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ABSTRACT In recent years, the domination of power electronics-interfaced renewable energy source (RES)
such as solar photovoltaic (PV) system causes grid frequency instability issue. This paper proposes a new
machine learning (ML)-based virtual inertia (VI) synthetization in synchronverter topology to integrate the
solar PV system and the power grid with high-frequency stability. The proposed ML-based VI is synthetized
by amalgamating the action and critic network to decouple active and reactive power control. Therefore,
the proposed synchronverter exhibits decoupled control and flexible moment of inertia (J ) changes that lead
to high stability and fast transient response as compared to the conventional proportional-integral (PI) and
fuzzy logic (FL)-based synchronverters. Various case studies in MATLAB/ Simulink simulation have been
carried out, and the results proved the feasibility and effectiveness of the proposedML-based synchronverter.
Through the proposed control strategy, the maximum frequency deviation from the nominal value, settling
time to reach quasi-steady-state frequency and steady-state error has been reduced by 0.1Hz, 35% and 27%
respectively.

INDEX TERMS Synchronverter, virtual inertia, power quality, frequency stability, grid-connected solar
photovoltaic system.

I. INTRODUCTION
Over the decades, RES such aswind turbines and PV cells, are
gradually replacing conventional power generation from coal,
oil or natural gas in a modern power system [1]. The grid-
tied RES connection via static DC-AC converters or inverters
often has minimal inertial response for the stability of grid
voltage and frequency due to the lack of rotating parts, unlike
the synchronous machine (SM)-based conventional power
generation [2]. As the penetration of distributed generation
(DG) units becomes higher, the total inertia of the power
system decreases over the years [3]. Hence, the frequency
fluctuation of the grid cannot be damped by inertia effec-
tively [4]. As a result, the power system under high pene-
tration of RES is expected to become less predictable and
unreliable dynamic non-linear system [5]. Recent researches
have been focused on the adoption of a control scheme for
inverters to compensate for the loss of inertia by mimicking
the SM. This synthetization concept is called synchronverter
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or synchronous inverter [6].WithVI-based inverters, the grid-
connected inverter can emulate the behavior of a real SG
by mimicking the droop mechanism, of its rotational and
damping characteristics.

The frequency-droop mechanism for active power loop
(APL) and voltage-droop mechanism for reactive power loop
(RPL) are introduced to regulate the real and reactive power.
However, the synchronverter is mainly based on the assump-
tion of inductive line impedance, instead of the complex
impedance. As a result, strong coupling effects exist between
the output real and reactive power. It adversely affects the
stability and controls the flexibility of the system. Hence,
it is necessary to introduce decoupling schemes to reduce the
coupling effects and improve the control stability [7].

Although the VI-based synchronverter seems to be a
feasible solution for the interface of the grid-connected solar
PV system, it exhibits mathematical instability, strong cou-
pling between APL and RPL, low analogue precision and
unsatisfactory transient response [8]. In this paper, a full
digitalized power decoupling control schemes based on
ML topology for the synchronverter are proposed. It is to
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replace the conventional PI controller. Theoretically, a grid-
connected solar PV system is a non-linear system because of
the characteristic of current-voltage (I-V) and power-voltage
(P-V) curve in a solar array. A traditional linearized analogue
feedback PI controller is commonly used to control the syn-
chronverter based on a linear controller for the linearized
system model. By varying the operating point and the sys-
tem parameters, the behaviours of the controller are subject
to change. Apart from PI-based controller, the non-linear
controllers with feedback linearization technique are popular
with replacing the linear controllers for better performance.
Unfortunately, the non-linear controllers are complicated to
design and they require exact system parameters. Hence,
artificial intelligent (AI)-based controller is more feasible
and relevant for synchronverter controls. The most notable
AI controllers for synchronverter are FL [9] and adaptive
neuro-fuzzy inference system (ANFIS) [10]. Apart from AI,
model predictive control (MPC) is also a popular technique
to control inverter [11].

