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Abstract—These days, distributed generators (DGs), such as
photovoltaic, wind turbine, and gas cogeneration systems have at-
tracted more attention than in the past. DGs are often connected to
a grid by power inverters. The inverters used in DGs are generally
controlled by a phase-locked loop (PLL) in order to be synchro-
nized with the grid. In a stability point of view, the power system
will be significantly affected if the capacity of inverter-based DGs
becomes larger and larger. The concept of the virtual synchronous
generator (VSG), which is used to control inverters to behave like
a real synchronous generator, can be considered as a solution. The
VSG can produce virtual inertia from energy storage during a
short operation time, and the active power can be produced by a
VSG similar to a synchronous generator. In this paper, an oscilla-
tion damping approach is developed for a DG using the VSG. The
method is confirmed analytically, and verified through computer
simulations. Finally, some laboratory experiments are conducted
using 10-kW inverters and a transmission-line simulator.

Index Terms—Active power control, oscillation reduction, reac-
tive power control, swing equation, virtual synchronous generator.

I. INTRODUCTION

T HE PERCENTAGE of distributed generators (DGs)
connected to the grid by inverters is in growing. For

example, 14.3 GW photovoltaic is planned to be connected to
the Japanese power grid by 2020 and 53 GW photovoltaic will
be connected to the grid by 2030. The inverters used in DGs
are generally controlled by the phase-locked Loop (PLL) in
order to synchronize with the grid frequency and phase. Power
systems may become unstable if the percentage of inverter type
DGs becomes larger and larger, because the inverter frequency
only follows the frequency determined by other synchronous
generators, which is detected by PLL. If the PLL loose the
locked situation by the power system disturbance, the inverter
has possibility to stop the operation due to over current of ac
side or over voltage of dc side, and power shortage may be oc-
curred. However, the inverters can be controlled to behave like
a synchronous generator using concept of “Virtual Synchronous
Generator (VSG)” [1]. A simple VSG model is shown in Fig. 1
[1]. Using the grid voltage/frequency and state of charge (SOC)
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Fig. 1. VSG diagram.

of storage device, VSG control unit sends proper control signal
to the inverter in order to inject or absorb amount of power. The
inverter is controlled to behave like a synchronous generator
by the VSG controller. Grid stability can be improved by using
the VSGs because the VSGs can provide virtual inertia similar
to the rotor’s inertia of synchronous generators by using energy
storages, and the inverter can continue operation keeping
synchronization with other generations in the power system.
There are several papers exploring the related subjects. The

addressed VSGs in [2]–[5] have only an energy storage and
no DGs are used. The concept of a static synchronous gener-
ator (SSG) was proposed in [6]. The control scheme of SSG is
based on the Park’s transformation and the swing equation. This
scheme is strictly simulating characteristics of a synchronous
generator. However, it is not necessary for inverters to mimic
synchronous generator, perfectly. In our previous research [7],
a virtual mechanical phase is established using the swing equa-
tion with simple damping term. Then it is used as a phase com-
mand of inverter output voltage. Additionally, the grid stability
and VSG’s response of the voltage dip were investigated. Then
it was verified that VSG system enhance the grid stability. The
control strategy of [8] is also established using the same equa-
tion. However, this system has to be switched to grid-connected
or intentional islanding mode, appropriately. In our previous re-
search [9], a reactive power control method was developed to
keep the sending end voltage at the specified rated value and
operate with the same control scheme whenever it is connected
to the grid or operated in intentional islanding mode.
However, the inertia of synchronous generator may cause the

oscillation of active and reactive power of the DG. The real
synchronous generator mainly uses the power system stabilizer
(PSS) to damp this oscillation [10]–[16]. However, it is difficult
for the PSS to determine proper control parameters because the
power system is an ambiguous and variable nonlinear system.
The VSG is able to cover the difficulty of determining proper

control parameters. Since the VSG has no actual rotor system,
one can use the swing equation via an algorithm to generate
virtual inertia. However, the equation is also nonlinear and hard
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Fig. 2. Model of synchronous generator.

to determine adequate parameters. In [17], [18], linearizing
technique for the power system is proposed. In this paper, a
novel linearizing technique for VSG-based control scheme
is proposed. Thus, the VSG can damp the grid oscillations
by linear control theory. The present paper is organized as
follows: an introduction on the VSG is given in Section II.
Swing equation linearization and mathematical formulation are
presented in Section III. Sections IV and V give simulation and
experimental results, respectively. This paper is concluded in
Section VI.

