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Abstract  
 

Aiming at the deficiencies of power sharing control performances when a traditional droop control is adopted for microgrid 
inverters, this paper proposes a microgrid inverter power sharing control strategy based on a virtual synchronous generator. This 
control method simulates the electromechanical transient characteristics of a synchronous generator in a power system by an 
ontology algorithm and the control laws of a synchronous generator by control over the speed governor and excitation regulator. 
As a result, that the microgrid system is able to effectively retain the stability of the voltage and frequency, and the power sharing 
precision of the microgrid inverter is improved. Based on an analysis of stability of a microgrid system controlled by a virtual 
synchronous generator, design thoughts are provided for further improvement of the power sharing precision of inverters. The 
simulation results shows that when the virtual synchronous generator based control strategy was adopted, the power sharing 
performances of microgrid inverters are improved more obviously than those using the droop control strategy. 
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I. INTRODUCTION 

Distributed generation (DG), with advantages such as 
reduced pollution, high reliability, high energy availability, 
flexible installation sites, etc, is an important development 
direction for future global energy technology. After a number 
of distributed power supplies are connected to the existing 
distribution networks, electric energy quality problems may 
be caused, such as deviations of the grid voltage and 
frequency, voltage fluctuation and so on, all of which 
seriously endanger the safe and reliable operation of the grid. 
In order to coordinate the conflicts between a large grid and 
distributed generation and to sufficiently explore the 
efficiencies of distributed power supplies, CERTS brought 
forward the concept of a microgrid in the beginning of this 
century [1]-[3]. 

 Microgrids run jointly and switch to the islanding 
operation mode in the case of a grid failure so as to 
uninterruptedly supply power to critical loads. The key to the 
operation of a microgrid rests on control of the microgrid 

inverter, and microgrid inverters mainly achieve their 
coordinative control and accepts the unified control of a 
large-scale grid by droop control under the multi-inverter 
connected condition [4]. The disadvantage of the droop 
control depends on the voltage and frequency deviation in the 
steady state and the complex mode switchover. In the case of 
varied micro-sources and differences between the equivalent 
output impedance and the rated capacity of a microgrid 
inverter, the load power cannot be distributed proportionally 
according to the rated micro-source capacity. This results in a 
serious circular current of parallel inverters under the 
islanding operation mode and affects the safety and stability 
of the microgrid. 

Due to the disadvantages of droop control reported in 
[5]-[6], improved droop control strategies have been 
proposed to improve the power sharing control performance 
of microgrid inverters. However, droop control can only 
reflect the external characteristics of a synchronous generator. 
It cannot achieve the characteristics of synchronous 
generators such as large inertia and large output inductance. 
A large inertia is conducive to the stability of the frequency 
of a microgrid system, and a large output inductance is 
advantageous in the control of inverters which are operated in 
the islanding mode. This shows that the synchronous 
generator characteristics are very conducive to the formation  
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Fig. 1. Theory diagram of virtual synchronous generator. 

 
of a microgrid, because microgrids are constructed using 
small inertia, low output impedance inverters. 

To further improve the performance of the power sharing 
control of a microgrid inverter, a novel inverter control 
strategy was proposed based on the “virtual synchronous 
generator (VSG)” in [7]-[9]. This control strategy can show 
the excellent characteristics of a synchronous generator, and 
quickly follow up the dynamic change of the distribution 
network/microgrid so as to realize precise output power 
sharing of parallel inverters. This benefits the reliable 
operation of an inverter-typed power supply and improves the 
quality of electric energy. However, the above literature 
presents no specific design process for the active and reactive 
power sharing control when multiple microgrid inverters run 
jointly. Therefore, this paper proposes a specific analysis and 
computing methods for power sharing control among VSG 
control based inverters during the islanding operation mode. 
Additionally, the precision of VSG power sharing control can 
be improved by raising the stability of a microgrid system. 
Accordingly, this paper carries out detailed analyses on the 
VSG operating stability to provide some favorable references 
for the optimized design of a VSG and for further raising the 
VSG power sharing control performance. Finally, microgrid 
system simulation and experimental models composed by 
two VSG control based inverters are established. These 
simulation and experimental results demonstrate the 
effectiveness of the power sharing control methods proposed 
in this paper. 

