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Abstract

The Photovoltaic (PV) plants are significantly different from the conventional synchronous generators in terms of
physical and electrical characteristics, as it connects to the power grid through the voltage-source converters. High
penetration PV in power system will bring several critical challenges to the safe operation of power grid including
transient stability. To address this problem, the paper proposes a control strategy to help the PVs work like a
synchronous generator with variable inertia by energy storage system (ESS). First, the overall control strategy of the
PV-based virtual synchronous generator (PV-VSG) is illustrated. Then the control strategies for the variable inertia of
the PV-VSG are designed to attenuate the transient energy of the power system after the fault. Simulation results of
a simple power system show that the PV-VSG could utilize the energy preserved in the ESS to balance the transient
energy variation of power grid after fault and improve the transient stability of the power system.
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1 Introduction

Photovoltaic (PV) power is one of the prominent renew-

able resources and likely to replace a significant propor-

tion of fossil-fuels in the future. With the increasing

penetration of PV power, power system operators will

encounter severer challenges [1–3]. Unlike synchronous

generators, PVs are connected to the power grid through

the voltage-source converters (VSCs). Thus, the PVs are

significantly different from the conventional synchron-

ous generators in terms of physical and electrical charac-

teristics. Thus the high penetration PVs will deteriorate

the frequency stability of power system. For the protec-

tion of the PVs, the power system with high penetration

PVs must own the capacity of low voltage and high

voltage ride through. What is more, the transient

stability of power system with high penetration PVs is

also a problem should be followed.

Transient stability is the ability of the power system to

maintain synchronism when subjected to a severe

disturbance such as a fault on transmission facilities, loss

of generation, or loss of a large load. In the case of

disturbances, conventional synchronous generators

(SGs) are able to utilize the kinetic energy preserved in

their rotational inertia to balance the potential energy

variation of the power grid. Therefore, the system tends

to stabilize again after disturbances. However, the

inverter-based photovoltaic (PV) power stations do not

have rotating elements and usually operate under the

maximum power point tracking (MPPT) control strat-

egy, which means it could not provide adequate energy,

neither kinetic energy nor potential energy, to stabilize

the power grid. Consequently, a power system with

high-penetration of PV is prone to lose stability once

disturbed.

In recent years, as an important part of smart grid,

energy storage system (ESS) has been widely applied in

power system [4–6]. One of the applications is the

virtual synchronous generator. The VSG control strategy

of ESS has been introduced as a promising solution to
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improve the stability characteristic of power system with

high penetration renewable power. The VSG systems

addressed in [7–9] are designed to connect an energy

storage unit to the main grid. Rather than the traditional

phase locked loop (PLL), the VSGs utilize the swing

equation to synchronize with the grid. The VSGs could

provide better active and reactive power to the power

grid to improve the stability of power grid [10, 11]. In

[12–15], different virtual synchronous generator control

strategies have been proposed to improve the frequency,

voltage, transient stability and damping characteristic of

power system with renewable power generators. In

[16, 17], the control strategies are designed to control

the PVs and wind power to emulate the behaviors of

the synchronous generators with energy storage

system.

VSGs could model the rotational inertia of a syn-

chronous generator through coordinating the active

power output of the PV power station and an energy

storage system (ESS) [18]. Once disturbed, the

electrical power stored in the ESS could be exploited

to dissipate the unbalanced energy. Then the power

system with high penetration PVs could recover to a

stable state. Moreover, the virtual moment of inertia

of the VSG is adjustable, which is more beneficial to

the transient stability of the power system than the

fixed moment of inertia of SGs. Hence, this paper

explores the feasibility of improving the transient

stability of power system by using PV-VSG control

strategy with variable inertia.

Different to the PV-VSG for frequency stability

improvement, the main purpose of our research is to

improve the transient stability of the power system.

Thus the control strategy of the virtual inertia of the

PV-VSG is also different from that of the PV-VSG for

frequency stability improvement. In our paper, the PV-

VSG control strategy is adopted to improve the transient

stability of the power system. In order to achieve this

goal, the virtual inertia of the PV-VSG should change

according to the change of the transient energy of the

power system. Hence, the main innovation and contribu-

tion of this paper is that a variable inertia control strat-

egy of the PV -ESS is purposed according to the change

of the transient energy of the power system, which is

different from the PV-VSG for frequency stability

improvement.

The rest of the paper is organized as follows. The

overall PV-VSG control strategy is described in section

2. Section 3 proposes the inertia control strategy for

transient stability improvement of power system with

PV-VSG. A case study is undertaken on power system to

verify the effectiveness of the proposed strategy in sec-

tion 4. Discussion and Conclusions are drawn in section

5 and 6 respectively.