Hence, a novel control strategy for synchronverter based
on reinforcement learning (RL) is proposed to emulate its
adaptive VI. The application of AI is crucial for the bal-
ance between performance and complexity. The difference
between the existing researches and the proposed RL control
strategy is the proposed strategy has the ability to identify a
time-varying system through continuous learning by adapting
different operating variables through time. As an attempt to
address the aforementioned limitations, this paper proposes a
unified ML-based designing approach of power decoupling
control strategy for synchronverter featuring VI synthesis.
The main contribution of this paper is to present a new
method for developing an ML-based strategy combined with
the VI for controlling a grid-connected synchronverter in a
solar energy system. Other contributions can be summarized
as follows:
• A novel ML-based VI synthetization for synchronverter
is proposed by introducing the neural network (NN) and
ML control strategy;

• Steady-state grid frequency deviation and frequency
recovery delay are eliminated during the fluctuation of
loads and overloading fault;

• ML control is integrated into a power decoupling APL
and RPL being the first of its kind, enabling the adaptive
synthetic inertia (J) and damping factor (DP);

• ML controller is an optimal control designing procedure
that enables the scalability and adaptability of synchron-
verter with guaranteed steady-state and dynamic perfor-
mances; and

• The proposed controller eliminates the requirement of
PI gains parameter tuning efforts.

The remainder of this paper is organized as follows:
Section II presents the typical control scheme of PI-based
and FL-based synchronverters, followed by the proposed ML
control strategy implementation in Section III. Section IV
shows the problem formulation and simulation setup, where
the results of the simulation have been analyzed in terms of

FIGURE 1. Single line diagram of a typical grid-connected solar PV system.

the stability with the performance results shown in Section V,
and Section VI concludes the paper by suggesting future
research directions.

II. CONTROL SCHEME OF A CONVENTIONAL PI-BASED
AND FL-BASED SYNCHRONVERTERS
A. PI-BASED SYNCHRONVERTER
Generally, a conventional PI-based synchronverter is mod-
elled using SM’s swing equations [12]. The swing equations
are responsible for injecting or absorbing active power in
response to frequency deviation. The PI controllers are used
to ensure that the operation of synchronverter is based on
the second-order swing equations [13]. Fig. 1 shows the
application of synchronverter in a grid-connected solar PV
system to convert solar DC source to AC power output.

The per-phase winding resistance and per-phase
synchronous inductive reactance are denoted by R and XS
respectively. An LC circuit consists of an inductor (L) and
a capacitor (C) connected in parallel is used to filter current
and voltage ripples. Vg is the three-phaseAC power grid, Vabc
and Iabc are the measured three-phase voltage and current at
point of common coupling (PCC) respectively, and Rabc is
the local resistive load. The main advantage of a conven-
tional PI-based synchronverter is the robust and dynamic
control of active power (P) and reactive power (Q) [14].
Synchronverter-based synthetization can be applied in an
energy storage system (ESS) to supply power in demand [15].
The parameters of synchronverter are tuned to achieve the
desired transient and steady-state response [16]. An auxiliary
loop is added as a damping correction loop to adjust the
dynamic response speed freely [17]. The inertial response is
defined as the power exchange between the mechanical rotor
and the electrical grid due to the rotor swing, which consists
of acceleration or deceleration.

As illustrated in Fig. 2, the PI-based controller of
synchronverter is based on both active power and reactive
power droop controls where PSET and QSET are the setpoints
of active and reactive power; ωn is the nominal angular fre-
quency;1ω is the difference between measured and nominal
angular frequency; Tm is the mechanical torque; Te is the
electromagnetic torque; 1T is the difference between Tm
and Te; Mf if is the field excitation; 1/s is the integrator;
DP is the damping factor; KPf and Kif are the PI regulator
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FIGURE 2. Model of the synchronverter control algorithm based on the
swing equation of SM.

coefficient; J is moment of inertia; Vg is the grid voltage; e is
the control signal of pulse width modulation (PWM); θ is the
angular angle; Q is reactive power and k is the coefficient for
reactive power droop control. The control signal (e) output
is to drive the PWM of switching devices in an inverter. The
three essential swing equations (1), (2) and (3) are responsible
for emulating the inertial characteristic of an SM.

Q = −θ̇Mf if < i, c̃os θ > (1)

Te = Mf if < i, s̃in θ > (2)

e = θ̇M f if s̃in θ (3)

where reactive power, angular speed, mutual-inductance,
field excitation current, output current, electromagnetic
torque and control signal are denoted by Q,θ̇ , Mf , if , i, Te
and e respectively. 〈, 〉marks the inner product. The c̃os θ and
s̃in θ are vectors defined as the three-phase angle difference
which is equally spaced in 120◦ or 2π/3 in radian, as shown
in equation (4).

