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Abstract

A DC side power fluctuation exists in the converter with virtual

synchronous generator (VSG) control under the unbalanced grid

voltage. It will affect the service life of battery equipment. This paper

proposes a direct-feedforward-voltage control method to suppress

the DC side power fluctuation in the inverter under the unbalanced

grid voltage. Firstly, based on the equivalent circuit of the inverter

in the rotating coordinate frame, the reason causing the DC side

power fluctuation is obtained. The variables affecting the fluctuation

are achieved. Secondly, a direct-feedforward-voltage control method

to eliminate the fluctuation is proposed, in which the modulation

wave is modified to generate an additional voltage in the inverter

output voltage. Through interacting with the positive sequence

current and the unbalanced grid voltage, a feedforward voltage is

generated to eliminate the fluctuation of the DC side power. The

feedforward voltage is formed by the negative sequence voltage of the

power grid, the positive sequence output current, and the positive

sequence output voltage. Finally, the control characteristics of the

proposed control method are presented. Based on analysis of the

power closed-loop transfer function, the proposed control method

has a small influence on the power closed-loop and can achieve the

power control precision of the VSG. Simulation and experimental

results are proposed to verify the analysis and the effectiveness of

the proposed control method of suppressing the DC side power

fluctuation.
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1. Introduction

With the development of renewable energy and distributed
power generators, the high proportion of renewable energy
connected to the grid will influence on the power system
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[1]–[3]. In renewable energy generation, such as wind
power and photovoltaic power, due to the influence of
meteorological factors, these new energy sources have
characteristics, such as intermittency, randomness, and
volatility, resulting in fluctuations in output power [4]. In
addition, the widespread use of power electronic devices
will gradually increase the proportion of power sources
with asynchronous generator characteristics. The inertia
of asynchronous generator power sources is relatively
small because the inertia size reflects the frequency
anti-interference ability of the power system, that is,
the frequency stability. The increasing proportion of
asynchronous power sources with smaller inertia may
lead to frequency stability issues. Therefore, in existing
methods, controlling renewable energy generation as a
virtual synchronous generator (VSG) is an effective
solution [5], [6].

About the study on VSG, many papers have conducted
detailed research. As a result, under the unbalanced grid
voltages, there is a power fluctuation problem on the DC
side of VSG. Previous literature has conducted in-depth
research on the VSG control. For example, in [7], power
sharing among multiple VSGs is studied. Multiple VSGs
can operate stably and share active and reactive power.
Under the condition of unbalanced grid voltages, the VSG
control will be affected [8]–[10], and the power fluctuation
at twice the fundamental frequency will occur [11], [12].
In situations requiring minimal DC side power fluctuation,
the active power on the AC side of the inverter must
remain constant, and the DC side power or voltage should
be kept constant. For example, when the DC side contains
a battery, in order to reduce the fluctuation of battery
charging and discharging power, the DC side power of the
inverter needs to be constant.

There are many methods to suppress power fluctu-
ations on the DC side. The analysis and summary on
this point can be expressed. And, the method in previous
literature has a slight drawback. In the traditional method
mentioned in the previous literature, in order to suppress
fluctuating power, the inverter with the VSG control
generates a negative sequence current, which eliminates the
power fluctuation caused by the unbalanced grid voltage.
The method of controlling the positive and negative
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sequence components separately is actually to obtain the
unbalanced current generated by the inverter with the
VSG control. The unbalanced current will interact with
the unbalanced grid voltage to obtain a constant power.
At present, there are two types of suppressing methods
existing in the literature. The one is to suppress the
power fluctuation through the DC side voltage control
loop. For example, in [13] and [14], the DC side voltage
control is used to suppress the fluctuation. But, the
methods are not suitable for the VSG control, because
the dynamic response of the active power in the VSG is
slower than that of the methods in the literature. The
other method of suppressing the power fluctuation is to
control the positive and negative sequence currents of the
grid-connected inverter separately. For example, in [15]–
[19], the reference values of the positive and the negative
sequence currents in grid-connected inverters are obtained,
and current closed-loops are applied to control the positive
and negative sequence currents separately. As a result,
the power can be controlled to a constant value. In [20]
and [21], in order to suppress the power fluctuation, a
method of adding a negative sequence current is proposed.
This method suppresses the power fluctuation by adding a
negative sequence current closed-loop, which is connected
in parallel with the positive sequence current closed-loop.
The above methods can suppress the steady-state power
fluctuation. However, when the positive sequence current
closed-loop and the negative sequence current closed-loop
operate in parallel, if there is a difference in the parameters
of the two current closed-loops, the current closed-loops will
affect each other in the dynamic process, which will reduce
the effectiveness of the power fluctuation suppression.