 

II. OPERATING PRINCIPE OF A VSG 

The operating principle of a VSG control based microgrid 
inverter is as shown in Fig. 1. 

In Fig. 1, the main circuit employs a three-phase 
voltage-typed inverter, where L1i and Ci indicate the filter 
inductance and filter capacity (i=a, b, c), and L2i is used as the 
external inductance to ensure that the output impedance is 

inductive and to realize the power control. By detecting the 
output current ioabc flowing across L2i and the output voltage 
uabc on the two ends of the filter capacity Ci, the power 
calculation is performed to achieve the output power Pe of the 
inverter. Then the mechanical input power directive Pm and 
the excitation inductance electromotive force directive E0 of 
the VSG are derived from the speed governor and excitation 
regulator. With Pe, Pm and E0 derived and the inductive 
current iLabc detected, the ontology algorithm of the VSG is 
used to calculate the voltage directive Uiref of the filter 
capacity Ci. Finally, the PWM control and driver circuit are 
used to control the power switch devices of the inverter so 
that the inverter is able to simulate the basic characteristics 
and control features of a synchronous generator.   

The electromechanical transient mathematic model of the 
synchronous generator is composed of the rotor motion 
equation in formula (1) and the stator electrical equation in 
formula (2) as follows [10]-[11]. 

dt

d
JDPP

 
 em

          
(1) 

  
)( taii0i jxrIEU 



            
(2) 

Pm and Pe in formula (1) are the rotor mechanical input 
power and stator  electromagnetic power of the synchronous 
generator, D indicates the damping coefficient, ω indicates 
the operating frequency of the synchronous generator, Δω 
indicates the difference between the frequency’s given value 
and the actual value, and J indicates the moment of inertia. 
E0i and Ui in formula (2) show electromotive force of the 
excitation induction and terminal voltage in the ith phase of 
the stator winding, Ii indicates the stator current, ra and xt 
indicate the armature resistance and synchronous reactance of 
the stators. 

By simulating an electromechanical transient mathematic 
model of the synchronous generator by the ontology 
algorithm of the VSG, the microgrid inverter has 
characteristics similar to self-synchronization, a large output 
inductive reactance and a large moment of inertia of the 
synchronous generator, which are very favorable for 
restricting the current mutation and power control. The 
ontology algorithm structure of the VSG is specified in the 
lower dotted frame shown in Fig.1.   

 

III. POWER SHARING CONTROL OF A VSG 

Under the islanding operation mode, microgrid inverters 
stay in the state of parallel operation and the inverters control 
their output power according to their own capacities so that 
active and reactive loads are distributed reasonably among 
the parallel inverters [12].   

A. Active Power Sharing Control of a VSG 

The speed governor of a VSG is designed to meet the 
frequency stability of a microgrid system by simulating the  
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Fig. 2. Block diagram of VSG speed governor. 
 

 

Fig. 3. The structure of VSG frequency closed loop control. 
 

 
Fig. 4. The structure of VSG active power closed loop control. 

 
power and frequency characteristics of the synchronous 
generator and realizing the sharing control of the inverter 
output active power [13]. The power-frequency 
characteristics of the synchronous generator are expressed as:   

)(
1

refref  
m

PP
            

(3) 

In this formula, Pref and P indicate the given and actual 
values of the synchronous generator’s output power, ωref and 
ω indicate the given and actual values of the synchronous 
generator operating frequency, m is named as the active 
power-frequency regulation coefficient, and the value of m 
indicates the mechanical input power variance of the 
synchronous generator during a frequency change. The 
smaller m is, the larger the mechanical input power variance 
becomes. The speed governor of the VSG needs to control 
the mechanical input power of the VSG, so that the VSG has 
the same power-frequency characteristics as the synchronous 
generator set, and the control structure of the VSG speed 
governor can be deduced by formula (3) as shown in Fig.2.   