˜cos θ=


cos θ

cos
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2π
3

)
cos

(
θ−

4π
3

)
 ; ˜sin θ=


sin θ
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(
θ−

2π
3

)
sin
(
θ−

4π
3

)
 (4)

VI is defined as a property of the grid, which
limits frequency variations in the case of sudden load
change or overloading fault. The rotor speed of an SM is
maintained by the prime mover and the damping factor of
APL (Dp) which is caused by mechanical friction. It is impor-
tant to share the load evenly in proportional to the nominal
load by varying the real power delivered to the grid according
to the grid frequency. It is executed by a control loop, known
as active power droop control.When the real power demand is
higher, the speed of the synchronous generator drops because
of increasing Te, governed by formula (4).

J θ̈ =
(
Tm−Te − Dpθ̇g

)
(5)

FIGURE 3. The general FL terminology for synchronverter.

where J is the moment of inertia, θ̈ is the rate of change of
θ̇ , Tm is the mechanical torque and θ̇g is the grid angular fre-
quency. Although the conventional PI-based synchronverter
is equipped with VI based on swing equations, it is incapable
of adapting to changes in operating conditions, especially
in a dynamic solar PV system with varying irradiance and
temperature [18].

B. FL-BASED SYNCHRONVERTER
Apart from the conventional PI control method, there are
various AI-based control methods applied in a synchron-
verter.

As illustrated in Fig. 3, the supplementary controller of
PI-based synchronverter is realized through FL control to
reduce frequency deviations during disturbances. The FL
inputs are typically based on the frequency deviation error
(ef ) and its rate of change (1ef ). The output is the moment
of virtual inertia (J ) which is adaptive based on the change
of frequency error. In general, all AI-based controllers for
synchronverter exhibit faster convergence speed compared to
other control strategies because of its adaptive J and intelli-
gent control ofP. Themost notable AI controllers are FL [19],
fuzzy secondary controller (FSC) [9], fuzzy adaptive differ-
ential evolution (FADE) [20], adaptive neuro-fuzzy inference
system (ANFIS) [10], adaptive dynamic programming (ADP)
[18] and fuzzy adaptable logic controller based on differential
evolution (DE) [20]. Apart from AI, model predictive control
(MPC) is also a popular technique to control inverter [11].

C. THE MATHEMATICAL MODELLING OF A
CONVENTIONAL VI-BASED SYNCHRONVERTER
This section discusses the proposed ML-based VI emu-
lation for synchronverter by using power decoupling
approach. By taking the voltage and frequency measurements
at the PCC, theML controller determines future control active
power inputs by solving an optimization problem over a
finite horizon. It integrates the references and predictions of
future states of a synchronverter by using the past and present
measurements.

Fig. 4 shows the block diagram of a general synchronverter,
where Pt is the mechanical power; Pe is the electromagnetic
power; ω is the angular frequency; θ is the virtual rotor
angle; Emag is the electromagnetic generated voltage; É
is the generated voltage; Vd_ref is the reference value of d
axis voltage; Vq_ref is the reference value of q-axis voltage;
Vr is the reference voltage; Í is the current; R is the per-
phase winding resistance and Xs is the per-phase synchronous
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FIGURE 4. Model of the synchronverter control algorithm based on the
swing equation of SM.

inductive reactance. The PI block represents the PImathemat-
ical operation while abc-dq block represents the three-phase
(abc) signal to dq rotating reference frame transformation.
Sinusoidal pulse width modulation (SPWM) is a technique of
PWM used in inverters to produce AC output from a DC out-
put by using switching circuits. It is to simulate the sinusoidal
wave by producing one or more square pulses of voltage
(V ) per half cycle. The general structure of synchronverter
controller represents the swing equations of a typical SM
[21]. The equation of APL regulating mechanism is shown in
equation (6) while the equation of RPL regulatingmechanism
is shown in equation (7).