This paper aims to address the shortcomings of
control methods in existing literature and proposes a
more optimal control method. This paper realises a novel
suppression strategy of the power fluctuation based on the
direct-feedforward-voltage control in the inverter with a
VSG control. On the basis of the original VSG control,
this paper introduces a voltage feedforward control that
directly modifies the modulation wave of the PWM control,
enabling the inverter to output the added voltage. The
added voltage will interact with the unbalanced grid
voltage and the positive sequence current to eliminate
the power fluctuation at twice the fundamental frequency,
ultimately achieving a constant DC side power. The
contributions of this paper can be summarised as follows: a
novel control strategy of suppressing the power fluctuation
is presented; this control strategy does not affect the
current control in the dynamic process.

2. DC Side Power Under Unbalanced Grid Voltage

2.1 Control of VSG

The control of VSG includes the active power–frequency
control and the reactive power–voltage control. Firstly,
in the control system, the model of VSG is proposed.
Then, the control diagram can be obtained by using the
model of VSG. The equation for the output voltage of
the synchronous generator is shown in (1), and its rotor

Figure 1. Control diagram of active power–frequency
control of VSG.

motion equation is shown in (2) [22]–[25]. Among them,
ua, ub, and uc represent the output voltages, uIa, uIb, and
uIc represent the induction electromotive force of stator
winding, ia, ib, and ic represent the output currents, J is the
moment of inertia of the synchronous generator (kg·m2),
Tm is the mechanical torque of the generator (N·m), Te is
the electromagnetic torque of the synchronous generator
(N·m), ω is the rotation speed of the synchronous generator
(rad/s), D is the damping coefficient, ωN is the rated
value of the rotation speed of the synchronous generator
(rad/s), PN is the rated value of the active power (W),
P is the output active power (W), kω is the coefficient
of the relationship between active power and frequency,
UN is the rated value of the output voltage (V), U is the
output voltage (V), QN is the rated value of the reactive
power (var), Q is the output reactive power (var), ku
is the coefficient of the relationship between the reactive
power and the voltage. In the equations, D∆ω reflects
the damping effect when the rotation speed changes. The
VSG control utilises an inverter to simulate the active
power–frequency droop output characteristics and the
reactive power–voltage droop output characteristics of a
synchronous generator, while considering the stator voltage
equation and the rotor motion equation of the synchronous
generator, so that the energy storage inverter can simulate
the external characteristics of the synchronous machine.
By substituting the expression of the droop characteristic
of the synchronous generator into the expression of the
rotor motion equation of the synchronous generator, the (3)
can be obtained. The active power–frequency control block
diagram of the VSG control can be obtained in Fig. 1. In
the control block diagram, the virtual mechanical power PN
is obtained through the droop characteristic of the active
power–frequency of the synchronous generator, and the
change in torque is obtained by the output electromagnetic
power. Finally, the reference value of the rotation speed is
obtained through the damping coefficient and the moment
of inertia in the rotor motion equation [26]–[28]. The
excitation control system of the synchronous generator has
been simplified to obtain a virtual excitation controller,
and its control diagram is shown in Fig. 2. In the control
diagram, the actual measured reactive power is subtracted
from its rated value, and the resulting difference is then
multiplied by a corresponding coefficient to determine the
voltage difference due to the change in reactive power. Then
the voltage reference value of the VSG voltage control loop
is obtained by adding the voltage difference to the rated
voltage of the power grid. After the feedback voltage is
subtracted from this reference, a virtual excitation current
is produced by a PI regulator. Due to the linear relationship
between the excitation current and the amplitude of the
induced electromotive force of the VSG, the control of the

2



Figure 2. Control diagram of reactive power–voltage
control of VSG.