In order to realize the active power sharing control of the 
VSG, the regulation coefficient mk and active capacity Pk of 
the VSG should meet the following relation: 

kk2211 ... PmPmPm              (4) 

The closed-loop frequency control structure of the VSG 
can be deduced as shown in Fig.3 according to the ontology 
algorithm of the VSG and speed governor control structure. 

Considering that frequency directive ωref of the VSG is 
usually its reference frequency ω0, the following transfer 
function expression can be deduced by Fig.3: 
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Because the frequency modulation function of the speed 
governor is equivalent to increase the system damping, the  

 
Fig. 5. Block diagram of VSG excitation controller. 

 
damping coefficient D is assumed as 0, and formula (5) is 
simplified as: 

1





mSJ

m

P 


                 
(6) 

If the equivalent output impedance of the VSG and the line 
impedance are inductive, the output active power of the VSG 
approximates to: 

X

UU
Pe

com
                   

 (7) 

In this formula, U indicates the VSG output voltage, Ucom 
indicates the parallel bus voltage of the inverter, δ indicates 
the angle difference (active angle) between the VSG output 
voltage and the parallel bus voltage, and X is the sum of the 
VSG equivalent output impedance and the line impedance.   

The closed-loop active power control structure of the VSG 
can be deduced by the above analysis, as shown in Fig. 4. 

The following is educed from Fig. 4. 
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According to formula (8), the output active power of the 
VSG at the steady state is as follows: 

)(
1

com0refe  
m

PP
           

 (9) 

Formula (9) indicates that parallel VSGs can share the 
active power of loads proportionally according to their 
capacities if the regulation coefficient m is set according to 
formula (4). 

B. Reactive Power Sharing Control of the VSG 

In power systems, the excitation control system of the 
synchronous generator set is used to automatically control the 
excitation voltage according to the deviation of the output 
voltage so that the excitation-induced electromotive force of 
the synchronous generator stator winding changes to maintain 
the voltage stability of the stator terminal under various load 
conditions and to realize the reactive power balance of the 
system [14]. In microgrid systems, the excitation regulator of 
the VSG maintains the output voltage stability and reactive 
power equilibrium of the inverters by simulating the 
excitation control system of the synchronous generator set. 
The control structure of the VSG excitation regulator can be 
educed, as shown in Fig. 5, according to the operating 
principle of the synchronous generator excitation control 
system. 

In Fig. 5, Uref and U denote the given value and actual 
value of the VSG output voltage, U0 indicates rated value of 
the VSG stator voltage, Eo indicates the excitation-induced  
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Fig. 6. The structure of VSG reactive power closed loop control. 

 
electromotive force of the VSG stator, and Ku indicates 
voltage regulating coefficient of the VSG. In the case of the 
accurate setting of Ku, the VSG and synchronous generator 
have the same voltage regulating characteristics, to maintain 
the stability of the output voltage and public bus voltage and 
to control the reasonable distribution of the reactive power 
among parallel VSGs. 

Under the islanding operation, in order to achieve the 
reactive power dispatch, the output voltage given value Uref 
of the VSGs should satisfy the following formula in 
accordance with the VSG ontology algorithm and excitation 
regulator structure:    

ref
0u

0
0ref 3

Q
UK

X
UU 

             

(10) 

In this formula, U0 indicates the reference voltage of the 
VSG, X0 indicates the equivalent output impedance of the 
VSG, Ku indicates the voltage regulating coefficient of the 
VSG, Qref indicates the output reactive power directive of the 
VSG. The VSG voltage regulating characteristic equation 
corresponding to formula (10) is as follows:  
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In this formula, n shows the reactive power-voltage 
regulation coefficient of the VSG. In order to ensure that 
inverters share their reactive loads proportionally according 
to their capacities, the reactive power-voltage regulation 
coefficient n and reactive capacity Qk of the VSGs need to 
meet the following:  

kk2211 ... QnQnQn               (12) 
If the VSG equivalent output impedance and line 

impedance are inductive, the output reactive power of the 
VSG approximates the following:  

X
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Q
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The parameters in the formula above are the same as those 
in formula (7). The closed-loop reactive power control 
structure of the VSG is shown in Fig. 6.  

