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Fault Ride-Through and Transient Stability
Augmentation of Grid-Connected PV Station Using
Virtual Synchronous Generator
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Abstract- Due to the extensive integration of renewable

energy sources (RESs), i.e., photovoltaic (PV) system, the
future power system is developing into an inverter-based
system from a dominated alternator-based power system.
This massive penetration of inverter-based PV system
reduced the system inertia and damping characteristics of
the power grid, impacting the fault ride-through (FRT)
capability and causes frequency instability. Therefore,
this paper proposes a virtual synchronous generator
(VSG) control mechanism of PV system inverter to
augment FRT competency and frequency stability. The
proposed VSG control system mimics the behavior of
conventional power plants. To observe and evaluate the
proposed controller behavior, simulation analyses were
executed in the PSCAD/EMTDC software for both
proposed and conventional controllers. The simulation
results clearly indicate that the proposed VSG control
system has sufficient damping characteristics to ensure
FRT capability and frequency stability.
Keywords: fault ride-through (FRT), PI Controller, PV
plant, virtual synchronous generator (VSG), transient
stability.

I. Introduction
One of the scientist's fantasies that are becoming a
reality is the commitment to green, cost-effective, and
durable energy from the sunlight. Studies in this area
progress and incorporates new findings regularly.
There is the continued improvement of the PV market,
and solar energy is integrated into the power grid on a
vast range. In the recent decade, the charges of PV
systems reduced continuously [1–3]. What's more, to
enlarge the electricity market, several governments
imposing and supporting renewable energy policies [4].
Hence, the PV market has grown tremendously in
recent years. As per the market estimations, at the end
of 2018, the implemented PV capacity was 520 GW
which would satisfy approximately 1.4 TW within
2024. As per the 2019 PV status report, the latest
prospects of 100% of renewable power particularly
emphasized the significance of solar PV in achieving
this target and in economically reducing CO2 in the
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energy field. In order to achieve a CO2-free electricity
supply by 2050 the PV generating power of roughly
650 GW must be raised to greater than 4 TW by 2025,
and 21.9 TW by 2050 [5].
Ensuring grid stability and reliability has become a
significant concern for network operators due to the
high integration of PV systems in power grids [6].
Furthermore, PV systems have established medium
voltage grid codes in recent decades, with suppliers
mandating that these systems engage in and perform a
prominent role in grid collapse situations [7].
To comply with these grid specifications, the PV
system must satisfy the FRT performance criteria and
remain in the grid-tied condition promptly after the
disruption. Additionally, worldwide FRT standards
have been employed to maintain the smooth operation
of grids like PV. Hence, in the event of system collapse,
the PV system will remain linked to the transmission
network [8].
To enhance the FRT competence, numerous
alternative auxiliary strategies can be imposed in the
event of a network disruption, including supercapacitor
[9], direct current (DC)-breaking chopper circuit [10],
energy storage system (ESS) [11], series dynamic
braking resistor (SDBR) [12], static synchronous
compensator (STATCOM) [13]. Although the FRT
competency can be ensured in [9-13], however, the
overall cost of the system has risen.
In [14-15], several cascaded PI controllers are also
used to augment the FRT competence and stability.
However, the overall system may unstable during the
transient period when the PV system's penetration ratio
is equivalent to the conventional power plant.
In order to enhance the frequency stability, some
researchers developed a battery storage system that also
increases the installation cost [16-17].
On the other hand, researchers are currently
focusing on inverter design based on the VSG concept
[18]. The fundamental idea illustrated in Ref. [19] is to
replicate the characteristics of a synchronous generator
(SG) and also to provide damping and inertial support.
Further, the objective of VSG-powered techniques
is to simulate the SG frequency control features for
rotor inertia and system frequency modulation, in order
to optimize the system's frequency stability. VSG
executes power control and frequency modulation
operations according to the power and voltage
frequency controller [20–22]. A virtual inertia control
approach depending on point of common coupling
(PCC) frequency feedforward is suggested in [23] to
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Fig. 1: Model of Power System.
resolve the issue of output power operations of VSG
controlled grid-tied converters under grid frequency
disturbance (GFD). Moreover, an innovative control
strategy to maintain the power-angle stability of lowinertia micro-grids composed of distributed VSG units
in accordance with the equal-area criteria is proposed
in [24].
Consequently, most of these approaches are
concentrated on the inverter control strategy ignoring
the PV panel, maximum power point tracking (MPPT),
and boost converter. Also, none of this research has
studied the FRT compatibility and stability of the
power grid when the penetration ratio of the PV system
is close to the conventional power plant.
Therefore, the key aim of this research is to build a
VSG-based control strategy that takes into account the
PV panel to augment the PV station's FRT performance
and frequency stability during high penetration of
PV. The proposed inverter control scheme mimics the
behavior of mechanical governor, automatic voltage
regulator (AVR), and damping characteristics of
typical SG. Furthermore, the following evaluations
have been conducted to justify the proposed work:
(1) The performance of a large-scale PV plant was
examined in terms of FRT capability and frequency
stability considering the most severe condition, which
is the triple line-to-ground (3LG) fault. The simulation
shows that the proposed VSG control method has FRT
competencies and can stabilize the system frequency.
(2) A comparison of the proposed VSG controller
with the conventional control technique presented in
Ref. [14] is performed. The simulation outcomes
significantly demonstrate the proposed system's
effectiveness and stability against Ref. [14].
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The paper is categorized as per: The power system
model is described in Section 2. PV power plant model
is illustrated in Section 3. The proposed VSG control
strategy is explained in Section 4. FRT criteria are
discussed in Section 5. The simulation results and
discussion are described in Section 6. Lastly, Section 7
depicted the conclusion.