2 PV-VSG control strategies

VSC based converters have no inertia and the frequency

of them is controlled just to follow grid frequency. Thus

power systems will become unstable with high pene-

tration PVs. Since synchronous generators have good

capacity to regulate the frequency of power system, the

concept that converters are controlled to express as a

synchronous generator has been proposed which is

called VSG. In this paper, we propose the PV-VSG con-

trol strategy to control the power output of the VSC

based PVs and the ESS. The overall control strategy of

the PV-VSG will be introduced in the follows.

2.1 Overall control scheme

Figure 1 shows the overall control scheme of the PV-

VSG control strategy. The PV power station and the ESS

are connected to the same point of common coupling

(PCC) through step-up transformers. For convenience, the

PV-ESS combined system will from now on be referred to

as “PV-VSG”. Since the PV power station is operating

under the MPPT control strategy, the active power output

of the PVs totally depends on the real-time solar radiation

intensity and temperature. The active power output of the

ESS is determined by the PV-VSG control strategy. The

PV-VSG controller measures the voltageVgrid and the

current Igridat the PCC bus to calculate the power output

Poutof the PV-VSG and the rotation speedωgrid of the

power grid. Then the PV-VSG controller gives out the ro-

tation speed deviationΔωVSG of the PV-VSG and the ESS

controller calculate the reference power output of the

ESS. The detail control strategy of the controllers will be

given out in the fellows.

2.2 Block diagram of VSG control strategy

The detailed control strategy block diagram of the

PV-VSG controller is shown in Fig. 2. The PV-VSG con-

trol strategy aims at modeling the well-known swing equa-

tion of SGs:

Fig. 1 Overall control scheme of the PV-VSG control strategy
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Jvsg
dω

dt
¼ Pin−Pout−D ωvsg−ωgrid

� �

ð1Þ

where Pin, Pout, Jvsg, ωvsg and D are the input power (the

same as the prime mechanical power of the SG), the

output power, the virtual moment of inertia, the virtual

angular velocity, and the virtual damping factor of the

VSG, respectively. ωgrid is the grid frequency, Ppv and

Pess is the power output of the PVs and the ESS. The in-

put power Pin of the VSG controller is the total power

injected to the power grid by the PVs and the ESS.

2.3 Block diagram of ESS control strategy

Figure 3 illustrates the control block diagram of the ESS.

In this model, the state of charge (SOC) level is ignored,

since the transient process is within only several sec-

onds. The dynamics of ESS is presented as a first order

transfer function as follows:

Pess ¼ Δωvsg

K ess

T esssþ 1
; −Pmax≤Pess≤Pmax ð2Þ

where Kess, Tess, Pess and Pmax are the gain, time con-

stant, active power output and maximum power output

of the ESS, respectively. If Pbess is positive, the ESS

releases energy to the power grid, otherwise, it absorbs

energy from the power grid.

Since the stability controller is the main contribution

of this paper, the next section will show the main idea of

the stability controller.

3 Methods

The main purpose of the stability controller is to give

out a variable inertia of the PV-VSG, thus the transi-

ent energy of the power system will attenuate and the

power grid with PVs will recover to a stable state

after the disturbance. This section will analyze the

transient energy of the power system after the fault

and obtains the relation between the virtual inertia of

the VSG and the transient energy. According to the

above relation, the virtual inertia control strategy of

the PV-VSG is designed to make the transient energy

decay to zero after disturbance.

3.1 Transient energy function (TEF)

A two-area power system is shown in Fig. 4. According

to [2], the TEF can be used as a measurement of the

unbalanced power when the power system is under

disturbance. The transient energy (TE) of the power

system is defined as follows:

TE ¼
1

2
ω
2
AB−

Z

δAB

δAB0

PA0−PAð Þ

JA
−

PB0 þ PBð Þ

JB

� �

dδAB ð3Þ

where δAB and ωAB denote the difference in power

angles and angular speed between the center of inertia

(COI) of areas A and B, respectively. PA0 and PB0are the

intimal differences between the total power generation

and consumption in the two areas. PA and PB are the

transmission power as shown in Fig. 4. JA and JB denote

the moment of inertia of the two areas.

In (3), the first and second terms are the transient

kinetic energy (TKE) and the transient potential energy

(TPE), respectively. When a fault occurs, the power

system will oscillate correspondingly. The transient KE

and transient PE will transform mutually, however,

their sum, the total OTEF will remain constant for a

zero-damped oscillation. Hence the TEF descent

method can be proposed to design an inertia control-

ler to dissipate the unbalanced energy and suppress

the power oscillation. Thus the power system recover-

ies to a stable state after fault quickly.