Figure 3. Block diagram of inverter with VSG control.

induced electromotive force of the VSG can be achieved by
adjusting the excitation current.
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The inverter with VSG control is formed by the main
circuit and the control system. The three-phase inverter
with LCL filter is used, and the grid voltages will affect the
VSG. The control system includes the VSG control and the
voltage-current-dual-loop control. In the inverter, the VSG
control is shown in Fig. 3. The power system is equivalent
to a voltage source with an impedance. The inverter is
controlled as a VSG, and the DC side power is provided
by renewable energy generation or batteries. ua, ub, and
uc represent the PCC voltages, uIa, uIb, and uIc represent
the AC output voltages of the inverter, and ia, ib, and ic
represent the output currents of the inverter. isa, isb, and
isc represent the grid currents. uga, ugb, and ugc represent
the grid voltages.

2.2 Analysis of DC Side Power Fluctuation

The analysis of the DC side power fluctuation is proposed.
With the relationship between the voltage and the current,
the power is obtained. Then, the second harmonic power
fluctuation on the DC side can be derived. The model of the
main circuit is shown in (4). When the three-phase voltage
of the power grid is unbalanced, the power grid voltage

includes positive and negative sequence components. In a
three-phase three wire system, there is no zero sequence
component. In the rotating coordinate frame, the positive
and negative sequence components are separated. The (5)
can be obtained, where the superscript “p” represents
the positive sequence component and the superscript “n”
represents the negative sequence component. upId, upIq,

unId, and upIq are respectively the negative and positive

components of the inverter output voltages, ind , inq , ipd, and
ipq are respectively the negative and positive components
of the inverter output currents. und , unq , upd, and upq are
respectively the negative and positive components of the
PCC voltages. The active power and reactive power are
shown in (6) where the variables are shown in (7). In (6),
when the grid voltage is unbalanced, the output active
power and reactive power of the inverter with the VSG
control are composed of DC components (p0 and q0) and
second order harmonic components (p1cos2ωt, p2cos2ωt,
q1sin2ωt, and q2sin2ωt), respectively. The power flowing
from the AC side to the DC side of the inverter is
shown in (8). According to (8), the second order harmonic
component in the output power of the inverter will cause
a second harmonic fluctuation in the DC bus voltage. If
the DC side is a battery, it may cause the battery to
repeatedly charge and discharge, reducing its service life.
Therefore, it is necessary to suppress the second harmonic
power fluctuation.

uIa = Ldiadt + ua

uIb = Ldibdt + ub

uIc = Ldicdt + uc

(4)


upId = L

dipd
dt − ωLipq + upd

upIq = L
dipq
dt + ωLipd + upq

unId = L
dind
dt + ωLinq + und

unIq = L
dinq
dt − ωLinq + unq

(5)

p (t) = p0 + p1 cos 2ωt+ p2 sin 2ωt

q (t) = q0 + q1 cos 2ωt+ q2 sin 2ωt
(6)
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dt
= p(t). (8)

2.3 Proposed Strategy for Suppressing DC Side
Power Fluctuations Under Unbalanced Grid
Voltage

Based on the relationship equations between the voltage
and the current under unbalanced grid voltage, the power
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Figure 4. Equivalent circuit of power fluctuation suppres-
sion strategy when three-phase voltages are unbalanced:
(a) Equivalent circuit in d -axis and (b) Equivalent circuit
in q-axis.