The output reactive power of the VSG in the steady state is 
deduced from Fig.6:  
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According to formula (14), the output reactive power of the 
VSG in the steady state are related to the VSG equivalent 
output impedance and line impedance. This is to ensure that 
the reactive power of the loads can be shared proportionally 
according to the capacities of the parallel VSGs. In addition,  
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Fig. 7. Microgrid system equivalent circuit composed by two 
parallel VSGs. 

 
by setting the reactive power-voltage regulating coefficient n 
according to formula (12), the following can be also met:  
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IV. STABILITY ANALYSIS OF A VSG 

The power sharing control performance of a VSG is 
closely related to the stability of the VSG control based 
microgrid system. The virtual moment of inertia J and 
active-frequency regulation coefficient m are selected 
reasonably to achieve an optimized design of the VSG, to 
improve the stability of the microgrid system and to further 
raise the precision of the VSG power sharing control. The 
following carries out analyses on the stability of the VSG 
under the islanding operation mode. 

Small-signal analysis is a common method for power 
system stability analysis, and it is used to analyze the 
dynamic behaviors of a system under the action of a small 
disturbance signal by establishing a small signal model of the 
system [15]. The equivalent circuit of a microgrid system 
composed by two parallel VSGs is shown in Fig. 7. Here 
Zi(i=1, 2) is the sum of the VSG equivalent output impedance 
and the line impedance, Ui and δi are the output voltage and 
power angle of the two VSGs, and Zload indicates a local load.  

By the analysis in the previous section, it is known that the 
control characteristics of the active power-frequency and 
reactive power-voltage of the VSG are as follows: 

)]()([
1

)()( refref sPsP
mSJ

m
ss e







      

(16) 

)]()(
1

1
[)()( ref0 sQsQ
Ts

nsUsU e 



      

(17) 

In Fig. 7, if the steady state operating point of the two 
VSGs is (Ui0, δi0) (i=1, 2). At this point, the linearized time 
domain equation of the system is: 
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At the steady state operating point, the output active power 
and output reactive power of the VSGs can also be linearized, 
that is: 
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Setting X=[∆δ1, ∆δ2, ∆ω1, ∆ω2, ∆U1, ∆U2]
T, according to 

(18) and (19), a small signal model of a VSG parallel network 
based microgrid system can be obtained as: 
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(i=1, 2; j=1, 2). 

The output active power and output reactive power of the 
two VSGs can be obtained from Fig. 7: 
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where: 
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Similarly, if (i=1, 2; j=1, 2; i≠j), by the above formulas, the 
corresponding coefficients in matrix A can be calculated as: 
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According to the Lyapunov small disturbance stability 
judgment principle, a system is stable if the real part of all of 
the eigenvalues of matrix A are negative. Accordingly, a 
small signal model and electrical control parameters during 
the VSG parallel operation are used to analyze the stability of 
the system by an analysis of the characteristic root track of 
matrix A. The electrical control parameters of the VSG during 
parallel operation are set as follows: the parameters of two 
VSGs are the same, namely the output impedance Z = 
(0.2+j2) Ω, the effective value of the VSG output voltage is 
104V, given frequency value ωref = 314rad/s, the reactive 
power-voltage regulating coefficient n=0.001, the reactive 
filter time constant T=0.032s, and the load impedance Zload 

