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This paper optimizes the frequency response of parallel operation of a grid connected
Virtual Synchronous Generators (VSG) using a Gray-Wolf Optimization (GWO). The
frequency response is achieved when the VSG is synchronized with the grid. The load
demand is covered by using only VSGs (Eliminating the existence of conventional
generators). The control scheme includes the active power loop aided with the
proportional-integral-derivative (PID) controller with optimized parameters, proportional
gain Kjp, integral gain Ki, and the derivative gain k. The PID controller gains are optimized
using Grey Wolf Optimization. The control scheme resulted in increasing the stability of
the power system. The simulation results show the effectiveness of using GWO to reduce
the overshoot and steady state deviation of the frequency through the provided damping
torque that enhances the VSG inertia. The overshot in the grid frequency due to
synchronization is reduced from 8% to 0% with GWO. Therefore, the effect is a more
stable system with less overshoot in the frequency (nearly zero). Moreover, the settling
time of optimized response has no changed compared with the original frequency
response. The system rated is supposed to be 4 kVA for better indication which simulated

using MATLAB/Simulink.

1. INTRODUCTION

Nowadays, due to the scarcity of conventional energy
sources, the power system is moving dramatically toward a
non-conventional energy resource such as renewable energy
resources [1]. Mechanical to electrical energy conversion is
the responsibility of the Synchronous Generators (SGs). The
electrical frequency and the moment of inertia play an
important role to keep the power system stability and
sustainability [2, 3].

Increasing the renewable energy penetration has become
more prevalent during the last two decades, but a serious
frequency stability problem has arisen. To substitute the
regression of SGs inertia, inverters with virtual inertia are
proposed [4]. The inverters with virtual dampers, or
alternatively, they are called Virtual Synchronous Generators
(VSGs), are used to emulate inertia of the existence of SGs.
These inverters must be operated in a voltage control mode [5].
The inverter should adapt with the grid in a way that the
synchronous generator does. i.e., the stability of the power
system frequency is of the main concern when synchronizing
the inverter with the electrical system as it is in the
conventional synchronous generator.

VSGs is a promising topology due its ability to synchronize
with electrical grids in a stable mode. In addition, it can share
the load demand. These advantages make this topology
attractive in many different applications such as microgrids,
and islanded power grids [5, 6]. The VSG can be operated in
synchronism with other Synchronous Generators in the
electrical system sharing the loads demand active and reactive
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powers. It also can be installed in small microgrids to operates
in islanded mode. The installation of this device in the power
system can tackle the problems of system instability resulted
from the lack of damping by supporting the system with the
inertia virtually. This is done by adjusting the suitable real
power from the inverter to restore the frequency to its normal
value [4].

VSGs topology has a special control requirement to mimic
the behavior of SG. It can keep the grid frequency around the
standard value by controlling the grid active power. Moreover,
it is able to control the grid voltage by designing a suitable
voltage control loop or alternatively, the reactive power [7-10].

Many literatures presented different ideas that creating
different optimization techniques to maintain the quality and
stability of grids when using the VSG [11-13]. In addition,
many literatures investigate modulation techniques such as
SPWM and SVPWM to generate the PWM signals [14-16] in
order to improve the frequency response due to
synchronization process. In the future, the researchers agree
there is a possibility to reach 100% electric grids depend on
VSGs instead of SGs. In this case many factors must be taken
into consideration. First, the size of different VSGs. Second,
the optimal parameter selection of VSGs control loops. Third,
distribution of VSGs over the grid.

As proposed in the study [17-20], the optimum size and
location of the VSG depending on the minimum system losses,
where this factor is important for selecting some passive
parameters. Also, the researchers [21] use the genetic
algorithm to obtain the best location and size of the
distribution generators in the network enhanced by fuzzy
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logic-controlled D-STATCOM. Thus, determine the location
and size depending in the minimum system losses, best voltage
profile, and reduced total harmonic distortion THD.

Recently, GWO has been intensively used in different
power systems fields such that in the study [22]. It has been
used for first time to solve multi-objective load frequency
control. A different three types of power system units are
implemented in the algorithm. Resulting in an improved
transient behaviour in the studied power system. Another use
of GWO in power system is addressed in the study [23]. The
Wide-Area Power System Stabilizer (WAPSS) design method
proposed in this paper is built on the Grey Wolf Optimization
(GWO) algorithm. By considering the transmission latency
that is connected to the remote feedback signals, the stabilizer
is used to reduce the oscillations between areas. In order to
design the WAPSS, a novel multi-objective function is
suggested. In this function, the stabilizer is built in the
minimum-phase with a lower control gain in addition to
improving the stability of the system by displacing the critical
modes. The maximum delay margin that the closed-loop
power system can withstand can also be optimally determined
using this technique.

