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Abstract— The shift in power generation towards renewable
energy (RE) resources interfaced with power electronic-based
converters decrease the overall system inertia. The logical
solution is to increase the synchronous machines number, but
an alternative approach is to use grid-forming converter. The
virtual synchronous generator (VSG) is one of the grid-forming
converter control schemes that mimics the synchronous gener-
ator, so it improves the system inertial response. This paper,
offers a comparative case study of synchronous generators
versus VSGs that are simulated using power system computer
aided design (PSCAD) software.

Index Terms— Grid-forming converter; renewable energy;
synchronous generator; transient stability; virtual inertia

I. INTRODUCTION

Renewable energy (RE) resources integration rises steadily
around the globe [1]. The network that comprises different
distributed generation (DG) sources, battery energy storage
system (BESS), and controllable loads is known as a micor-
grid (MG) that is formed to improve the integration process
of such DGs in terms of stability performance [2]. The
MG uses two types of converters to interface with DGs-
namely, grid-forming converter and grid-following converter
[3]. The grid following converter simply regulates the power
exchanged with the MG, whereas the grid-forming converter
the MG voltage and frequency [4].

The exchanged power between different DGs is controlled
via the droop controller that resembles the conventional
synchronous generator functionality. The droop control tech-
nique was used first at the uninterruptible power supply
(UPS) systems that consist of many grid-forming units [5,
6, 7]. The local loads supplied from UPS share similar
impedance for load lines, but this is not the case for the
MG. An MG that is composed of several parallel converters
with their respective loads has very much different line
impednaces that are dominantly resistive, so the MG system
voltage and frequency is significantly affected.

The power-speed droop control is generalized to include
the parallel converter-based generating units in the MG,
but this entails several problems since the associated line
impedances are mainly resistive, which cause several oper-
ational issues [8, 9]. As a result, many studies came out to
improve the problematic operation in the droop controller of
the parallel standalone converter-based in MGs. A power-
voltage droop controller was proposed instead of the con-
ventional power-speed droop controller in order to tackle the

Fig. 1. Structure of converter-based distributed generation in MG system.
[18]

inaccuracy in the reactive power sharing [10]. Additionally,
a virtual impedance was included in the model so as to
imitate the line impedance inductor [11]. Decoupling the
relationship between the active power and reactive power to
enhance the system performance was the main tool proposed
by [12] through a virtual frame transformation. The adaptive
decentralized droop controller works to enhance power os-
cillation by preservation of the power sharing stability [13].
Soft computing techniques were utilized in optimizing the
droop coefficient with particle swarm optimization (PSO) to
improve the overall system stability [14].

Regardless of the widespread usage of the droop con-
troller, it still has some drawbacks. The inertiae contributed
by synchronous generators are critical to maintain the system
stability. However, the common problem in MGs is the lack
of sufficient inertia, especially if there is a large integration
rate or REs [15]. Consequently, large signal disturbances
would destabilize the system voltage and frequency to the
point where might be there a total blackout of connected
generators [16, 17]. Virtual synchronous generator (VSG)
was introduced to resolve the low inertia problem [19].
The overall MG inertia is increased through imitation of
the steady state behavior as well as transient behavior of
synchronous generators [20]. The authors in [21] provided
a detailed system analysis of the VSG, concluding with the
superiority of the VSG compared to the droop controller.
Many studies proposed utilization of VSG to both grid-
feeding converters and grid-forming converters [22, 23]. For
instance, grid-feeding converters can have an energy buffer
so as to reduce power fluctuations using the VSG technique
[24]. Grid-forming converters, also, can have an enhanced
transient response through a modification of the VSG with
frequency deviations [25]. A detailed design and analysis



of the VSG controller is offered in [26, 27]. That being
said, the transient response, overshoot in particular, is much
higher in case of presence of both converters at the same
MG, compared to MGs having only one converter type.
This is attributed to the different response times of the two
converters [28].

In previous studies, the transient response of the converters
were not taken into consideration in the two controlling
schemes: droop and VSG. The model proposed in [29] is
employed to simulate the IEEE-9 bus system in all grid-
forming case and all synchronous generators case for a
comparison purpose. A large signal analysis is used to test
the transient response in the two scenarios, which is a three-
phase-to-ground fault at the common bus.

