 21 12 eq

1 2

eq 2

0 12A

0

(1) (2) , (1), (2)

(2) cos( (1) )

cos( (1) ) (2) /

, (1), (2)

(1)
(2) 0

x x f t x x

J
x P E G E E Y x

J J

J
E G E E Y x D x

J J

J f t x x

x
x







 
 
         
 
       
 





(22) 

where 0 (1)x indicates the initial value of 12; and 0 (2)x  

signifies the initial value of 12 .  Subsequently, the 

RungeKutta method can be used to iteratively solve (22), 

with the specific formula given as follows: 

+1 11 12 13 14

1 21 22 23 24

(1) (1) ( 2 2 )/6

(2) (2) ( 2 2 )/6

i i

i i

x x K K K K

x x K K K K

    


    
 (23) 

The solution expression for each parameter is given by: 

 

 

 

 

 

 

11 1

21 2

12 1 11 21
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13 1 12 22

23 2 12 22

14 1

, (1), (2)

, (1), (2)

/2, (1) /2 , (2) /2

/2, (1) /2, (2) /2
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i i

i i
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i i
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i i

K f t x x

K f t x x

K f t h x h K x K h

K f t h x K h x K h

K f t h x K h x K h

K f t h x K h x K h

K f
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     
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 
13 23

24 2 13 23
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, (1) , (2)

i i
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t h x hK x hK

K f t h x hK x hK



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







  
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(24) 

where h refers to the calculation step size. By integrat-
ing the above-mentioned calculation process, the nu-

merical solution of 12 12[ , ]   can be calculated. Subse-

quently, the analytical expression of 12 12   can be 

obtained through curve fitting. Since this study primar-

ily focuses on the first-swing stability of the power 

angle, the fitting range is defined as 12A[ , π].  Using the 

parameters listed in Table AI in Appendix A as a ref-
erence, the fitting results under different conditions can 
be obtained, as shown in Fig. 7. 

 

 

 
Fig. 7.  Fitting results across various scenarios. (a) Different fault 

impedance. (b) Different equivalent damping. (c) Different 

equivalent active power reference value. 

To enhance the accuracy, a seventh-order polynomial 

is selected as the fitting model: 
7 6 5 4

12 12 7 12 6 12 5 12 4 12
3 2

3 12 2 12 1 12 0

( )g c c c c

c c c c

     

  

     

  
    (25) 

where 0 7c c represent the constants determined through 

fitting. 

By incorporating (25), the EEAC method for judging 

the transient stability of the paralleled system can be 

yielded: 
12C 12M

12A 12C
ref_eq eqf eq 12 12 eqn ref_eq 12( )d d

max{ }

P P D g P P

S S

 

 
  

 

    
(26)

 

where 12A  and 12M  can be obtained by solving 

ref_eq eqn 0P P  . 

Based on (25) and (26), the following equation can be 

given: 

Tf 12A Tn 12M 12f 12A 12f

21f 12M 12f 12n 12M 12n

21n 12M 12n 12f 12C 12f

21f 12C 12f 12n 12C 12n

21n 12C 12n 12C 12A

sin( )

sin( ) sin( )

sin( ) sin( )

sin( ) sin( )

sin( ) [ ( ) ( )] 0

P P H

H H

H H

H H

H F F

   

   

   

   

   

    

   

   

   

   

(27)
 

where the expression for each parameter is given as: 
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(28)

 

From (27), 12C can be treated as the unknown varia-

ble in a nonlinear function, which can be calculated 
using the Newton-Raphson method. Figure 8 shows the 
variation curve of CCA under different operating con-
ditions. The results demonstrate that an increase in the 
fault impedance or system damping leads to a larger 
CCA, whereas an increase in the equivalent active 
power reference value results in a decrease in CCA. 

 

 

 
Fig. 8.  Variation curve of the CCA across different scenarios. 
(a) Different fault impedance. (b) Different equivalent damping. 
(c) Different equivalent active power reference value. 