fluctuation suppression strategy is proposed from the
equivalent circuits. The power fluctuation suppression
strategy in this paper is to add a feedforward voltage
on the modulation wave, which generates an output
voltage to suppress the power fluctuation. The principle
is as follows: by changing the modulation wave, the
negative sequence voltages ∆unLd and ∆unLq are added
to the output voltage, which interacts with the positive
sequence voltage and the positive sequence current,
generates a new second order harmonic power. The sum
of this second order harmonic power fluctuation and
the previous second order harmonic power fluctuation is
zero, then the second harmonic order power fluctuation
is eliminated. The analysis of the power fluctuation can
be presented in Fig. 4. Substituting ∆unLd and ∆unLq into
the second order harmonic power fluctuation expression
in (6) and making the second order harmonic power
fluctuation expression 0, (9) can be obtained. Based
on the relationship between voltage and current in the
equivalent circuit, (10) can be obtained. Solving (10) can
obtain the values of ∆unLdand ∆unLqwhich are shown in
(11). If the inverter outputs the added values ∆unLdand
∆unLq, the second order harmonic power fluctuation can
be suppressed. In Fig. 4, upd + und and upq + unq are the
output voltages of the proposed control strategy. ∆inLd

and ∆inLq are the changed currents after ∆unLd and ∆unLq

are added.
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The proposed strategy for suppressing the power
fluctuation under unbalanced grid voltage is proposed. The
feedforward voltage for suppressing the power fluctuation is
generated. And, the control diagram can also be obtained.
The feedforward voltage can be calculated from (11). The
strategy for suppressing the DC side voltage fluctuation
under unbalanced grid voltage is shown in Fig. 5. The
dashed line represents the fluctuation suppression part,
and the modulation wave is modified through adding a
negative sequence voltage ∆unLd and ∆unLq to the output
voltage, ultimately eliminating the power fluctuation of the
DC side. In Fig. 5, the voltage reference is generated by
(12), where Cabc/dq are the rotation transformation matrix
from the abc coordinate to the dq coordinate [28].
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(
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(
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This paper compares the proposed method with the
traditional method. The dynamic response in the proposed
method and the traditional method is different. And the
convergence performance in the proposed method and
the traditional method is also different. The traditional
suppression strategy is shown in [15]–[19]. The negative
current control loop is added to the control system in
the literature. For the power fluctuation suppression, the
traditional strategy is a closed-loop control, while the

Figure 5. The proposed strategy for suppressing the power fluctuation under unbalanced grid voltage.
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Figure 6. Diagram of voltage control closed-loop.

proposed strategy employs open-loop control. In term of
the dynamic response, the proposed suppression strategy
has a faster dynamic response than that of the traditional
suppression strategy. That is, when the DC side power
changes, the proposed strategy responds quickly and has
a better suppression effect on the power fluctuation.
Regarding the convergence under disturbance, due to
its open-loop control, the proposed strategy has weaker
convergence performance compared to the traditional
strategy.

2.4 Control Characteristics of the Active Power
Under Unbalanced Grid Voltage

The control characteristics of the active power under
unbalanced grid voltage are analysed in this part. Firstly,
the transfer functions are proposed. Then, the control
characteristics are obtained through the Bode plots and
the control diagrams. As shown in Fig. 5, the voltage and
current dual closed-loop control is applied. The voltage
closed-loop control diagram of the inverter with the VSG
control is shown in Fig. 6. After subtracting the reference
voltage from the output voltage of the inverter, the
reference current is generated through the PI1 regulator.
Then, through current closed-loop control, the output
current tracks the reference current. The d -axis and q-
axis include the voltage and current dual closed-loops,
respectively. This paper takes the d -axis voltage and
current dual closed-loop control as an example for analysis.
In Fig. 6, the SPWM of the inverter is represented by a
proportion component shown as KPWM . R is the internal
resistance of the inverter inductor. The capacitor current
is obtained by subtracting the inverter’s output current