The remainder of the paper is organized as follows.
Section II discusses technical control framework. The case
study proposed is described in Section III and the conclusion
is in Section IV.

II. CONVERTER-BASED GENERATION

Converter-based DG is classified into: a grid-feeding
converter and a grid-forming converter. The grid-feeding
converter is a current source that is connected across a
parallel high impedance to a network to control the power
exchange between the converter and the grid. That being said,
it has no control over the grid voltage nor frequency, so it
cannot operate as such since it needs a synchronous generator
or any other kinds of converters. The grid-forming converter,
on the other hand, is a voltage source connected to the grid
through a series low impedance. Also, it regulates the grid
voltage and frequency in a standalone operation as opposed
to its counterpart the grid-feeding converter. Therefore, the
grid-forming converter functions as a voltage reference for
grid-feeding converters. The structures of the two converters
are shown in Fig. 1, where the DG source can be a PV, a
wind power, a battery energy storage system, or otherwise.
This DG is connected to the AC grid through the underlying
converter. The converter is connected to the MG through an
inductor (Lf ) and a capacitor (Cf ) that form an output LC
filter of the VSG.

A. Grid-forming converter

The grid-forming control scheme is classified into three
cascaded controllers: power controller, voltage controller,
and current controller as depicted in Fig. 2. Active power
and reactive power controllers dorm what is known as outer
controller in which the reference angle and the reference
voltage are generated. The VSG controller handles the active
power controller to yield the reference angle, and the droop
controller is adopted to control the reactive power controller
to regulate the reference voltage amplitude value E∗. The
reference output voltage V ∗

abc that is regulated from the power
controller is computed as per the following equations:

V ∗
a = E∗cos(θ) (1)

V ∗
b = E∗cos(θ + (2π/3)) (2)

Fig. 2. Control scheme of the virtual synchronous generator control–based
grid-forming converter. [29]

Fig. 3. Control scheme of inner controller. [29]

V ∗
c = E∗cos(θ − (2π/3)) (3)

This output voltage reference is transformed into dq frame
before going through the inner loop controllers (i.e. voltage
controller and current controller). The voltage controller
regulates the magnitude of the voltage set by the VSG
controller, while the current controller runs to match the
supplied current by the VSG controller to its reference
value. The detailed structure of the inner loop controllers is
shown in Fig. 4, where the the current controller reference
value (i∗ld) and the measured current value (ild) that passes
through the inductor filter (Lf ) are compared to generate
an error signal that is entered into a proportional-integral
(PI) controller. The modulating signal of the pulse width
modulation (PWM) is the output of the current controller that
is used to control the switching time of the insulated gate
bipolar transistor (IGBT) switches. The following equations
are used to calculate the current controller modulating signal
output:

md = vod−ωilqLf +kpc(i
∗
ld− ild)+

∫
kic(i

∗
ld− ild)dt (4)

mq = voq−ωildLf +kpc(i
∗
lq− ilq)+

∫
kic(i

∗
lq− ilq)dt (5)

Where kic and kpc are the integral and proportional gains and
md and mq are the modulating signals in the dq frame. The
voltage controller, on the other hand, controls the MG output
voltage. Again, the voltage controller enters the voltage
error signal to a PI controller to set the current controller
reference values (i∗ld i∗lq) as depicted in Fig. 4. The equations



Fig. 4. Control scheme of inner controller. [29]

governing the voltage controller are as follows:

i∗ld = kpv(v
∗
od − vod) +

∫
kpc(v

∗
od − vod)dt (6)

i∗lq = kpv(v
∗
oq − voq) +

∫
kpc(v

∗
oq − voq)dt (7)

Where kiv and kpv are the integral and proportional gains
of the voltage controller. The reactive power controller em-
ploys the conventional droop controller in order to determine
the reactive power amount to be injected into the grid in
accordance with the varying AC voltage. The control scheme
is shown i Fig. 5 that indicates the reactive power controller
output is the voltage controller reference value that is given
in (8). The AC voltage and the reactive power are linked
through a droop coefficient that is defined in(9).