θ̇ =
1
Js
[Tm − Te + Dp(θ̇r − θ̇ )] (6)

Mf if =
1
Ks

[QSET−Q+ Dq(Vr − Vm)] (7)

where K is the regulator coefficient of reactive power, Dq
is the damping factor of RPL, θ̇r is the nominal angular
frequency, θ̇ is the real-time angular frequency, QSET is the
set point of reactive power, Vr is the reference voltage and
Vm is the measured feedback voltage. By selecting the syn-
chronous rotation axis as the reference axis and based on the
relationship between the electrical angular velocity and the
mechanical angular velocity, we derive the rotor equation of
motion (8).

J
dω
dt
= J

d (ω − ωn)
dt

= MT −Me =
1
ω
(PT − Pe) (8)

where ω,ωn, PT and Pe are defined as electrical angular
velocity, synchronous electrical angular velocity, mechanical
power and electromagnetic power respectively. The voltages
at PCC are balanced when θb = θa − 2π/3 =θc+2π/3 and
hence measured voltage amplitude (Vm) is computed by the
equation (9).

vm = −

√
4
3
(vavb + vbvc + vcva) (9)

where Va, Vb and Vc are defined as three phases voltage. The
behavior of the inverter is dependent on the parameters of
inertia and damping properties (J and Dp) from the grid sta-
bility point of view. The adjustable parameters of synchron-
verter are able to further optimize the response of inverter to
utility grid behavior, as compared to synchronous generators.

FIGURE 5. The RL terminology for synchronverter operation.

For example, during the occurrence of grid ground fault, high
inertia (J ) is adopted to avoid overshoots while low inertia is
configured for quick recovery. The frequency droop coeffi-
cient (Dp), is calculated by equation (10) as a relation of the
added active power per frequency change. In a similar way,
the voltage droop coefficient (Dq) is calculated by equation
(11) as added reactive power per grid voltage change.

Dp =
1P
1ω

(10)

Dq =
1Q
1Vg

(11)

The droop coefficients are dependent on the choice of a
designer depending on specific grid codes in a certain area.
TheDp is usually configured such that a 0.5% drop in the grid
frequency would double the active power. On the contrary,
the Dq is configured to double reactive power production at a
2% voltage drop [12].

III. NOVEL VIRTUAL INERTIA CONTROL ALGORITHM
BASED ON MACHINE LEARNING TOPOLOGY
WITH DECOUPLED POWER
A. PROPOSED MACHINE LEARNING TOPOLOGY
WITH POWER DECOUPLING ABILITY
Inspired by the learning process of living organisms, RL is
a simple iterative algorithm which acts on its environment,
observes the resulting reward and manipulates its actions
accordingly to maximize the receiving reward. The action-
based RL, which is also the latest frontier of ML, is able to
capture ideas of optimal behaviour occurring in a dynamic
system. The mathematical formulations of RL and its practi-
cal implementation method is known as ADP. ADP is a type
of online ML optimal control that approximates an optimal
control scheme. It learns by trial and error to achieve an
objective.

As illustrated in Fig. 5, an ML controller based on the
topology of RL has been proposed for the optimization of
a synchronverter. The RL algorithm explores the system of
synchronverter to gain experience. It learns to inject or absorb
active power (P) optimally in response to the frequency
tracking error (1f ). The design of RL-based controller is
intended for man-made engineered systems like synchron-
verter to equip it with the capabilities to learn and exhibit
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optimal behaviour. The pseudo-code is shown in Algorithm 1
as followed.

Algorithm 1 Computational Adaptive Optimal Control
Inputs: Grid operating frequency (fg) and nominal fre-
quency (fn = 50Hz)
Outputs: Active power (P)
Based on: ω-P droop relationship
Initialization:
1. Initialize the Q-values table, Q (s, a) and immediate

rewards r (s, a) = 0.0, in such ∀s ∈ S,∀a ∈ A
2. Repeat for a given number of operating points over

the whole planning period:
Start

a) Observe the current grid frequency state vector (s);
b) Choose an action vector (a) to increase or decrease

P, for that state based on action selection policy;
c) Take action by injecting or absorbing P and observe

the reward, r and the new grid frequency state, s′;
d) Update the Q-value for the state using the observed

reward and the maximum reward possible for the
next state;

e) Set the state to the new state, and repeat the process
until a terminal state – quasi-steady-state frequency
i.e. 1f is almost 0 is reached;

Until Q-function converges to Q∗.