In traditional transient stability analysis theory, CCT 
is considered more intuitive than CCA, making it a 
more appropriate criterion for assessing transient sta-
bility. By incorporating the calculation results of the 

Runge-Kutta method, the CCT corresponding to CCA 
under different impedances can be determined, as 
shown in Fig. 9. Similar to the variation pattern of CCA, 
an increase in fault impedance or damping results in an 
extended CCT. Conversely, a higher equivalent active 
power reference value leads to a smaller CCT. 

 

 

 
Fig. 9.  Variation curve of the CCT across different scenarios. 
(a) Different fault impedance. (b) Different equivalent damping. 
(c) Different equivalent active power reference value. 

Building on the above analysis, to ensure transient 
stability in a paralleled system experiencing symmet-

rical faults, the fault clearing time ct  must meet the 

following criterion: 

c CCTt ≤                             (29) 

From (29), a criterion for assessing the transient sta-
bility of the paralleled system can be established. If the 

fault clearing time ct  is less than CCT, the system is 

considered stable. On the contrary, if the fault clearing 

time ct  surpasses CCT, the system is at high risk of 

transient synchronization instability. 

Ⅳ.   TRANSIENT STABILITY CONTROL STRATEGY 

The transient stability criterion of the paralleled 
GFM-RPG system has been investigated in Section III. 
This section introduces the stability control strategy 
under symmetrical fault conditions, focusing on the two 
aspects of damping enhancement and power control. 

A. Adaptive Damping Enhancement Control Strategy 

From the previous analysis in Section III, it can be seen 
that the damping term positively influences the transient 
stability of the paralleled system. Moreover, unlike SG, 
where damping is inherently dictated by structural 
properties, the damping characteristics of GFM-RPG 
can be dynamically adjusted through control parameters. 
Therefore, this section introduces an adaptive damping 
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enhancement control strategy, using real-time adjust-
ments to the damping coefficient to improve system sta-
bility. The control block diagram is shown in Fig. 10, and 
its implementation steps are outlined as follows. 

Step 1: Gather the reference and output values of 
active power for each GFM-RPG and feed them into the 
active power control loop. 

Step 2: Calculate ref_eq eqf eqfP P P  based on (13) 

and (14), then transmit the computed results to the 
damping control link. 

Step 3: Derive the output ref_eq eqf eqfD P P P  from 

the additional damping control link, and subsequently 
use it to adjust the damping characteristics of the 
GFM-RPG system. 

 
Fig. 10.  Block diagram based on the control framework for the 
adaptive damping enhancement. 

According to (1), (7), and (14), when the fault occurs, 

eqfP decreases, leading to an increase in the ratio of 

ref_eq eqf eqfP P P . This observation enhances the damp-

ing of the paralleled system, thereby strengthening its 
ability to suppress disturbances. Following a similar der-
ivation process expressed in (8)–(14), the equivalent mo-
tion equation of the paralleled system incorporating the 
enhanced damping control strategy can be yielded: 

ref_eq eqf

eq 12 ref_eq eq eq 12

eqf

1
P P

J P P D
P

 
 
    
 
 

  (30) 

In addition, utilizing the Runge-Kutta method, the 

analytical expression of 12 12  with the damping en-

hancement control strategy can be obtained through 
fitting. Figure 11 shows the fitting results under dif-
ferent operating conditions. 

 

 
Fig. 11.  Fitting results under varying conditions with the applied 
damping enhancement control strategy. (a) Different fault im-
pedance. (b) Different equivalent active power reference value. 

Figure 12 shows the variation curves of CCA and 
CCT under different conditions, with and without the 
implementation of the damping enhancement control 
strategy. It can be seen that the adoption of the proposed 
strategy leads to a substantial increase in both CCA and 
CCT, thereby significantly improving the transient sta-
bility margin of the system. 

 

 
Fig. 12.  Variation curve of the CCA and CCT with or without the 
damping enhancement control strategy across different scenarios. 
(a) Different fault impedance. (b) Different equivalent active 
power reference value. 