II. Power System Model
The power system model used in this research is
displayed in Fig. 1. The model consists of a PV power
plant and a thermal power plant. The PV plant has a
capacity of 20 MW. A 0.69 kV/66 kV transformer and
a double circuit transmission line connect the PV plant
to the grid.
Moreover, a local load is connected through a 0.69
kV/0.44 kV transformer to the terminal of the PV plant.
As illustrated in Fig. 2, the IEEE standard AC4A solidstate exciter is implemented as an exciter technique for
SG [25]. The specifications of the AC4A exciter are
presented in Appendix. The governor system model for
thermal power plants is presented in Fig. 3 [25].
An automated control mechanism is provided for SG
by the AGC architecture. The integrated AGC control
is displayed in Fig. 4. For Ki, the integral gain is set at
6.
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3.2

III. PV Power Plant Model
3.1

Voltage (V)

Design of PV Plant

The single diode equivalent circuit of the designed
PV module is represented in Fig. 5. In this paper, a
single diode model is employed, which is a rapid, easy,
and accurate model [26]. Moreover, a single diode,
current source, and two resistors are linked in series and
parallel to mimic the PV panel in this design.
I

V

Control Technique of PV Power Plant

The control strategy and architecture of the PV
plant are displayed in Fig. 7. A PV module, a DC/DC
step-up converter, and a DC/AC inverter are all
components of the system. Here the insulated gate
bipolar transistors (IGBTs) are deployed in both the
boost converter controllers and grid side inverter
controller those independently control the converter
and inverter. Moreover, the pulse width modulation
(PWM) approach is performed by both converters in
this paper. For modeling of the DC distribution system
[29], the parameters of TOP SOLAR XZ-K (AS)
1×300 mm2 cable [30] are adopted.
To augment the output voltage level and achieve the
maximum power from the PV station the DC/DC stepup converter is utilized. In addition, the output voltage
in the PV plant is employed for defined irradiation and
temperature at a fixed value. The fractional open-circuit
voltage (Voc) approach is employed to optimize the
power of the system in this research. The voltage of
Vmp at maximum power is proportional to Voc. Hence,
the categorization of the relationship is the following:
(2)