The objective of theML-based controller is tominimize the
1f which results in lower frequency oscillation, overshoot-
ing and steady-state error, thereby stabilizing the frequency
response of synchronverter AC output. It is to ensure the value
of fg is as close as the fn. The RL-based controller is then
rewarded or penalized depending on whether its behavior
(injection or absorption of P) helps or prevents it from reach-
ing its objective (1f = 0). The algorithm updates the q-matrix
values depending on the reward value. The discount factor
(γ ) of the return computation has been configured to 0.95,
while the learning rate (α) are configured as 0.9. The learning
algorithm searches for the optimum value for the q-matrix to
reach optimum control. The algorithm updates the q-matrix
values depending on the reward value. In order to improve the
transient response, steady-state performance and robustness
of a conventional synchronverter, the ML-based controller
is proposed to replace the existing PI controller. A PI-based
synchronverter is characterized by three basic elements based
on the RL topology:
1. Observation of states (s): The instantaneous measure-

ment of fg is executed to compare against fn to acquire
1f by subtracting fg from fn, which is to be observed by
the actor.

2. Action (a): The actor takes action by manipulat-
ing the synchronverter output current magnitude to
inject or absorb active power accordingly.

3. Reward (r): The positive reward (+100) is given when
the 1f is less than or equal to 0.1Hz. On the contrary,

when the1f is larger than 0.1Hz, negative reward (-100)
is given to penalize the actor.

In general, an ML-based controller exhibits self-learning
capability, adaptive control and digitalized robustness com-
pared to the PI controller. AI is a common process for com-
puters to solve specific problems by emulating the human’s
behavior. ML is a subset of AI by learning from observations
and make decisions based on trained models. Among the
ML technologies such as supervised learning, unsupervised
learning, semi-supervised learning and RL, the RL is adopted
in resolving the stability issue of a synchronverter. This
RL-based topology refers to an agent that learns its action
policy (A) that maximizes the expected rewards (R) based on
its interactions with environments.

In general, an RL agent continuously interacts with an
environment; where the environment receives an action, emits
new states and calculates a reward; and the agent observes
states, suggests action to maximize next reward. Training an
RL agent involves dynamically updating a policy (mapping
from states to action), a value function (mapping from action
to reward) and a model (for representing the environment).
Deep learning (DL) provides a general framework for rep-
resentation learning that consists of many layers of nonlinear
functions mapping inputs to outputs. Its uniqueness rests with
the fact that DL does not need to specify features beforehand.
One typical example is deep NN [12]. Basically, DRL is a
combination of DL and RL, where DL is used for represen-
tation learning and RL for decision making. In the proposed
GridMind framework, deep Q network (DQN) [15] is used to
estimate the value function, which supports continuous state
sets and is suitable for power grid control.

A deep deterministic policy gradient (DDPG) agent is
trained to control a second-order swing equation from
synchronverter dynamic system modelled in MATLAB R©

Simulink. The training goal of the agent is to control the grid
frequency in a second-order system by injecting or absorbing
active power from solar energy. For this environment, the grid
frequency starts at the initial position of its nominal value
+/− 50Hz. The active power action signal from the agent to
the environment is from +10W to −10W. The observations
from the environment are the grid frequency (fg) and active
power at the point of common coupling (PPCC ). The episode
terminates if the grid frequency is more than 51Hz or less
than 49Hz from its nominal value. The reward (rt), provided
at every time step, is a discretization of r(t):

r(t) = −(x(t)′Qx(t)+ u(t)′Ru(t)) (12)

where x is the state vector of the mass, u is the force applied
to the mass, Q is the weights on the control performance and
R is the weight on the control effort whereby R = 0.01.
There are various applications of AI in synchronverter,

such as ADP approach, action-critic network and online
NN-based controller. The controller is a supplementary con-
troller in addition to the conventional PI controller. The power
references generated by the main synchronverter algorithm
with a supplementary signal PADP to give the total reference
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FIGURE 6. Synchronverter simulation environment.

FIGURE 7. The conventional PI-based controller.

FIGURE 8. The IC MPPT DC-DC controller with integral regulator
technique.

PTOTAL [18]. An NN-based adaptive critic design is utilized
in a typical PI-based synchronverter controller to optimize
its cost function. The characteristic of the NN improves the
performance under uncertainties and unknown parameters
such as varying irradiance and temperature [22].