3.2 TEF descent method

As shown in Fig. 5, the transmission power of the tie

line will oscillate after a disturbance. For one cycle of

the power oscillation, it could be divided into the follow-

ing four phases.

Phase I is the backward acceleration phase. In this phase,

the difference of the angular speedωAB between the two

areas is less than zero and the differential rate of ωAB is also

Fig. 2 Block diagram of VSG control strategy

Fig. 3 Block diagram of ESS control strategy Fig. 4 Two area power system
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less than zero. As a result, ωAB will decrease from zero to a

minimum value ωABmin and δAB will also decrease. The

transmission power of the tie line will decrease to the mini-

mum value, and the power change of the transmission

power ΔPA will increase from zero to the maximum value

as shown in Fig. 5 during the time from ta to tb.

Phase II is the backward deceleration phase. As shown

in Fig. 5 during the time from tb to tc, dωAB/dt > 0 and

ωABwill increase from the minimum value to zero. The

difference of the angular speed satisfies ωABmin < ωAB < 0.

Phase III is the forward acceleration phase. During

the time from tb to tc, the differential rate of ωAB

keeps larger than zero. Thus the difference of the an-

gular speed ωAB between the two areas will across

zero to be positive and will reach the maximum

value. That means 0 < ωAB < ωABmax and dωAB/dt > 0.

Phase IV is the forward deceleration phase. In this

phase, during the time t ∈ [td, te] as shown in Fig. 5,

0 < ωAB < ωABmax and dωAB/dt < 0.

For the four phases, the TPE and the TKE will

convict to each. If the damping of the power system

is zero, the TEF of the power system will keep con-

stant. After one cycle the TPE and the TKE will

return to its initial state. The TPE at the time te
could be calculated from the TPE at the time ta by

the following equation.

TPE teð Þ ¼ TPE tað Þ

−

Z

δAB teð Þ

δAB tað Þ

−
PA0−PAð Þ

JA
−

PB0 þ PBð Þ

JB

2

4

3

5dδAB
ð4Þ

If we assuming that the damping of the power grid

is zero, the TPE at the time ta and te will equal to

each other. That meansOPE(te) = OPE(ta), and we

could obtain:

Z

δAB teð Þ

δAB tað Þ

1

JA
PA0−PAð Þ−

1

JB
PB0 þ PBð Þ

� �

dδAB ¼ 0 ð5Þ

Form (5), it could be easily found that if the inertia of

the two areas could be controlled, the TPE of the power

system could decent after one cycle, also the decreasing

of the TE will follow. Since the inertia of the VSG is ad-

justable unlike SG, a suitable variable inertia control

strategy of the VSG could be adopted to improving the

transient stability of the power system. In this paper, we

assume that the VSG is on the receiving side area B. If

we want to make the TPE attenuate during one oscilla-

tion cycle, the following strategy could be designed. In

phases I and II, (PB0 + PB)dδAB > 0, let
1
J ′B
¼ 1

JB
þ 1

ΔJ
; in

phases III and IV, (PB0 + PB)dδAB < 0, let
1
J ′B
¼ 1

JB
−

1
ΔJ

.

Then the OPE at the time te becomes:

OPE teð Þ ¼ OPE tað Þ

þ

Z

δAB tcð Þ

δAB tað Þ

−
PA0−PAð Þ

JA
−

1

JB
þ

1

ΔJ

0

@

1

A PB0 þ PBð Þ

2

4

3

5dδAB

þ

Z

δAB teð Þ

δAB tcð Þ

−
PA0−PAð Þ

JA
−

1

JB
−

1

ΔJ

0

@

1

A PB0 þ PBð Þ

2

4

3

5dδAB

ð6Þ

Taking (5) into (6), the following equation could

be gotten:

TPE teð Þ ¼ TPE tað Þ−ΔTPE ð7Þ

where:

ΔTPE ¼

Z

δAB tað Þ

δAB tcð Þ

1

ΔJ
PB0 þ PBð Þ

2

4

3

5dδAB

þ

Z

δAB teð Þ

δAB tcð Þ

1

ΔJ
PB0 þ PBð Þ

2

4

3

5dδAB

ð8Þ

Since during the time from tato tc, dδAB < 0 and

PB0 + PB < 0, the first term in (8) is larger than zero.