II. VIRTUAL SYNCHRONOUS GENERATOR

The model of synchronous generator which is used in this
paper is a cylindrical-rotor type synchronous generator (SG)
connected to an infinite bus. A simplified model is shown in
Fig. 2. Kinetic energy of rotor can be expressed as follows:

(1)

where is the rotor inertia moment and is the rotor speed.
This equation is differentiated as shown in (2); where and

are input and output powers, respectively. Damping term
is also added to the equation, because the rotor of

the synchronous generator has damper windings. Here, is the
damping factor and is . The is a rotating speed
of grid voltage. The following swing equation model is used to
realize the VSG structure:

(2)

The structure of the used VSG is shown in Fig. 3. The swing
(2) is used to drive the power inverter. As a result, the inverter
behaves as a synchronous generator. Grid frequency and output
power are measured by the frequency detector and the power
meter blocks, respectively. The grid frequency is used to cal-
culate . Then, the virtual rotor speed is calculated by
the VSG control block using (2). Runge-Kutta method is used
to obtain the . The virtual mechanical phase is obtained
from , and it is given to the inverter as a phase control com-
mand for the inverter output voltage.
As shown in Fig. 3, when the VSG inverter is connected to the

infinite bus, active and reactive power ( and ) are expressed
as

(3)

where “ ” of (3) represents conjugate operator, is the phase
difference between and . The is inverter output

Fig. 3. VSG control block diagram.

Fig. 4. Power circle diagram of (3).

voltage and the is the grid voltage. By controlling the am-
plitude of inverter output voltage to become ,
the inverter supplies reactive power to the grid. Conversely,
when , the inverter consumes reactive power.
It can be seen that the voltage amplitude command is obtained
from the PI controller using feedback of . The of Fig. 3
is the reactive power command.

III. MATHEMATICAL FORMULATION

A. Nonlinearity of Swing Equation

As mentioned in Section II, in a VSG, the active power is
controlled by changing and the reactive power is controlled
by changing . Normally, for a synchronous generator, it is
assumed that is under 30 degree. In this case, and

, thus the is a function of and, and can be
independently controlled. A 2-D expression of this relationship
is shown in Fig. 4.
However, if is over 30 degree or there is large resistance in

connecting line as shown in Fig. 5, is not only a function of .
and are resistance and inductance of the line, respectively.

Equation (3) can be changed to (4) and (5) in the case of existing
a considerable resistance

(4)

(5)
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Fig. 5. Single-machine infinite bus system.

Fig. 6. Power circle diagram of (6) and (7).

Following a manipulation, (4) and (5) become (6) and (7),
respectively

(6)

(7)

Thus, contains sine function and makes the swing equation
nonlinear. Additionally, active and reactive power controls are
not independent. The two-dimensional expression of this rela-
tionship is shown in Fig. 6. The and changes affect both
and . This conflict behavior makes the swing equation more
complicated for realization and control.

B. Linearization and Decoupling

In order to solve the above problem, a new control equation
which will not be affected by is proposed. Then the equation
will be linearized after detailed analysis.
By assuming and as binary functions of and , total

differentiation of and are expressed as

(8)

(9)

where , , and are partial differential of and
. By setting the initial value of and as and , re-

spectively, and are expressed as (10) and (11) after minor
change of time

(10)

(11)

where and are minor change of and , respectively.
Then, can be expressed as (12) by substituting (10) for

of (2)

(12)
where and are and , respec-
tively. The term shows the effect of the voltage
change. If the can be cancelled, the swing equation
becomes no longer subjected to the voltage change
Therefore, (2) was modified by adding as fol-

lows:

(13)

where

(14)

By substituting (10) and (11) for and of (13), the
can be expressed as

(15)

By substituting (14) in the term , the
following equation results:

(16)

This means (13) is independent of the voltage change. Fig. 7
shows (16), graphically. By feed backing , this
VSG control makes it equal to . On the other hand, PI
control for reactive power control makes equal to . As
a result, and follow their commands. In addition,
axis is vertical to the radius direction. Thus the VSG control for

is not subjected to the voltage deviation and is only to
be controlled by the .
Here, is the gradient of vector in Fig. 6. The

connection of and is a circular form, thus change direction
of and which are invoked angle and voltage changes are
orthogonal. Therefore, the can be calculated as follows:

(17)

When ( is not changed), is equal to
and is equal to , thus, is calculated via dividing

by . Conversely, when ( is not changed),
is equal to and is equal to . Thus, is

calculated via dividing by .
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Fig. 7. Control of axis.