=10Ω.    
Fig. 8 indicates the characteristic root family of two VSG 

parallel network systems when taking different values of m 
and J, where the m values are 0.00157, 0.000314 and 
0.000628 respectively and keep changeless, but J 
continuously changes from 0.1 to 10. From the root track 
curve, the damping and resonance frequency of the system 
are jointly dependent on m and J. In addition, the system has 
6 poles, of which P1 and P2 are located changelessly. They are 
non-dominant acnodes because they are far away from the 
imaginary axis, and P3 is located at the zero point without 
influencing the stability of the system. With an increase of J 
(arrow direction), P4, P5 and P6 gradually change into a pair 
of conjugate complex roots from negative real roots and are 
dominant acnodes, and they decide the dynamic  
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Fig. 8. Characteristic root family of two VSG parallel network 
systems  

 
characteristics of the system. As shown in Fig.8, the larger 
the active frequency regulation coefficient m is, the more 
rapidly the dynamic response of the system can be configured. 
However, it is necessary to consider that the frequency in the 
steady state should not exceed the allowable change range. 
With an increase of J, the dynamic characteristics of the 
system accelerate gradually and then slow down and change 
from overdamping to underdamping. Therefore, the moment 
of inertia J should not be too small or large to ensure the 
stability of the system. 
 

V. SIMULATION AND EXPERIMENTAL RESULTS OF 
THE VSG POWER SHARING CONTROL 

In order to verify the control performance of the VSG 
based power sharing control strategy, a Matlab simulation 
model with two microgrid inverters as the VSG implement 
carrier was constructed. 

The simulation parameters are set as follows: (1) the main 
circuit parameters: DC side voltage Udc=400V, filter inductor 
L1=1mH, filter capacitor C=30μF, additional line inductance 
L2=0.5mH, the rated value of the system voltage amplitude 
and frequency are 311.127V and 314.1593rad/s; (2) the VSG 
ontology algorithm and controller parameters: the stator 
armature resistance is ra=0Ω, the synchronous reactance is 
xt=5mH, the moment of inertia is J=0.6kg*m2, the damping 
coefficient is D=0, the active power-frequency regulation 
coefficients are m1=10-4 and m2=2×10-4, the reactive 
power-voltage regulation coefficients are n1=0.5×10-4 and 
n2=10-4, the active power given values are Pref1=2000W and 
Pref2=1000W, and the reactive power given values are Qref1= 
1000Var and Qref2=500Var. 

The simulation process is organized as follows: firstly the 
system is operated in the islanding mode. In the initial 
moment inverter 1 runs separately. The local loads are the 
active load 3000W and the inductive reactive load 1500Var. 
At 0.5 seconds, inverter 2 implements the pre-start control. 
The two inverters begin parallel operation when their output 
voltages meet the synchronization condition in the amplitude, 
phase and frequency, and jointly share the local load. At 2  
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Fig. 9. The simulation waveforms of VSG control. 
 

seconds, the local loads have a mutation where the active 
load increases 1500W and the inductive reactive load 
increases 1500Var. The simulation results are shown in Fig. 
9. 

Fig. 9(a) shows simulation waveforms of the output active 
power of the two inverters. In the initial time, inverter 1 
supplies 3000W for the local load separately, and the output 
power of inverter 2 is 0. At 0.7 seconds, inverter 2 is also put 
into operation through the pre-start control. Since their 
outputs for the active power are matched with the load, the 
two inverters output active power according to their given 
values. At 2 seconds, the active load suddenly increases 
1500W. Since the active power-frequency regulation 
coefficients mi of the two inverters are set according to 
formula (4), inverter 1 undertakes two-thirds of the new load 
while inverter 2 undertakes one-third of the new load. 
Therefore, the active power sharing control is achieved. 

Fig.9(b) shows simulation waveforms of the output 
reactive power of the two inverters. Since the reactive 
power-voltage regulation coefficients of the two inverters are 
set to n2=2n1, from (12) it can be known that the reactive load 
undertaken by inverter 1 should be two times that of inverter 
2. As can be seen from the waveform, the initial stage 
inverter 1 alone undertakes a 1500Var reactive load. After 
inverter 2 has been put into operation, the reactive load 
undertaken by inverter 1 is reduced from 1500Var to 
1000Var, while inverter 2 undertakes a 500Var reactive load. 
This means that in the islanding mode, the output reactive 
power of the two inverters meets the requirements of the 
power sharing control. At 2 seconds, the reactive load 
suddenly increased by 1500 Var. After a very short transition  
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Fig. 10. The simulation waveforms of droop control. 
 

time, the two inverters again undertake the reactive load 
according to the requirements of the reactive sharing control. 