from the power supply current, and the inverter voltage is
then calculated by multiplying this current by 1/Cs. Both
closed-loops are negative feedback control loops, and after
reaching steady state, the output voltage of the inverter
is equal to the reference voltage. An additional ∆unLd is
added to the modulation wave, and its transfer function is
shown in (13). The Bode plot of the closed-loop transfer
function under a set of parameters is shown in Fig. 7. The
parameters are: Kp1 = 0.01, Kp2 = 40, KPWM = 1, L
= 2 mH, C = 10 µF, R = 0.01 Ω. It can be seen that
adding ∆unLd to the modulation wave can make the output
voltage include this voltage value. The power control block
diagram of the inverter with the VSG control is shown in
Fig. 8. Among them, Ug represents the positive sequence
voltage of the power grid, U represents the output voltage
of the inverter, the line impedance is X, the phase angle
difference between the inverter output voltage and the
grid voltage is ϕ, ωN is the rated speed, E∗ represents
the amplitude of the reference grid voltage. When the
voltage in the power grid is unbalanced, there is a power
fluctuation at twice the fundamental frequency, which is
represented by ∆p, and ∆p = p1cos2ωt + p2sin2ωt. Gv1(s)
is the closed-loop transfer function (fromupd to udref) of the
voltage control loop, and Gv2(s) is the closed-loop transfer
function (fromupd to ∆unLd). Gv1(s) reflects the precision of
the voltage control loop, and Gv2(s) reflects the influence
of the disturbance of the voltage control loop. Kp1 and
Kp2 are respectively the proportional regulator coefficient.
KPWM is the proportional coefficient of the PWM control.GV 1(s) =

up
d

udref
=

Kp1Kp2KPWM

Cs(Ls+R+Kp2KPWM)+Kp1Kp2KPWM

GV 2(s) =
up
d

∆un
Ld

= KPWM

Kp2KPWM(Cs−Kp1)+Cs(Ls+R)

. (13)

The transfer function of the active power control
closed-loop is obtained in this part. The influence of
the second order harmonic power fluctuation is analysed.
Then, the control characteristics are obtained through the
Bode plots. The transfer function of the active power
control closed-loop in the inverter with the VSG control is
expressed in (14). The natural frequency and damping are

Figure 7. Bode diagram of voltage control closed-loop: (a) Bode plot of GV1(s) and (b) Bode plot of GV2(s).
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Figure 8. The power control block diagram of the inverter with the VSG control.

Figure 9. Bode diagram of active power control closed-loop: (a) Bode plot of G1(s) and (b) Bode plot of G2(s).

Figure 10. Simulation model of proposed suppression strategy: (a) block diagram of simulation system and (b) control system.
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shown in (15). The closed-loop transfer function between
the fluctuating power and the output power is shown in
(16). The Bode plot under a set of parameters can be
obtained from (14), as shown in Fig. 9. The parameters
are: Ug = 220 V, U = 210 V, ωN = 50×2×3.14 rad/s, L
= 5 mH, X = ωNL, J = 0.02 kg·m2; D = 0.1. From the
magnitude and phase curves, it can be seen that the cut-off
frequency of the active power transfer function controlled
by the VSG control is relatively small, which means the
power response speed is slow. As can be seen from (16),
the power fluctuation of the second order harmonic will
appear in the output power. In the VSG control, the
average power is applied in the power calculation process,
which is equivalent to filtering out the disturbance of the
second order harmonic power fluctuation. Therefore, the
disturbance of the second order harmonic power fluctuation
has a small influence on the original power control based
on the average power control, and the main influence is
still on the DC side fluctuation.

G1(s) =
P (s)

Pref(s)
=

UgU
JωNX

s2 + D
J s+

UgU
JωNX

(14)ωn =
√

UgU
JωNX

ξ = D
2

√
ωNX
JUgU

(15)

G2(s) =
∆P (s)

P (s)
=

s2 + D
J s

s2 + D
J s+

UgU
JωNX

. (16)

3. Simulation Results

To verify the effectiveness of the proposed method, the
simulation is presented in this part. The simulation model
is built. The main circuit and the control circuit are
proposed. Under the situation of unbalanced grid voltage,
the simulation of the strategy proposed in this paper is
presented in Fig. 10, in which the simulation software PSIM
is used. In Fig. 10(a), the main circuit includes the inverter
and the grid. The control system includes the droop control,
the VSG control, and the voltage current dual control
loop. The control system is shown in Fig. 10(b). The droop
control, the VSG control, the voltage current dual control
loops, and the proposed control strategy for suppressing
the fluctuation are presented.