The second term in (8) is also larger than zero be-

cause dδAB and PB0 + PB are both larger than zero

during the time from tc to te. Thus with the control

strategy proposed above, ΔTPE will be a positive

value. The total TEF will descend continuously in

every oscillation cycle and hence the unbalanced

energy will be efficiently dissipated and the power

swing will be effectively suppressed. The transient

Fig. 5 Power oscillation of the tie line after disturbance
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stability of the power system with high penetration

PVs could be enhanced.

3.3 Stability controller for the VSG

From the TEF analysis in TEF descent method, it is easy

to found that when the difference of the angular spee-

dωAB between the two areas is large than zero, increas-

ing the virtual inertia of the PV-VSG is beneficial for the

stable of the power system. When ωAB < 0, decreasing

the virtual inertia of the PV-VSG could improve the sta-

bility of the power system. According to this rule, a

bang-bang control strategy of VSG’s moment of inertia

is proposed. The control strategy is illustrated in Fig. 6.

Jvsg is the variable moment of inertia of the PV-VSG. It

is consisted by the variable part ΔJ and constant part

Jcon. ΔJ is a positive value, ε is a small value chosen to

eliminate measurement errors. Since in phase I and II,

the difference of the angular speed ωAB is large than

zero, the inertia of the VSG will be increased by ΔJ. The

inertia of the VSG will be decreased by ΔJ when ωAB < 0.

By applying this control strategy, the transient energy of

the PV power system will attenuate quickly after the dis-

turbance. Thus the transient stability of the PV power

system will be enhanced.

4 Results

4.1 Description of the test system

In this paper, a two-machine two-area test system is

modeled on the platform of MATLAB/Simulink, as

shown in Fig. 7. In this model, the synchronous gener-

ator (SG) is on the sending side, the VSG is on the re-

ceiving side. They are connected through an 110 kV

double-circuit AC transmission line with constant-power

loads. In the system, SB = 100MW,VB =VN, fB = 50Hz.

To verify the effectiveness of the proposed control

strategy of VSG’s moment of inertia, the following

three typical control strategies are chosen to be

studied.

MPPT: No VSG control strategy is applied, and the

PV is operated under the MPPT mode.

Variable inertia: PV-BESS combined system operates

under the modified VSG control strategy, the virtual

moment of inertia is controlled by the bang-bang con-

trol strategy.

Constant inertia: PV-BESS combined system oper-

ates under the traditional VSG control strategy, the

virtual moment of inertia is fixed. It is chosen as the

average value of the inertia under the bang-bang con-

trol strategy.

4.2 The PVs under strong light

During the time between 12 am to 14 pm, the light of

the sun is strong. Thus the power output of the PVs is

high and it is 0.9 pu. Under this case, a three phase fault

to ground occurs at the midpoint of the transmission

line 2~3 at 0.5 s, and then it is cleared by the relay pro-

tection after 0.1 s. The virtual inertia of the PV-VSG

under the variable inertia control strategy is shown in

Fig. 8. It could be found that the VSG’s virtual moment

of inertia is controlled by the proposed bang-bang con-

trol strategy. When the angular speed difference between

the SG and the PV-VSG ωAB > 0, namely the SG’s

angular speed is faster than the VSG’s virtual angular

speed, the virtual inertia of the PV-VSG Jvsg turns to the

maximum values and it equals to 35 pu. When the SG’s

angular speed is lower than the PV-VSG’s virtual angular

speed, namely ωAB < 0, the virtual inertia of the PV-VSG

turns to a small value Jvsg = 5 pu. Otherwise, if the

Fig. 6 Bang-bang control strategy of variable inertia

Fig. 7 Two-machine two-area system with PV-VSG integration

Fig. 8 The Virtual inertia of the PV-VSG and the angular speed difference
under the variable inertia strategy
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angular speed difference between the SG and the PV-

VSG satisfies the following relation |ωAB| < 0.001pu, the

virtual inertia of the PV-VSG Jvsg = 20pu. Under the con-

stant inertia control strategy, the virtual inertia of the

PV-VSG is fixed. It equals to the average value under

the variable inertia case Jvsg = 20pu.

For comparative analysis, the angular speed difference

between the SG and the PV-VSG under the three con-

trol strategies is shown in Fig. 9. It could be found that

the angular speed will oscillate after the fault. If the PVs

is operated under the MPPT mode and no PV-VSG con-

trol strategy is applied, the oscillation is hard to decay.

When the PV-VSG control strategy with constant inertia

is adopted, the oscillation will be suppressed quickly.