IV. PROBLEM FORMULATION AND METHODOLOGY
A. SYSTEM SETUP AND CONFIGURATION
In order to demonstrate the effectiveness of the proposed con-
trol scheme, a small-scale grid-connected solar PV system is
modelled by using MathWorks R© MATLAB/ Simulink plat-
form with Simscape Electrical

TM
. Fig. 6 shows the detailed

synchronverter controller without the phase lock loop (PLL).
The system topology is mainly based on the swing equa-
tions of a conventional SM and power droop control with
modified power decoupling control. The performances of the
proposed ML-based synchronverter have been assessed by
simulation. The simulation results compare the performance
of the proposed ML with a traditional PI-based and FL-based
design.

The detailed synchronverter and MPPT controller are
illustrated in Fig. 7 and Fig. 8 respectively. The detailed

simulationmodel is shown in Fig. 9. TheMPPT is responsible
for maximum power extraction at solar DC output while the
synchronverter provides a self-synchronizing DC-AC inter-
face between solar to the power grid with stabilizing fre-
quency output. The cascading DC-DC and DC-AC converters
are necessary to interface the solar PV system with the power
grid.

The simulation test system is a detailed model of a 100-kW
SunPower modules (SPR-305E-WHT-D) array connected to
a 25-kV step down to 400V grid via a DC-DC boost con-
verter with IC MPPT algorithm and a three-phase two-level
inverter with the synchronverter algorithm. The case studies
are executed by manipulating variables which consist of solar
irradiance and temperature of the solar array, synchronverter
algorithm, grid or standalone connection and circuit breaker
for sudden step load increase or decrease. The control strategy
was simulated by the solver ode23tb with a maximum step
size of 0.5ms. The synchronverter consists of twomajor parts,
namely the power part and the electronic part. The power part
is essentially the power circuit of inverter or DC-AC converter
and the electronic part is the controller of synchronverter
[12]. It is used to manipulate the PWM to drive the gate of a
switching device in an inverter [23]. The mathematical mod-
elling of synchronverter enables the inverter to behave like
an SM which is self-synchronizing with the grid frequency.
The 2-level bridge of insulated-gate bipolar transistor (IGBT)
gate inputs are controlled by the PWM of synchronverter
intelligent control. An LC filter filters the ripple voltage and
current by using the capacitor and inductor respectively. The
resistive load at DC (RDC) output of DC-DC boost converter
is used to emulate the local resistive load for the DC side
of the solar PV system. It is also known as a resistance
load or bleeder resistance that is connected across the output
such that even though no external load is connected, the con-
verter sees a minimum load for stable operation.

To verify the effectiveness of the proposed ML-based
controller, the simulation model of a synchronverter was
built using the parameters as shown in Table 1. The 100-kW
solar PV array is configured using the parameters listed
in Table 2 for simulation. The maximum power point tracking
(MPPT) is implemented in the boost DC-DC converter by
using the IC with an integral regulator technique. Different
schemes of synchronverter controller which includes conven-
tional PI, FL andML are designed to interface grid-connected
PV system under different temperature and irradiation. The
operating point of the PV on the I-V curve is dynamically
modified by the DC-DC controller so that theMPPT obtained
the maximum power point (MPP) at any sunlight conditions
and maintained PV power in the proximity of this point to
produce power with the higher efficiency. The control sys-
tems of synchronverter are studied, with the conventional PI
in Fig. 7, FL controller in active power droop on top of the
conventional PI control in Fig. 10, and ML-based controller
is then proposed in Fig. 11. The MPPT is not contributed to
the inertial synthetization due to its DC-DC conversion. The
inverter is the key element for inertial synthetization due to
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FIGURE 9. The setup of simulation execution.

TABLE 1. Parameters of the synchronverter.

its ability to inject or absorb active power by the conversion
process from DC to AC.

An FL controller fetches the inputs of frequency deviation
error (ef ) and its rate of change of error (1ef ). It converts
them into fuzzymembership function and decides the value of
the moment of inertia (J ). For large error, the J will be high to
dampen the error or vice versa. The case studies are designed
to compare, analyze and evaluate each performance with the
integration of synchronverter. All other blocks’ parameters
are retained as a constant environment to ensure that only
synchronverter controller is an only varying factor. In general,

TABLE 2. Parameters of the solar panel.