The simulation waveforms are shown in this part. The
verification of the proposed control method is achieved.
And, the comparison of the dynamic response is also
proposed. The simulation waveform is shown in Fig. 11. In
Fig. 11(a), the voltage simulation waveform under a three-
phase unbalanced grid is shown. The voltages of phases a,
b, and c are unbalanced. In Fig. 11(b), in the traditional
control method, the dynamic performance of the negative
current control may influence the dynamic process of the
suppression method. In Fig. 11(c), due to the unbalanced
grid voltage, a power fluctuation at twice the fundamental
frequency is generated, and the dynamic process is short
than the tradition method. The traditional strategy is a
closed-loop control, while the proposed strategy employs
open-loop control. In term of the dynamic response,
the proposed suppression strategy has a faster dynamic

Figure 11. Simulation results of proposed suppression
strategy: (a) grid voltage; (b) output current and DC side
power (traditional control method); and (c) output current
and DC side power (proposed control method).

response than that of the traditional suppression strategy.
Under these conditions, the output current of the inverter
with the VSG control is the balanced three-phase current.
When the power fluctuation suppression strategy proposed
in this paper is applied as shown in Fig. 10(b), the output
current of the inverter with the VSG control becomes
the unbalanced three-phase current, and there is not a
power fluctuation at twice the fundamental frequency. The
simulation results verify the effectiveness of the suppression
strategy proposed in this paper.

4. Experimental Results

The experiment results are provided. The experimental
waveforms are shown in this part. The conclusion is verified.
The experimental platform and the experimental results

7



Figure 12. Experiment results of proposed suppression strategy: (a) experimental platform; (b) grid voltage; and (c)
experimental waveforms of AC current and DC side power before and after suppression.

are shown in Fig. 12, where the waveform of the three-
phase unbalanced voltage is presented in Fig. 12(b). The
experimental platform includes a main circuit shown in
Fig. 3. And, the control system includes the driving circuit,
the controller and the measure circuit. The controller is
based on the DSP28335. The power of the experimental
platform is about 10 kW, and the VSG control strategy
is used. The control strategy is realised in the DSP28335,
including the droop control, the voltage current dual
control loop, the VSG control, and the proposed control
strategy. The parameters of the experimental platform
are: Udc = 200 V, U = 70 V, ωN = 50×2×3.14 rad/s,
L = 0.5 mH, Lg = 3 mH, C = 50 µF. In Fig. 12(c),
due to the unbalanced voltage of the power grid, a power
fluctuation at twice the fundamental frequency is generated
on the DC side of the inverter. The output current of the
inverter with the VSG control is a balanced three-phase
current. When the power fluctuation suppression control
strategy proposed in this paper is applied, the output
current of the inverter with the VSG control becomes the
unbalanced three-phase current, and the power obtained
by the interaction with the unbalanced three-phase voltage
does not includes the power fluctuation at twice the
fundamental frequency, which proves the effectiveness of
the power fluctuation suppression strategy proposed in this
paper.

5. Conclusions

In order to solve the problem of power fluctuation on the
DC side of inverters with VSG control under unbalanced

grid voltage, this paper proposes a direct-feedforward-
voltage control strategy to suppress DC side power
fluctuations in inverters. The conclusions are as follows:
The inverter with VSG control can output an additional
voltage, which interacts with the positive sequence current
and the unbalanced grid voltage to eliminate the DC side
power fluctuations at twice the fundamental frequency;
The feedforward voltage is obtained from the positive
and negative sequence voltages, positive and negative
sequence currents, and positive and negative sequence
output voltages of the power grid; the proposed strategy
responds quickly and has a better suppression effect on the
power fluctuation in the dynamic process; the simulation
and experimental results verify the effectiveness of the
power fluctuation suppression strategy proposed in this
paper.
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