What is more, the oscillation after fault will recover to a

stable state faster when the variable inertia control strat-

egy is applied.

Under the three control strategies, the active power

output of the SG and the PV-VSG are shown in Figs. 10

and 11. From the simulation results, it is obvious to get

that the active power output of both SG and VSG would

take less time to return to a stable state under the

variable inertia control strategy. It means that the unbal-

anced transient energy would be suppressed more

quickly and the system is more easily to keep stability by

the variable inertia control of the PV-VSG. Therefore, it

is verified that the bang-bang control strategy of VSG’s

inertia could effectively dissipate the unbalanced energy

of power system after the disturbance.

The power output of the ESS under the PV-VSG

control strategies are shown in Fig. 12. From Fig. 12,

it could be observed that, under the variable inertia

control strategy, the ESS provides more energy

support in the first and second swings of power

oscillation. Then the power system achieves a faster

dissipation of unbalanced power. It takes less time for

the ESS to stable the power system under the variable

inertia control.

4.3 The PVs under weak light

When the light of the sun is weak, the power output

of the PVs will decrease to 0.09pu. In such situation,

the power output of the SG increases to 4.84pu.

When the same fault occurs at the midpoint of the

transmission line 2~3, the simulation results are

Fig. 9 The angular speed difference between the SG and the PV-VSG
when the output power of the PV is 0.9 pu

Fig. 10 The active power output of the PV-VSG when the output
power of the PV is 0.9 pu

Fig. 11 The active power output of the SG when the output power
of the PV is 0.9 pu

Fig. 12 The Active power output of ESS when the output power of
the PV is 0.9 pu
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shown in Figs. 13, 14, 15, 16 and 17. From the

simulation results, it is found that the damping ratio

of the PV power system turns to negative after the

fault if no PV-VSG control strategy is applied. The

angular speed difference between the SG and the PV-

VSG oscillate with increasing oscillation amplitude.

Also, the oscillations of the power output of the SG

and PVs are followed. Then the PV power system will

lose stability.

When the PV-VSG control strategy with constant

inertia is utilized, the oscillation of the PV power system

will slowly decay after the fault. The PV power system

will recover to a stable state after more than ten

oscillation cycles. The PV power system will be able to

keep stable under the same fault. It indicates that the

PV-VSG control strategy could improve the stability of

the PV power system.

If the PV-VSG control strategy with variable inertia

proposed in this paper is adopted, the ESS wills re-

sponse to the disturbance after the fault. The virtual

inertia of the PV-VSG is shown in Fig. 14. When the

angular speed difference between the SG and the PV-

VSG is larger than zero, the virtual inertia of the

PV-VSG increases to 35 pu. Compared with that of

the constant inertia case, the power output of the

ESS will decrease. Then less unbalance transient

Fig. 13 The angular speed difference between the SG and the
PV-VSG when the output power of the PV is 0.09 pu

Fig. 14 The Virtual inertia of the PV-VSG when the output power of
the PV is 0.09 pu

Fig. 15 The active power output of the PV-VSG when the output
power of the PV is 0.09 pu

Fig. 16 The active power output of the SG when the output power
of the PV is 0.09 pu

Fig. 17 The Active power output of ESS when the output power of
the PV is 0.09 pu
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energy will be injected into the PV power system.

When the angular speed difference between the SG

and the PV-VSG is less than zero, the inertia of the

PV-VSG decreases to 5 pu. Then the power output

of the ESS will be increased to suppress the unbal-

ance transient energy. Under such a control strategy,

the transient energy of the PV power system will

decay quickly. The PV power system will recover to

the stable state fast after the fault. The PV-VSG

control strategy with variable inertia could further

improve the stability of the PV power system.

5 Discussion

The PV-VSG control could help the PV power system

keep stable after the fault. Especially, the variable inertia

control strategy based on transient energy could help

the PV power system suppress the transient energy.

Thus the oscillation after the fault will decay quickly,

which is beneficial for the PV power system to keep

stable.

6 Conclusions

The VSG control strategy has been introduced to im-

prove the power output characteristic of the renewable

energy. Considering the adjustability of VSG’s virtual

moment of inertia, we proposed a bang-bang control

strategy for the VSG’s virtual inertia based on the TEF

decay method. When the PV-VSG is on the receiving

side, and the difference of the angular speed between the

sending side and receiving side is positive, the inertia of

the PV-VSG is set to a larger value, otherwise, it is set to

a smaller value. Under this control strategy, the TEF of

the power system after disturbance will decay quickly,

and the transient stability of the power system with high

penetration PVs will be improved.
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