If a system comprises numerous converters with 
significant differences in control parameters and 
operating modes, it becomes challenging to determine 

ref_eqP  and 
eqfP .  Consequently, the stability control 

method may fail to function effectively. To solve this 
problem, the output of the additional damping control 

circuit is changed to 
ref e e ,D P P P  maintaining the 

same working principle as the one mentioned above. 
Following the occurrence of a short-circuit fault, the 

actual output power eP  of GFM-RPG decreases, de-

viating from the reference power value ref ref( ).P P P  

As a result, the condition 
ref e e 0P P P ＞ is met, 

thereby activating the damping control circuit. 
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Without the need for centralized control at the system 
level, additional damping can be introduced based on 
variations in the converters’ own active power output. 
This approach effectively enhances the damping 
characteristics of GFM-RPG while simultaneously 
strengthening the transient stability of the system. 

B. Power Deviation Switching Control Strategy 

The core issue of transient instability arises from a 
mismatch between the active power reference and ac-
tual active output within a paralleled system under 
symmetrical faults. In other words, such power imbal-
ance is the fundamental cause of transient instability. 
Therefore, the simplest method to mitigate instability is 
to ensure that the power deviation is reduced to zero 
during fault conditions, as shown in Fig. 13. This 
measure effectively prevents the adverse effect of power 
imbalance on the transient stability of the paralleled 
GFM-RPG system. 

 

Fig. 13.  Control block diagram based on the power deviation 

switching control strategy. 

Figure 14 shows the theoretical justification for uti-
lizing power deviation switching control to enhance the 
transient stability of the paralleled system. It is observed 
that by setting the power deviation to zero during the 

fault period, the active power reference value refP  ef-

fectively matches the actual active power output eP . 

Consequently, this observation eliminates the accelera-
tion area of the GFM-RPG during the fault, ensuring  

that both   and   remain unchanged from their nor-

mal status. Moreover, after the fault is cleared, the de-

celeration area of the GFM-RPG reaches its maximum, 

thereby maximizing transient stability throughout the 

whole fault process. 

 

Fig. 14.  
e-P  curve embedded with power deviation switching 

strategy. 

Ⅴ.   SIMULATION VERIFICATION 

To validate the analytical results and the effectiveness 

of the proposed strategy, simulations are conducted on a 

paralleled GFM-RPG system using MATLAB/Simulink. 

The configuration of the simulated system is shown in 

Fig. 1, while the detailed parameters utilized in the sim-

ulation system are shown in Appendix A. 

A. Simulation Validation of Transient Stability Crite-

rion 

Case 1: Figure 15(a) shows the simulation results 

when the fault is cleared at 0.3 s. The CCT under this 

condition is approximately 0.27 s, which is less than 

0.3 s. Consequently, an irreversible transient instability 

develops after the fault. However, when the fault 

clearing time is reduced to 0.25 s, being lower than the 

CCT, the system successfully regains stability post-fault, 

as shown in Fig. 15(b). 

                       
Fig. 15.  Simulation outcomes for Case 1. (a) Fault clearing time showing 0.3s CCT.＞  (b) Fault clearing time indicating 0.25 s CCT.＜  
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Case 2: The fault impedance is increased from FZ  to 

F10Z . Figure 16(a) shows the simulation results when 

the fault clearing time is 0.35 s. Given that the CCT 

under this condition is about 0.32 s, lower than 0.35 s,  
 

the paralleled system experiences instability after the 
fault. Conversely, when the fault duration time is re-
duced to 0.3 s, which is less than the CCT, the system 
successfully retains stability after the fault, as shown in 
Fig. 16(b). 

                       
Fig. 16.  Simulation outcomes for Case 2. (a) Fault clearing time showing 0.35 s CCT.＞  (b) Fault clearing time showing 0.3s CCT.＜  

Case 3: The equivalent damping parameter, initially 

denoted as 
eq ,D is adjusted to 

eq1 5. D . Figure 17(a) 

shows the simulation outcomes corresponding to the 
fault clearing time of 0.37 s. Given that the CCT in 
this case is approximately 0.34 s, lower than 0.37 s,  

the system loses stability after the fault. However, 

when the fault duration time is reduced to 0.33 s, 

which is lower than the CCT, the system successfully 

achieves transient stability post-fault, as shown in 

Fig. 17(b). 