E∗ = E −Kq(Q
∗ −Q) (8)

Kq =
Vmax − Vmin

Qmax −Qmin
(9)

The active power controller utilizes the conventional syn-
chronous generator virtual control scheme depicted in Fig. 5
in which the swing equation can be derived as shown in (10).

Pm = P + JωN
dω

dt
+DωN (ω − ωN ) (10)

dθ

dt
= ω (11)

Where Pm is the governor generated mechanical power, P
is the active power measured at the converter side, J is the
virtual inertia, D is the damping factor, ω is the angular
frequency, ωN is the system rated angular frequency, and θ
is the electrical angle.

The mechanical power Pm generated from the governor
is as (12).

(ω∗ − ω) = −kp(P ∗ − Pm) (12)

Where P ∗ and ω∗ are the reference values of power and
angular frequency, respectively.

Fig. 5. Control scheme: (a) virtual synchronous generator (VSG) controller;
(b) Q-V droop controller. [29]

Fig. 6. Rotor angle of synchronous machine-based case

III. A CASE STUDY

A system-level simulation using power system computer
aided design (PSCAD) software for the IEEE-9 bus system,
illustrated in Fig. 8, to test the system transient stability in
case of a three-line-to-ground fault that represents the worst
case scenario. The system base voltage, frequency, and power
are listed in Table I.

The system simulation is conducted for two different
cases: all synchronous generators and all grid-forming con-
verters. The transient response of each scenario is obtained
and a compared in terms of stability performance. In fact,
the conventional power-speed droop controller is for syn-
chronous generators is in direct comparison with the modi-
fied virtual-inertia-based VSG controller for the grid-forming
converter. The virtual inertia impact on the system transient
stability will be investigated.

The simulated network is shown in Fig. 10 and Fig. 11

TABLE I
SYSTEM PARAMETERS

Parameter Value
Vn 230 kV
VDC 640 kV
f 60 Hz
Virtual inertia 32 kg.m2

Virtual damping 50



Fig. 7. Rotor angle of grid-forming-based case

that depict the synchronous generator-based and the grid-
forming-based configurations, respectively. The synchronous
machines reside in two buses while the slack bus is repre-
sented as a voltage source behind impedance. The DC side is
assumed to be constant so as to eliminate the RE intermittent
behavior. This because the main objective is to analyze the
transient stability with no intervening factors.

Moreover, the details of the grid-forming converter are
illustrated in Fig. 9 that comprises a two-level insulated-
gate bipolar transistor (IGBT) that is connected to the fixed
DC voltage and interfaced with the AC side through these
inverters. The control schemes discussed above are all im-
plemented to mimic the synchronous generator functionality
so as to stabilize the given system.

The tested two cases were subjected to a three-phase fault
applied at 450 ms and lasted 250 ms. The rotor angles
behavior are observed in both cases, which are seen in
Fig. 6 and Fig. 7. Seemingly, the grid-forming-based case
shows a drastic reduction in overshoot, roughly 50%, with
the given virtual inertia and virtual damping coefficient.
Furthermore, the grid-forming converter shows a smoother
transition. Nevertheless, there is still small fluctuation at the
peak, which can be attributed to the virtual inertia dynamics
as noticed in (10).

The virtual inertia is a double-edged sword. A high value
of that virtual inertia would provide more damping, but it
would increase the overshooting. This the reason the virtual
damping coefficient D is utilized in the control scheme
to improve the system performance in conjunction with a
relatively small virtual inertia value. Having adopted a high
virtual inertia, the system can become unstable.

IV. CONCLUSION

RE resources integration at large capacities introduce
many challenges, stability in particular. One of the biggest

challenges is the reduction in system inertia, thereby degrad-
ing the stability performance. The grid-forming converter
offers a promising approach to tackle this problem even for
no synchronous machines available. In this paper, a selected
control scheme to adopt VSG that injects virtual inertia and
damping factor so as to help stabilizing the given system in
case of experiencing faults. The effectiveness of the grid-
forming converter was shown by comparing the two cases
simulation, and the trad-off between the virtual inertia and
the virtual damping factor is emphasized.



Fig. 8. IEEE 9-bus test system

Fig. 9. Grid-forming converter internal components



Fig. 10. IEEE 9-bus synchronous machine-based test system

Fig. 11. IEEE 9-bus grid-forming-based test system
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