FIGURE 10. The FL approach in active power droop.

it consists of a conventional inverter with a synchronverter
control which interfaces solar PV DC output to AC grid.
The three-phase two-level inverter generates an AC output
voltage waveform that can be controlled by PWM. The PWM
is generated by the synchronverter controller. The three-phase
inverter uses a DC power supply which emulates the solar
PV output. The gate driver signals to produce balanced
three-phase sinusoidal output which is connected to the grid.
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FIGURE 11. The proposed ML-based synchronverter controller.

With a three-phase voltage and current measurement block
as illustrated below, the synchronverter can be controlled
by using feedback measurement through voltage and current
sensor. The accelerated solver is ode45 with variable-step.
The maximum and minimum step sizes are set as adaptive
automatic and the relative tolerance is set as 0.001. The
mode of operation is unsynchronized with 10kHz of switch-
ing frequency. Its initial phase is at 90 degrees with the
natural sampling technique. Its sample time is configured as
1e-6 second. The imaginary mechanical friction coefficient
and frequency drooping coefficient (DP) is set as 0.2. This
value indicates that if there is a drop of 0.5% in the frequency
from the nominal frequency, it causes the torque to increase
by 100% of the nominal power. In contrast, the voltage droop
coefficient is chosen asDq = 117.88 resulting in a drop of 5%
in the voltage causes an increase of 100% reactive power. The
current ripple is limited to +−5%, while the voltage drop on
the inductor is limited to less than 10%.

The system model used in this study consists of a fully
detailed switching voltage source converter (VSC) model,
whose parameters are set out in Table 1 and Table 2 respec-
tively. A detailed synchronverter-based controller was built
in MATLAB/Simulink environment. The reason for building
a fully detailed system is to study and compare steady-
state and dynamic properties during standalone and grid-
connected operation, which occurs with sudden step load
increase or decrease and instantaneous short circuits fault
incident. The existing FL and conventional PI control
approaches proposed in [9] and [12] respectively were con-
sidered. The study presented here was concentrated on four
important factors: the amount of active power (P), the genera-
tion of VI, the frequencies of system, and the value of virtual
damping. The comparison of the two VSM algorithms was
based on their dynamic properties, the total voltage and the
current harmonic distortion, sudden load changes, and unbal-
anced AC voltages. Moreover, the switching control tech-
niques for both high-order and low-order VSM are based on
PWM switching concept. All simulations and case studies are
executed under similar simulation environment configuration

TABLE 3. Case studies of different operating conditions.

FIGURE 12. Sudden irradiance and temperature variation of the solar
array.

TABLE 4. Varying irradiance and temperature for case 5 and 6.

with similar settings and values to ensure the consistency and
accuracy of the result. The only variable is the replacement of
controller which consists of conventional PI, FL and proposed
ML-based control strategy.

A single line diagram of the grid-connected solar PV
system model is a built-in MATLAB/ Simulink simulation.
The system model used in this study consists of an aver-
age VSC model. As shown in Table 3, the simulation was
conducted in six scenarios to evaluate the performance and
robustness of the proposed ML-based controller compared to
conventional PI and FL-based controller for synchronverter:
case studies 1 - 6. The PI controller is most commonly used
in the industry and has been universally accepted in industrial
control because of its robustness and functional simplicity.
Thus, to design the ML controller, a PI controller was com-
puted and executed first. This case investigates the differ-
ence between conventional PI [19], FL [24] and ML-based
synchronverter controller under different case studies. The
case studies demonstrate the influence of MPPT tracking
operation and varying irradiance and temperature of the solar
panel. The constant irradiance and temperature of the solar
panel are standardized as 1000W/m2 and 50 ◦C for its peak
value. However, for case studies 5 and 6, the irradiance and
temperature have been varied to emulate real-world operating
environment as shown in Fig. 12 and Table 4.
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FIGURE 13. The frequency response of synchronverter during the occurrence of fault at 0.1 seconds for (a) case 1, (b) case 2, (c) case 3,
(d) case 4, (e) case 5 and (f) case 6.

TABLE 5. Operating condition for all case studies.