                       
Fig. 17.  Simulation outcomes for Case 3. (a) Fault clearing time indicating 0.37 s CCT.＞  (b) Fault clearing time indicating 0.33s CCT.＜  

Case 4: The equivalent active power reference 

value, initially represented as 
ref_eq ,P is adjusted to  

ref_eq1 2. P .  Figure 18(a) shows the simulation results 

when the fault clearing time is 0.2 s. Given that the 
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CCT in this case is approximately 0.178 s and is lower 
than 0.2 s, transient instability occurs in the system. 
However, when the fault duration time is reduced to 

0.15 s, which falls below the CCT, the system suc-
cessfully restores stability after the fault, as depicted 
in Fig. 18(b). 

                    
Fig. 18.  Simulation outcomes for Case 4. (a) Fault clearing time showing 0.2 s CCT.＞  (b) Fault clearing time indicating 0.15 s CCT.＜  

B. Simulation Validation of the Proposed Strategy in 

Simple Paralleled GFM-RPG System 

Case 5: In this case, the fault clearing time is 0.5 s, 

which exceeds the CCT. As shown in Fig. 19(a), the 

absence of the proposed control strategy results in ir-

reversible transient instability. Conversely, Fig. 19(b) 

shows the simulation results when the adaptive damping  

enhancement control strategy is adopted. With a sub-

stantial enhancement in damping, the system success-

fully restores stability after the fault. By contrast, as 

depicted in Fig. 19(c), the power deviation switching 

control strategy not only ensures transient stability but 

also accelerates the recovery process, resulting in a 

more seamless transient process. 

 
Fig. 19.  Simulation outcomes for Case 5. (a) Without the proposed control strategy. (b) With adaptive damping enhancement control 

strategy. (c) With power deviation switching control strategy. 

Case 6: The fault impedance is increased from FZ  

to F10 ,Z  and the corresponding fault clearing time is set 

to 0.5 s, which exceeds the CCT. As shown in Fig. 20(a), 
the paralleled system exhibits instability in the absence 
of the proposed control strategy. Conversely, as shown 
in Fig. 20(b), when the adaptive damping enhancement  

control strategy is applied, the system regains stability 
within approximately one cycle of oscillation. Figure 20(c) 
shows the simulation results for the power deviation 
switching control strategy. The results indicate that this 
strategy maintains commendable control performance, 
ensuring a smooth transient response with no obvious 
oscillation. 
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Fig. 20.  Simulation outcomes for Case 6. (a) Without the proposed control strategy. (b) With adaptive damping enhancement control 

strategy. (c) With power deviation switching control strategy. 

Case 7: The equivalent active power reference value is 

increased from
ref_eqP to

ref_eq1 2 ,. P while the fault clearing 

time remains 0.5 s, exceeding the CCT. As shown in 

Fig. 21(a), the irreversible transient instability occurs 

in the absence of the proposed control strategy. In 

contrast, the implementation of the adaptive damping  

enhancement control strategy shown in Fig. 21(b) 

facilitates the system’s ability to achieve transient 

stability. As shown in Fig. 21(c), the integration of the 

power deviation switching control strategy enables the 

system to quickly and smoothly recover to a stable 

operating status. 

 

Fig. 21.  Simulation outcomes for Case 7. (a) Without the proposed control strategy. (b) With adaptive damping enhancement control 

strategy. (c) With power deviation switching control strategy. 

C. Simulation Validation of the Proposed Strategy in 

Two-area with Four-RPG System 

To further validate the effectiveness of the pro-
posed adaptive damping enhancement and power 
deviation switching strategies across different sce-
narios, this study examines a two-area system in-
corporating four RPGs, as shown in Fig. 22. This 
system consists of four GFM-RPGs, with GFM-RPG1  

and GFM-RPG2 located in region 1, while 

GFM-RPG3 and GFM-RPG4 are situated in region 2. 

The specific system parameters are shown in Table A2 in 

Appendix A. The operating condition of the system in-

volves a three-phase symmetrical short circuit fault 

occurring at the midpoint of transmission line 8L at 1.0 s, 

where the fault is cleared after 0.5 s. 
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Fig. 22.  Topology of the two-area system integrating four RPGs. 

Case 8: Figure 23 shows the simulation results 
under various control strategies. Initially, when em-
ploying the traditional control strategy, the system 
encounters transient instability after fault clearance. 
This instability is depicted by the blue curve, where 
the output frequencies of GFM-RPG1, GFM-RPG3, 
and GFM-RPG4 exhibit irreversible divergences. Due 
to the presence of four GFM-RPGs in the sys-

tem, ref_eq eqf eqfP P P is difficult to obtain directly. 