The term of in
(15) can be rewritten as

(18)

Assuming and as

(19)

(20)

where

(21)

and synchronizing coefficient of will be expressed as

(22)

The change of causes the deviation of tangent line direction
as shown in Fig. 8. Thus synchronizing coefficient under

control is expressed as (23), by making projection from
axis to axis

(23)

It is notable that the quantity of deviation is equal to the quan-
tity of deviation multiplied by . By inte-
grating (23), is expressed as

(24)

On the other hand, (15) can be rewritten as given in (25) by
making the projection in the same way

(25)

Fig. 8. deviation for and .

The and are neglected, becomes ,
and becomes . If is
already set to , (25) will be changed to

(26)

Therefore, by replacing to , (26) is returned to
temporal differentiation form of

(27)

Generally, can be considered as a constant at steady-state
operation. Thus, in the case the deviation of is small, (27) is
able to be considered as a 2nd-order linear differential equation.

C. Applying Linear Control Theory

Given , , and from (24); 1st-
and 2nd-order temporal differentiation of are expressed as

(28)

(29)

By substituting (28) and (29) in (27), (27) is expressed in terms
of as follows:

(30)

where is a constant value that is used instead of under
the assumption of small deviation of . Using Laplace trans-
formation with , (31) can be derived

(31)
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TABLE I
SIMULATION PARAMETERS OF THE VSG

Equation (31) is the same form as the well-known response of
a typical 2nd-order control system to a step input

(32)

where is the undamped natural frequency, and is the
damping ratio of the system. The response performance of
the system can be changed by changing the damping ratio.
Comparing (31) to (32), the and is expressed as (33) and
(34)

(33)

(34)

Thus, in the case of realization of

(35)

it can damp the oscillation, adequately.

IV. SIMULATIONS

To verify the proposed control method, a simulation using
software PSCAD/EMTDC is performed. In our previous re-
search [7], a distributed generator which output is 6.6 kV and
1.5 MW is used to verify VSG control. Thus, the equal-sized
generator is used in this session. A conventional damping con-
trol method and developed control approach based on lineariza-
tion and linear control theory are shown.

A. Conventional VSG Damping Control

To affirm the difficulty of control in the case of ,
a simulation is carried out. Then the VSG is driven in grid-
connected mode. The model of simulated system is shown in
Fig. 9, and the simulation parameters are shown in Table I.
The reactance and resistance R include the distribution line
impedance in addition to the impedance of the inter-connecting
inductor of the voltage source inverter. In distribution lines, the
reactance and resistance is almost the same value. The value
of includes the reactance in the inverter and transformer.
The VSG control block in Fig. 9 is the same as Fig. 3. Equation
(2) is used to calculate the . Under the condition that active
power is 1.0 MW, reactive power reference is changed from 0

Fig. 9. Grid-connected system with resistance.

Fig. 10. Simulation results of the conventional control model.

to 0.5 Mvar at 2 s. Here, minus sign for reactive power shows
the leading property. Simulation results are shown in Fig. 10.
After changing the command, an undamped oscillation ap-

pears in the system response. This phenomenon is occurred by
hunting between active and reactive power controls. The de-
viation cancels the damping factor in (12) under this condition.
Thus, and are not able to converge to the reference value.

B. Proposed Damping Control

By changing the control equation from (2)to (13), the VSG
control for active power is linearized and to be independent from
the voltage change. First, the gradient should be obtained for
the control equation. In this VSG control, the phase difference
is unknown because there is no phase detection system. In ad-
dition, it is assumed that the line impedance is also unknown in
this paper. Thus, the algorithm is constructed without the values
of , and .
The algorithm for estimating the value is summarized as

follows.
Step 1) Set initial value of (here, 0.1 is used as the ini-

tial). Then, go to Step 2).
Step 2) By temporal differentiating , , and , calculate

, , , and in every itera-
tion. Then, go to Step 3).