Article [24] suggests an effective meta-heuristic solution for
the economic load dispatch (ELD) issue, called the
Oppositional Grey Wolf Optimization (OGWO) algorithm.
The suggested algorithm incorporates two fundamental ideas.
To find the best solutions, the hunting style and social structure
of grey wolves are first taken into consideration. Then, in order
to speed up the convergence of the traditional Grey Wolf
Optimization (GWO) algorithm, the oppositional concept is
combined with the GWO algorithm. The proposed algorithm
is used to solve ELD problems for 13-unit, 40-unit, and 160-
unit systems on small, medium, and large size test systems to
demonstrate its performance.

Parallelling inverters is a vital issue in microgrids. Many
studies discuss the requirements to build a stable microgrid by
designing all inverters by considering all constrains and
limitations. E.g., these inverters are linked in parallel in order
to share the same loads [25]. The control signals of the parallel
inverters are traded through a shared network. The system
could become unstable due to the delay and data loss. A
stability study should be performed on the parallel inverters
without taking the time delay into account in order to stabilize
them. In order to identify the most efficient control parameters
on the system stability, the stability of three-phase parallel
inverters is examined in this study. The centralized control
system described in the study [26]. This method manages the
synchronized operation of various distributed generation (DG)
inverters within a microgrid. For the microgrid, an overall
energy management system is also put in place to handle the
load-sharing among various DG units during both grid-
connected and islanded operations. Through simulation
studies under various test scenarios, the proposed control
system's design idea is assessed. Using the suggested
microgrid, the effect of the greater penetration of DG units on
the distribution grid is also examined.

Parallel inverter operation control requirements are
introduced in many published articles. E.g., A voltage-
controlled inverter serves as the master unit in the master/slave
control technique, while current-controlled inverters serve as
the slave units. The master unit produces appropriate current
commands for the slave units and keeps the output voltage
sinusoidal [27-29]. In this control method, the average unit
current is calculated by measuring the overall load current and
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dividing it by the number of units in the system. To create the
control signal for the load sharing, the real current from each
unit is measured, and the difference from the average value is
calculated [30, 31]. other control techniques are very well
addressed in the study [32].

However, a grid connected parallel inverters operation still
needs more focus on their frequency stability due to sudden
load change (see Figure 1). In this paper, a frequency stability
of two synchronized VSG with a power system is studied. The
importance of frequency stability is to avoid any black out
(overall lock down) of the grid might be happened due to the
high frequency overshoot resulting from synchronization
process. The gray wolf optimization method is used to tune the
used PID controller in the active power control loop of the
inverter. Moreover, the controller is tuned in the reactive
power loop to control the induced voltage which is important
for determining the modulation index. The system is simulated
by MATLAB/Simulink and the results show the overshoot in
the grid frequency due to parallel VSMs becomes zero.

After the introduction section the rest of the paper is
organized as follow: Section 2 discusses the mathematical
modelling of the VSG connected to a grid. Section 3 shows the
simulation results and discussion. Section 4 concludes the
work.

2. SYSTEM MODELLING

One of the new technologies are being developed to address
the problems that modern power networks are facing is the
synchronous inverter (also known as an inverter with virtual
inertia). In essence, the synchronous inverter is used to mimic
the behavior of the SGs. It is an inverter that converts a DC
power source, see Figure 1. To reduce voltage and current
ripple, three legs of the conventional inverter are modulated
by pulse width modulation (PWM) linked to three LCL filters.
Voltage ripple is disregarded as the synchronous inverter
operates in parallel with the capacitors like an SGs. Moreover,
module 1 in Figure 1 has two control loops [4].

The first one is the power loop which is responsible for
forming the grid frequency. The second one is the reactive
power loop which is responsible for regulating the grid voltage.
The main problem in Figure 1 appears when the two
synchronous inverters are connected to the grid. The absence
of Synchronous Generators will reduce the grid inertia which
could be compensated virtually by module 1 (at least).