Therefore, an alternative approach is adopted which 
involves setting the additional damping term 

to
ref e eD P P P . By contrast, when the proposed 

adaptive damping enhancement control strategy is 

adopted, the system’s transient stability exhibits sig-
nificant improvement, as shown by the orange curve. 
Once the fault is cleared, each GFM-RPG gradually 
recovers its stability following a period of reduced 
oscillation. The red curve represents the simulated 
waveform obtained after adopting the power devia-
tion switching control strategy. It can be seen that this 
approach facilitates a rapid and stable transient re-
sponse for each GFM-RPG, with a considerable re-
duction in oscillation amplitude. The system main-
tains strong transient synchronization stability 
throughout the entire fault process. The above simu-
lation analysis effectively validates the reliability of 
the proposed stable control strategy. 
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Fig. 23.  Simulation outcomes for Case 8. (a1)(a4) Active power output of various GFM-RPG units. (b1)(b4) Angular fre-
quency output of different GFM-RPG units. 

Ⅵ.   CONCLUSION 

This study examines the transient stability criteria 
and control strategies for paralleled GFM-RPGs. The 
main findings are summarized as follows: 

1) The damping term plays a crucial role in deter-
mining the transient stability of paralleled GFM-RPG 
systems. Neglecting its effect can lead to overly con-
servative analytical results. To improve this limitation, 
the study utilizes a numerical solution of a differential 
equation to explore the variation patterns of CCA and 
CCT in the paralleled system while incorporating the 
damping effect. The results indicate that increasing 
damping and fault impedance, as well as reducing the 
equivalent active power reference value, collectively 
contribute to improved transient stability of the system; 

2) To improve the stable operation performance of 
paralleled GFM-RPG systems during symmetrical faults, 
this study proposes two advanced stabilization control 
strategies: adaptive damping enhancement and power 
switching. Both approaches effectively improve CCA and 
CCT, thereby mitigating the risk of transient instability. 

The results of this study offer valuable insights and 
practical guidelines for assessing and improving tran-
sient stability in practical islanded microgrids under 
symmetrical faults. 

APPENDIX A 

TABLE AI 

SIMULATION SYSTEM PARAMETERS FOR RPGS 

Symbol Description Value  

nP  MW (1 p.u.) Rate power 2 

nV  V (1 p.u.) Rate voltage 690 

dcV  ( V) DC-link voltage 1200 

gf  (Hz) Rate frequency 50 

fL  (p.u.) Filter inductance 0.25 

fC  (p.u.) Filter capacitor 0.15 

1 2Z /Z  (p.u.) Line impedance 0.15j0.55 

LZ  (p.u.) Load impedance 0.58700.3926 

FZ  (p.u.) Fault impedance 0.01 

VZ  (p.u.) Virtual impedance 0.05j0.35 

1 2/J J  Virtual inertia 4.5/9.0 

1 2/D D  Virtual damping 18/36 

ref1 ref2/P P  Power reference value 1/0.5 

q1 q2/K K  Reactive power loop 

coefficient 
0.001 

TABLE AⅡ 

SYSTEM PARAMETERS OF THE TWO-AREA MODEL WITH 

FOUR-CONVERTER SYSTEM 

Symbol Description Value  

nP  MW (1 p.u.) Rate power 100 

nV  V (1 p.u.) Rate voltage 690 

dcV  (V) DC-link voltage 1200 

gf  (Hz) Rate frequency 50 

fL  (p.u.) Filter inductance 0.13 

fC  (p.u.) Filter capacitor 0.075 

R (p.u./km) Line resistance 0.0081 

X (p.u./km) Line reactance 0.01 

FZ  (p.u.) Fault impedance 0.01 

VZ  (p.u.) Virtual impedance 0.01j0.3 

J Virtual inertia 5 

D Virtual damping 25 

qK  Reactive power loop coefficient 0.01 

6 7/l l  Line 25 km/10 km 

8 9/l l  Line 110 km/10 km 

10l  Line 25 km 
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