As control subjects, simulation waveforms of the power 
sharing control with the droop control are given in Fig. 10, 
where the parameter settings are the same as those of Fig. 9. 
As shown in Fig. 10(a), after inverter 2 is put into operation, 
the output active power of the two inverters have about 200W 
deviations, and the deviation will increase with an increase of 
the active load. From Fig. 10(b), it can be seen that the output 
reactive power of the two inverters also have deviation, and 
that they cannot accurately achieve power sharing control. A 
comparison of the simulation results shows that the power 
sharing control of the VSG-based control is significantly 
improved when compared to that of the droop control. This is 
due to its advantages in terms of a high output inductance and 
a large moment of inertia, as well as its simulation of the 
control characteristics of the synchronous generator in 
islanding mode, and the deviation of the inverter output 
active and reactive power is small. 

In order to further validate the power sharing control effect 
of the VSG, an experimental system composed of two single 
phase inverters was set up. The main parameters of the 
system are as follows: the DC side voltage is 200V, the filter 
capacitor is 30μF, the filter inductance is 0.7mH, the line 
additional inductance is 0.5mH, the rated output voltage of 
the two inverters is 100V, inverter output terminals connect 
to the grid through a transformer, the active power-frequency 
regulation coefficients of the two VSGs are m1= m2=10-4, and 
the reactive power-voltage regulation factors are both n1= 
n2=10-4. Experimental verification waveforms are shown in 
Fig. 11. 
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Fig.11. the experiment waveform of VSG control. 
 

Fig. 11(a) shows experimental waveforms of the VSG 
mode switching and power scheduling after the grid 
connected operation. The selected load is 2000W/0Var. The 
island mode operation is first. Then the two VSGs operate in 
the grid connected mode after the synchronization 
requirement is achieved. They run for a period of time at a 
specified power of 1000W. Then the power specified values 
increase 500W and continue to run. Fig. 11(a) shows the 
output voltage and output current waveforms of VSG1, it 
shows that the VSG-based control strategy can meet the 
requirements of the inverter control, which can implement the 
operation mode switching and power scheduling. 

Fig. 11(b) and Fig. 11(c) show load switching experimental 
waveforms for parallel VSGs which are operated in the island 
mode. In Fig. 11(b), the load at the moment from 700W/0Var 
suddenly increased to 1000W/0Var. The figure shows that the 
output current of the two VSGs increases dramatically with 
an increase of load and re-enters the steady state. At the same 
time, the output currents of the two VSGs are close to each 
other, indicating that the two VSGs have a fast dynamic 
response and good power sharing control characteristics. Fig. 
11(c) shows experimental waveforms of a sudden decrease in 
the load from 1400W/0 Var to 1000W/0 Var at a certain 
moment. The figure also shows that the two VSGs have fast 
dynamic response characteristics and good power sharing 
control characteristics. 
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VI. CONCLUSIONS 
 

The traditional droop control method has a large deviation 
in the power sharing control of microgrid inverters. Therefore, 
this paper proposes a novel VSG based microgrid inverter 
control technology. This control technology can achieve 
equilibrium distribution of the active and reactive load of a 
microgrid system due to the simulation of the 
electromechanical transient characteristics of a synchronous 
generator and the reference of the control principle of the 
synchronous generator speed governor and excitation 
regulator. In order to further improve power sharing control 
performance, a small signal analysis method is used to 
analyze the stability of the VSG control based a microgrid 
system, and it gives a reasonable choice of the control 
parameters m and J. Then it gives the VSG optimization 
design ideas to improve the accuracy of the power sharing 
control of a microgrid system. Simulation and experimental 
results has shown that the VSG can achieve a good power 
sharing, and its power sharing deviation is significantly 
smaller than that of the droop control based microgrid 
inverter. 
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