𝑉𝑚𝑝 = 𝐾𝑚𝑝 𝑉𝑜𝑐
Fig. 5: Single Diode Equivalent Model of PV
Module.
The integrated structure of a PV farm composed of
various PV modules [26-28]:
𝑁𝑀
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𝑁𝑃
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𝑁𝑃
𝑁
𝑅𝑃 ( 𝑀 )
𝑁𝑃

𝑉 + 𝑅𝑠 (
−

(1)

Here, 𝑁𝑃 = number of parallel modules attached in
a string, 𝑁𝑀 = number of series modules attached in a
string. Fig. 6 displays the I vs V and P vs V
characteristics curves for a 20 MW PV system. The
Appendix contains all data on such a 20 MW PV plant.
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Here, the proportionality constant Kmp is employed
with a value of 0.8023 for the KC200GT solar panel
[28].
Consequently, the DC-DC boost converter
reference duty cycle (Dref) can be expressed as:

𝐷𝑟𝑒𝑓 = 1 −

𝑁𝑀 𝐾𝑚𝑝 𝑉𝑜𝑐_𝑝𝑖𝑙𝑜𝑡
𝑉0

(3)

Here, Voc_pilot denotes the voltage of the pilot
module in the open-circuit condition and Vo denotes the
output of the step-up converter. The DC-DC step-up
converter controlling mechanism is displayed in Fig. 8
[14].
When a grid fault happens the DC-link voltage
(Vdc) increases to excessively high levels. As a result,
the DC power entering from the PV system cannot be
delivered into the grid. Hence, the DC/DC boost
converter controller adopts an auxiliary control
technique as illustrated in Fig. 8.

©AJSE 2021

Page 120

DC Line Data:
Length od DC Lime = 1 km
RDC = 2.41 10-4 Ω
20 MW

MPPT
DC/DC
boost
converter

V0

Cdc Vdc
DC Line

D

Va* Vb* Vc*

Boost
Converter
Controller

V

0.69 kV/66kV

Va, Vb, Vc

PWM

PWM

j0.1

DC/AC
Inverter

Ia, Ib, Ic

PV Panel

P, Q

DC Line

Dref V0

VSG Based Grid
Side Inverter
Controller
Ep

θ

PLL

δ

Fig. 7: PV Power Plant Cascaded Control Technique.

Dref

1.0

1

D

PI

V/V0

0
Fig. 8: Control Technique of DC-DC Converter Controller.
r

Dp

P-f control Model

ωr
Virtual Generator

Governor Model
Pm

δ

ω

Ep cos δ

Pe
Qref

x

Ed

Ep sin δ
Kq

PI

Eq

Ep

PI regulator

Qe

Vd
θ
Vq

Vref

dq

abc

PI regulator

Vd
Vq

PI

Id*
Id
dq

θ

Va
Vb
Vc

Iq*

AVR Model

Vd*
θ
Vq*

Iq
Vg

Ia
Ib
Ic

abc

dq

abc

Va*
Vb*
Vc*

PI regulator
PI

Current Feedback loop

Fig. 9: Proposed VSG Control Strategy.

AJSE Volume 20, Issue 4, Page 118 - 126

©AJSE 2021

Page 121

In the PV system, the DC-AC inverter converts the
DC voltage to three phase AC voltage. The proposed
grid side inverter controller based on VSG is
represented in Fig. 9. Section 4 illustrates the complete
model of the VSG control system.

IV. Proposed VSG Control Scheme
The overall proposed VSG control technique is
represented in Fig. 9. The control system involves the
governor model, AVR model, virtual generator model,
and current feedback loop.
4.1

Model of VSG

Fig. 10 represents the VSG impedance model. Here,
r denotes the armature resistance and x denotes the
generator synchronous reactance. Moreover, Ep
denotes the electromotive force generated by the field
windings. The phase displacement between the rotor
and the grid is represented by δ, also known as the load
angle. Vg denotes the grid voltage, and Vd and Vq
represent its projections to the d and q axis. The
armature currents Id* and Iq* are represented by the
following equation [31]. These are employed for
controlling the current inverter command.