LCL-filter
—rT T 1

Inverter

v

Module 2

PWM

Active and

Reactive él
Power Loops
Grid current
Module 1 and voltage

Figure 1. A power system grid with two VSGs in parallel
(module 1 and module 2)



As seen in Figure 1, there are two modules connected
sequentially to the grid. Firstly, Module one is connected to
the grid. After a while, the module two is synchronized with
the grid. There are some assumptions that are assumed:

»  The line-to-line voltage of modules one and two must
be the same of the grid voltage.

»  The modules one and two frequency must be slightly
higher than the grid frequency.

»  The phase sequence of both, grid and module one and

two, must be the same.
2.1 Virtual synchronous generator modelling

To mimic the behavior of synchronous generator, it should
have control loop to regulate the amount of active and reactive
power to generate the PWM of the inverter. Moreover, it is
used to compensate the damping torque required for system
stability in case of disturbance. The control circuit (not
clarified her due to page limits, but see the study [4, 15]) uses
the voltage and current from the grid to supply the suitable
amount of active and reactive power to maintain the stability
of the grid frequency and voltage.

The Grey Wolf Optimization algorithm is used to obtain the
optimum parameters of the control loops which are the active
power P, reactive power Q, the damping factor D,, voltage
drop factor Dg,voltage time constant t,, and frequency time
constant tr. The control process of the VSG uses the model of
the synchronous generator for stability purposes. Therefore,
the control loop of active and reactive power for the VSG in
the study [4] is used the same in the present work. The control
loop of active power:

d?o N
dt?

5. 40 _
Pdt

J (D

Tm _Te

where, 8 = wt. and w is the synchronous speed. J is the
moment of inertia. T, T is the mechanical and electrical
torques respectively. It is clear from (1) that to obtain the
stability in the system frequency (Which is related to angle 6)
the difference in the torques must equal to zero. This is given

by:

AT,

D, =
14 Af

(@)

where, D, is the damping torque factor. This means the
inverter should provide mechanical torque adequate to balance
the electromagnetic torque introduced from the load demand
and compensate for the inertia. The control loop of the active
power is responsible for providing the damping torque to the
system to restore the system frequency after a small
disturbance and track the load demand. The control loop of
reactive power is modelled depending on the equation of the
induced voltage of the synchronous generator E that can be
written as:

E = kirwsing 3)
where, ir is the field current, k is the machine constant that
depends on the construction of the machine. The normalized
induced voltage is employed in PWM of the synchronous
inverter. In Figure 2, the GWO is used to find the optimal PID
controller of the control loops. The optimal parameters are
used to adjust the grid frequency to its standard range.

411

2.2 Grey Wolf Optimization

This method was introduced by Mirjalili et al. [33] in 2014.
It simulates the social hunting behavior and hierarchy of the
Grey Wolf. It is a Meta-heuristic optimization technique that
uses the social hierarchy of Grey Wolf to model a
mathematical system to solve the problems [33]. The problem
solution is represented by three main solutions respectively, a
which is the best solution, § which is the second fit solution,
and & which is the third best solution. The rest of the candidate
solutions are represented by .

,

Initializing the grey wolf search
agents

Run the grey wolf optimization o

v

Find the gains Kp, Kd. and Ki

'

Run simulation and calculate the
frequency f

Objective function
Else

if sum|f — f,|

< minimum value

Change kp. K1, and Kd to the new
values

A 4

Keep the old
values of ky, Kj,
and Ky
|

\—b

Iteration = iteration +1

4

Is maximum iteration is
reached

i Yes

Get the optimum values of
gains
1

Figure 2. A grid connected of synchronous inverters with
optimization steps

To find the optimum solution one should mimic the
behavior of Grey Wolf by encircling the prey using the
following equations:

D

= €. %,® - X, @) )



(&)

where, A, B, and C are coefficients matrices. X is the position
matrix of the Grey Wolf, and X, is the position matrix of the

prey. Both A and C are given by:

A=2dr —d (6)
And
C =21 @)

where, omponents ofa are linearly decreased from 2 to 0 over
the course of iterations and ry, r» are random vectors in [0, 1].
The search by the solution is carried out by updating the values
of a, B, §, and m. i.e., changing the position matrix X. The
candidate solutions converge from the prey when |A| < 1.

The objective function of the Grey Wolf algorithm is used
to minimize the deviation in the frequency. The Grey Wolf
algorithm efficiently reduces the deviation and comes with
good results through the process of optimization. The
algorithm is carried out to extract the values of the PID
controller gains, K;, K;, and Kq. The constraint is the minimum
value of frequency deviation that govern the stability of the
system. The values resulted from the optimization process is
used in the system simulation to drive the system under the
optimized values of the controller gains. The optimization
process flow graph is seen in Figure 2.