Step 3) Compare the temporal differential to the previous
value. When the sign of is changed and

is not changed, go to Step 4). When the sign
of is changed and is not changed,
also go to Step 4. Otherwise, go to Step 6).

Step 4) If or (in steady state), is
inestimable. Thus, go to Step 6). Otherwise, go to
Step 5).
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Step 5) Renew . When the sign of is changed,
. When the sign of is

changed, . If is plus, stop
renewing . Then, go to Step 6).

Step 6) Apply low pass filter in order to smoothing the
output. Then, go back to Step 2).

, , and are measured in each sampling time step. The
m can be calculated from (17) at each iteration. Additionally,
referring to (8) and (9), (36) is satisfied when , and
(37) is satisfied when

(36)

(37)

In the VSG system, since the is unknown value,
is assumed as . If or , is in-
estimable. Thus, the calculation is skipped if these values are
under a given threshold value. In the system of this simulation,
is always a negative value because it is assumed that the DG is

a generator in this paper. Therefore, if is positive, it is consid-
ered as a wrong value. Moreover, the is discrete and variable
because the can only be calculated at the point that
or . To smooth the behavior of , a low pass filter
is used. In addition, it is supposed that the impedance value be-
tween the inverter and the infinite bus is unknown. Therefore
the is also unknown without measurement and calculation.
However, the initial value of is necessary for proposed algo-
rithm. Then the 0.1 is temporarily set as the initial value.
Furthermore, the damping factor must be changed to

as shown in (25) and (26). Thus, the calcula-
tion of damping factor is necessary. It can be
calculated as follows (the is equal to ):

(38)
To verify the proposed damping control scheme, a simula-

tion is carried out. The condition of the simulation is the same
as Section IV-A. Reactive power reference is changed from 0 to
0.5 Mvar at 2 s. By applying (13) and (38), The VSG damping

control becomes independent from the voltage deviation. The
threshold of and is set at 0.02 p.u./s and the time
constant of low pass filter is set at 1 s. The threshold value is
determined to exclude noises of measured and . If the dis-
tributed generator is steady state, and are ideally
0. However, there must be some noises if they are measured
by real system. Therefore the cannot be converged if the
threshold is too small because and become dif-
ferentiation of the noises. We found the 0.02 p.u./s by trial and
error. Further discussion is needed to derive optimal threshold
value. Simulation results are shown in Fig. 11.
The oscillation is effectively damped compared with Fig. 10.

The and is under the threshold at 3.5 s, the control
system cease updating the value. The is about 0.36 at 0
s because the simulation started before 0 s and the initial value
of ( 0.1) is renewed by the algorithm mentioned in above.
The response of m shown in Fig. 11 is due to the low pass filter

Fig. 11. System response using proposed control method.

to smooth the behavior of . As a result, linearizing and decou-
pling for oscillation dumping are succeeded.
Now, the occurred oscillation is damped by the linear control

theory-based approach explained in Section III-C. First, the co-
efficient has to be calculated because it is assumed that the
is unknown without measurement and calculation.
The algorithm for calculating the value is as follows.
Step 1) Set initial value of such that the becomes 0.045

(this is the same as conventional control mode).
Then go to Step 2).

Step 2) By temporal differentiating , and , calculate
, and in every iteration. Then

go to Step 3).
Step 3) Compare the temporal differential to the previous

value. When the sign of is changed and
is not changed, go to Step 4). Otherwise go

back to Step 2).
Step 4) If , is inestimable. Thus, go back to Step

2). Otherwise, is calculated as
according to (28). Then, proceed to Step 5).

Step 5) Calculate the using (35). If , reset the
at 0.045. Then, go back to Step 2).

is initially set at (moment of inertia) (rated angular
speed). The calculation of Step 2 is the same as Step 2) of
Section IV-B. If is under the given threshold value, the
calculation is skipped in Step 4). is compelled to be over than
0.045 in order not to increase the oscillation in Step 5). In addi-
tion, the damping factor has to be calculated as (38). Therefore,
(35) can be updated as follows:

(39)

To verify the control scheme, a simulation is carried out. The
condition of the simulation is the same as Section IV-B. By ap-
plying the algorithm, the oscillation is controlled by the value of
. The cases of (constant), and
are considered. The thresholds of and are set at
0.02 p.u./s and 0.02 rad/s, respectively. Under the condition that
the reactive power is 0 Mvar, the active power reference
is changed from 1 to 1.5 MW. The active power step response
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Fig. 12. System response using the proposed control method: (a)
(constant), (b) , and (c) .

is featured in this simulation in order to show the deference be-
tween and will be shown clearly. If , the
active power response is under damping. If , the active
power response is over damping. Simulation results are shown
in Fig. 12.
In the case of constant , the active power oscillates fol-

lowing changing the reference, because the VSG emulates the
synchronous generator. By applying the proposed approach, the
output wave form is varying along the ideal response form. In

TABLE II
SIMULATION PARAMETERS OF SG

Fig. 13. Parallel running system of VSG and SG.