𝐼∗
𝐸𝑑
𝑉𝑑
[ 𝑑∗ ] = 𝑌 {[𝐸 ] − [ 𝑉 ]}
𝐼𝑞
𝑞
𝑞
𝑟 𝑥
1
𝑌 = 2 2[
]
𝑟 +𝑥 −𝑥
𝑟
𝐸𝑑
𝑐𝑜𝑠 𝛿
[𝐸 ] = 𝐸𝑝 [
]
{
𝑠𝑖𝑛 𝛿
𝑞
Ep

Virtual Generator
Impedances
jx
r

EMF of Virtual
Generator

(𝑃𝑚 − 𝑃𝑒 )⁄𝜔 − 𝐷𝑝 (𝜔 − 𝜔𝑟 ) = 𝐽

(6)

𝑑𝛿
=𝜔
𝑑𝑡

Here, Pe and Pm represent the instantaneous active
power and reference active power (as in a synchronous
generator), sequentially. Droop constant, inertia,
reference angular frequency, and angular frequency are
displayed by Dp and J, ωr and ω, respectively.
Additionally, a governor model, depicted in Fig. 11, is
implemented to regulate the input power command
depending on frequency variation.
f0

Pref

Pm

f

Fig. 11: Governor Model.
4.3

Limiter

AVR Model

The reactive power-voltage control can be designed
using a basic excitation technique of the SG, and the
control schematic is depicted in Fig. 9. The below
equation reflects the output voltage:

(4)

Vg

𝐸𝑝 = {(𝑄𝑟𝑒𝑓 − 𝑄𝑒 )𝐾𝑞 + (𝑉𝑟𝑒𝑓 − 𝑉𝑔 )} (𝐾𝑝 + 𝑖) (7)
𝑠

Here, the reference reactive power, instantaneous
reactive power, reference voltage, and terminal voltage
are represented by Qref, Qe, Vref, and Vg, accordingly.
The reactive droop control is denoted by Kq. Besides,
Kp and Ki are the proportional and integral gains of the
PI controller, accordingly.
4.4

Grid

Current Feedback Loop

The current feedback loop is composed of two PI
controllers as presented in Fig. 9. These PI controllers
compensate the d and q axis current to generate the
reference d and q axis voltage. The necessary angle of
transformation is obtained from the grid system.

Fig. 10: VSG Impedance Model.

V. Specification of FRT Capability

Active Power-Frequency Control Scheme

The VSG can be employed to regulate the
frequency of the grid. As illustrated in Fig. 9, the VSG
control in the inverter enables primary frequency
management by integrating an appropriate amount of
power through an inertial response. The VSG algorithm
determines the load angle (δ) using the swing equation,
which is based on the active power change. The main
mechanism of the VSG is expressed by the equations
[32-34]:
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(5)