The flow chart, Figure 2, shows how the GWO is used in
conjunction with the control system to enhance the frequency
to the best values and maintain it within boundaries,
demonstrating how the optimization technique works. While
monitoring the response frequency, the optimization technique
will adjust the values of the control parameters, such as K, K;,
and Kg. It begins by selecting random values for K,,, Kj, and
K. For each value selected, the simulation of the system is run,
and the frequency response is measured. This response is then
compared to the response from the previous iteration, and if
necessary, the optimization technique selects these values for
Kp, K, and Kq as the optimal values. and if not, it will retain
the values from the previous iteration. The optimization will
then preserve the best values of K, Kj, and Kq that produce the
best objective value, which is the best frequency response, and
continue changing the values of K,,, Kj, and Kqusing the GWO
optimization process until it achieves the ultimate iteration
value.

The objective function of the optimization is written as:

F=>1f~fl

where, f, is the system normal frequency, f is the frequency
resulted from the simulation, and F is the fitness value.

®

3. SIMULATION RESULTS AND DISCUSSION

The system has been tested using MATLAB/Simulink. The
system comprises of two inverters operated as VSM, power
system grid, see Figures 1 and 2. The two inverters are
connected to the grid after running the system. The two
inverters’ parameters are listed in Table 1. The inverters
ratings are 4 kVA, and they are supplied from a two separated
DC voltage of 670V. The PWM operates at a switching
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frequency of 20kHz. The inverters are synchronized with a
grid voltage of 400V Line-to-Line and 50Hz frequency.

Table 1. The inverters’ parameters

Variable Inverter 1 Inverter 2
Power rating 4kVA 4kVA
DC voltage 670V 670V
Switching frequency 20kHz 20kHz

Output voltage ~ 400Vrms 400Vrms
Filter inductance 5.2mH 5.2mH
Filter Capacitance 1.5F 1.5F
Pset 3.2kw 1.6kW
Qset 2.4kVAR 1.2kVAR
Inertia 4e-4 4e-4
Kp 7.834 8.029
Ki 9.058 9.336
Kad 0.375 0.381
Modulation Index 1 1
55
—with GWO
54
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>
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Figure 3. The frequency response of two systems under test.
without optimization (dashed), with GWO (solid)

45 X 104 Convergence curve of GWO

3.5

Objective value

2.5 L L L

Iteration
Figure 4. The convergence curve of GWO

Figure 3 depicts the frequency response (a grid frequency)
of two tested systems. The red curve shows the grid frequency
in case of parallel inverters without any optimization. In
contrast to that, the blue curve shows the grid frequency when
connecting two inverters in parallel with optimized PID
parameters by using GWO. As seen from Figure 3, from time
0 to 0.15 the system runs without any synchronization. The
grid frequency is slightly higher than the nominal value of



50Hz. Moreover, at time 0.15 sec, the two inverters are
connected to the grid. At this time, the grid power suddenly
changed. Therefore, the active power loop should adjust the
grid frequency to its limit. Additionally, the frequency
overshot is reduced from 8% down to 0% using GWO.

It is clear that the overshot without GWO is too high which
triggers the protection system. Figure 4 shows the convergence
of GWO. It can be seen that the used optimization method has
an optimum solution after a number of iterations. The optimal
values of the PID controller parameters are listed in Table 1.

4. CONCLUSIONS

This paper presents the parallel operation of synchronous
inverters (inverters with virtual dampers or Virtual
Synchronous Generators) in the complete absence of
Synchronous Generators in a power grid. The synchronous
inverters have two control loops to adjust the grid frequency
and the induced voltage. The PID controllers’ parameters are
optimized using Gray Wolf Optimization (GWO).

The system is simulated by MATLAB/Simulink. The
system is studied by synchronizing of two 4kV A synchronous
inverters with power grid. Initially, the grid frequency has 8%
overshot of its nominal value at the synchronization time. This
will lead to an overall shutdown while this overshot will
trigger the protection system. Due to employing GWO, the
frequency response of the grid frequency is improved in case
of parallel operation of the two synchronous inverters and
virtual inertia. Moreover, the proposed system shows a 0%
overshot in the grid frequency due to sudden change of the
load (at the moment of synchronizing the inverters). The
achieved results will encourage the researchers to synchronize
more inverters with the power grid.
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