Fig. 14. Power response of VSG and SG: (a) (constant) and (b)
.

the case of , the response is fast with a small over-
shoot. On the other hand in the case of 1.5, there is no
overshoot but the response is slower. As a result, the oscillation
is damped adequately in both cases. On the other hand, the
varies in the three cases because the changing rate of is too
small to estimate the accurate value of . There is a trade-off
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Fig. 15. Experimental system: (a) single diagram and (b) experimental facili-
ties.

TABLE III
VSG PARAMETERS

between estimating the accurate and damping the oscillation.
In this simulation, the oscillation damping has priority to the ac-
curate value of .
To verify this damping ability in intentional islanding mode,

a simulation of parallel running of VSG and SG is carried out.
The model of simulated system is shown in Fig. 13, and the
simulation parameters of SG are shown in Table II. In addition,
the VSG is applied governor control [7] for intentional islanding
operation. Base power of VSG and SG are set at 0.5 MW and
1.0MW, respectively. The damping ability is verified in the case
that the load consumption is changed from 1.5 to 0.75 MW.
Simulation results are shown in Fig. 14.

and are the output active power of SG and VSG,
respectively. The is the rotor speed of SG. There is a cross

Fig. 16. Experimental results of the proposed control: (a) 0.045 (con-
stant), (b) 0.707, and (c) .

current between SG and VSG in the case of a). On the other
hand, the cross current is suppressed by applying the damping
control as shown in Fig. 14(b). The difference of the transient re-
sponse just after load changing between VSG and SG is caused
due to difference of the internal reactance of VSG and SG shown
in Tables I and II, respectively.
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V. EXPERIMENTAL RESULTS

To show the effectiveness of the proposed control method, an
experimental study for a system configuration, which is shown
in Fig. 15, is carried out. A low-voltage power distribution
system is considered in this session. The experimental system
consists of a VSG controlled by a digital signal processor
(DSP), a reactance, and transformer. Base power and voltage
are 10 kW and 207 V, respectively. The transmission unit (TU)
simulates a 40 km transmission line. The unit is equivalent
circuit which has 0.11 resistance, 2.58 mH inductance, and
3.34 capacitance [7].
An experimental test scenario is conducted for the proposed

control method described in Section IV-B. VSG parameters are
shown in Table III. The interconnecting reactance in the
table is the total of the reactance (8.8%) and leakage reactance of
the transformer (7.0%) shown in Fig. 15 (a). When the reactive
power keeps 0 kvar, the active power command is changed from
1 to 3 kW. The thresholds for and are set at 0.6 p.u./s
and 0.1 rad/s, respectively. These values have to be larger than
the simulation’s because there are more noises in the measured
values, especially for derivatives of and in (36) and (37).
Thus, these values were determined by trial and error again. The
cases of 0.045 (constant), 0.707 and 1.5 are
considered. The experimental results are shown in Fig. 16.
By applying the proposed damping method, the oscillation by

emulating synchronous generator is significantly damped. The
response of the case has an overshoot similar to the
simulation result. However, the response is quicker than that of

1.5.

VI. CONCLUSION

To resolve the problem of power grid instability in the pres-
ence of a high percentage of inverter-based DGs, the VSGwhich
is the concept of controlling an inverter to behave like a syn-
chronous generator is studied. A novel control system for VSG
which solves the output power oscillation occurred by the char-
acteristic of the simulated synchronous generator is proposed.
By linearizing the system equation and decoupling the voltage
deviation and damping factor, and using a linear control theory,
a new damping control approach is proposed. Using the devel-
oped method, the VSG evades the unstable low-frequency os-
cillation mode. Simulations and experimental results show that
the proposed method damps the oscillation adequately.
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