𝐾

Virtual Generator

4.2

𝑑𝜔
𝑑𝑡

Fig. 12 demonstrates the FRT specifications for PV
stations [8]. The PV stations must be attached to the
electricity network if the voltage drop remains at the
required root mean square (RMS) value and the
required period is also illustrated in Fig 12.
However, the PV plants must be operative without
tripping, if the connection point voltage restores to 90%
of the rated voltage within 1.5 s after the voltage
collapse.
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VI. Simulation Analysis and Discussion
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The model of the power system depicted in Fig. 1 is
incorporated to conduct the simulation. It is considered
that the frequency is 50 Hz. Furthermore, the
simulation time is 10 s, the time step is 5.0 μs and the
channel plot step is 5000 μs for ensuring effective
performance. In addition, 3LG is performed in the main
system as a severe network interruption to justify the
effectiveness of the proposed control scheme.
Moreover, the fault conditions as follows: the fault
occurs at 0.1 s, the duration of fault 0.1 s, circuit
breakers (CBs) opened at 0.2 and reclosed at 1 s.
Two independent case studies are conducted to
determine the effective PV control system for
enhancing FRT performance and transient stability.
Case 1: Conventional Cascaded Control of PV
system inverter [14].
Case 2: Proposed VSG Control method of PV
system inverter.
The output voltage response of the PV plant for the
two separate cases is depicted in Fig. 13, where it is
visible that case 2 has a higher performance in both
cases. Furthermore, case 2 also demonstrates the lowest
voltage dips after even a 3LG fault. This is
accomplished by injecting a sufficient quantity of
reactive power during the transient period in case 2
compared to case 1 which is illustrated in Fig. 14.
Moreover, during a 3LG fault, the PV inverter in case
1 only supplies a small quantity of reactive power. As
a result, the PV plant's terminal voltage struggles to
restore its nominal condition.
In case 1 the error cannot be adjusted by the outer
loop controller. So, it does not provide an adequate
amount of reactive power. As a result, the system is
unstable in case 1. On the other hand, in case 2 the AVR
model can control the reactive power because it can
adjust the error. Therefore, the system becomes stable.
Fig. 15 depicts the PV plant's active power response
where case 2 shows to be a stable performance in both
cases. Moreover, in case 1 the fluctuation of active
power response is observed in steady-state and
transient conditions.
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Terminal Voltage [pu]

The rotor speed is reduced significantly in both
cases, and the rotor speed of SG in case 2 is quite stable
than in case 1, as illustrated in Fig. 19. The frequency
response of both cases is displayed in Fig. 20 where it
has been seen clearly that the frequency response is
more stable in case 2 than case 1. Depending upon the
designed governor model that showed in Fig. 11 the
frequency deviation has been adjusted in case 2. Hence,
the sufficient amount of active power is supplied during
the transient period and the system becomes stable. On
the other hand, in case 1 the adequate amount of active
is not provided. Hence, frequency response crosses the
acceptance level which makes the system unstable.
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However, the terminal voltage of SG is more stable
in case 2 than in case 1 which is presented in Fig. 16.
The reactive power response of SG is displayed in Fig.
17. After the fault, the active power response of SG is
more stable in case 2 which is depicted in Fig. 18.
Further, in case 1 the variations of active power in SG
are observed throughout the steady-state and transient
state.
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Based on the findings, it is revealed that the
proposed VSG controller could successfully stabilize
the grid-connected PV station during transient periods
as well as enhance the FRT augmentation.
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10

In this research, a suitable VSG-based inverter
control mechanism of PV system is developed to
enhance FRT competence and frequency stability of
power grid. Detailed design of the power system, PV
system and proposed VSG system are sufficiently
presented in the paper. Finally, two different control
strategies are being investigated in simulation analysis
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to enhance FRT performance and stability competence
in a grid-tied PV system with conventional power
plants. As per the FRT grid code requirements, the
proposed control techniques can restore the grid side
voltage within 1.5 s. Moreover, by using the governor
model, AVR model, VSG model, and current feedback
loop it is possible to increase system inertia and
damping characteristics during the most severe fault
case (3LG). A comparative study between conventional
and proposed control schemes has been analyzed that
reveals the proposed control scheme is capable of
incorporating sufficient damping characteristics to
ensure FRT efficacy and frequency stability.
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Appendix
Table A1:

Values of IEEE Type AC4A Exciter.

Parameter
RP
𝑇𝐺
TCH
TRH
FHP
Table A2:

Value
0.06
0.3 sec
0.2 sec
8.0 sec
0.4

Specifications of a 20 MW PV Station.

Parameter
Pmax
Vmp
Imp
Nm
NP

Value
20 MW
973.1 V
20580 A
37
2704
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