Simulations for different mode and resistive load are con-
ducted as the resistive load is the first stage of research. At the
beginning of the simulation process, only load 1 and 2 are
connected to the synchronverter output. For load increase
case, at 3rd second, load 3 is turned on and connected to
the system via the circuit breaker. For the load decrease
case, initially, the load 3 is connected and at 3rd second,
load 3 is turned off by the tripping of the circuit breaker.
Table 5 presents the standardized operating condition for all
case studies.

V. THE ANALYSIS OF SIMULATIONS
A. FREQUENCY OUTPUT ANALYSIS
UNDER OVERLOADING FAULT
In the fault analysis, an overloading scenario caused by the
tripping of generators and transmission lines is created to

emulate a sudden fault occurrence at 0.1 seconds. It is to
investigate the frequency response of synchronverter under
conventional PI, FL and proposed ML control schemes. The
frequency profiles at the PCC between synchronverter out-
put and the cascaded connection of residential power grid
(230VRMS) as well as local resistive load are presented in
Fig. 13 (a)-(f) for case studies 1-6 respectively.

The first case study aims at verifying the transient perfor-
mance of the proposed ML-based synchronverter in term of
frequency recovery speed. Fig. 13 (a)-(f) presents the tran-
sient behaviors of the synchronverter AC output in response
to overloading fault, which is occurred at 0.1st second. The
overloading fault is emulated by the condition of sudden
load connection or disconnection. It can be observed that the
power system frequency declines due to the imbalance of
power generation and consumption. The frequency fluctua-
tion during the occurrence of overloading fault is found to be
less using the proposed ML scheme than when using conven-
tional PI and FL. Therefore, the proposed scheme is a better
performer to recover frequency drop under overloading fault.
It shows superior recovery performance with faster transient
recovery time, higher frequency nadir and smaller overshoot.
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FIGURE 14. The overall frequency response of synchronverter under sudden load changes at 3rd second for (a) case 1, (b) case 2, (c) case 3, (d) case 4,
(e) case 5 and (f) case 6.

Fig 13 (e) and (f) show the frequency output of synchronverter
under partial shading condition (PSC)with varying irradiance
and temperature. It is evident that the frequency output of the
proposed scheme is still under control, i.e. minimal oscilla-
tion even under PSC.

B. FREQUENCY OUTPUT ANALYSIS UNDER
SUDDEN LOAD CHANGE
The performance of the proposed ML-based synchronverter
is further verified in case study B. For sudden load change
analysis, an abrupt load change is applied to the local resis-
tive load (RLOAD) by increasing or decreasing 1.2kW (80�).
A circuit breaker (CB) is used to connect additional resistive
load or disconnect the resistive load to emulate sudden load
increase and decrease respectively. The proposed ML-based
and FL-based synchronverter exhibit minimal disturbance in
terms of their frequency output under sudden load changes.
As shown in Fig. 14 (a)-(f), the frequency of conventional
PI-based synchronverter is influenced by sudden load change,
i.e. when the load increases, the frequency decreases or

vice versa, due to the imbalance of power demand and gen-
eration. The frequency fluctuation during the occurrence of
sudden load variation is found to be minimal using the pro-
posed ML scheme than when using the conventional PI and
FL. The simulation indicates that irradiance and temperature
variation do not affect the frequency output of ML-based
synchronverter significantly.

C. FREQUENCY TRACKING ERROR
In this case study, the frequency tracking errors among
conventional PI, FL and the proposed ML-based synchron-
verter are compared. The frequency tracking error (ft_error ) is
defined as the difference between synchronverter frequency
output (fout ) and grid frequency output (fg) that it is meant
to mimic. This error implies how good the synchronverter
performs to keep track of the grid frequency and follow its
nominal operating frequency. As shown in Fig. 15 (a)-(f),
all case studies demonstrate the optimal performance of
ML-based synchronverter. It exhibits minimal frequency
tracking error even when it is under overloading fault, sudden
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FIGURE 15. The frequency tracking error between synchronverter frequency output and grid frequency for (a) case 1, (b) case 2, (c) case 3, (d) case 4,
(e) case 5 and (f) case 6.

load change as well as varying irradiance and temperature.
It also recovers faster from high tracking error during fault
occurrence at 0.1 seconds with lower overshoot, less fre-
quency tracking error, less steady-state error and shorter
transient time.

D. ACTIVE POWER REACTION BY SYNCHRONVERTER
The active power reaction by synchronverter is analyzed
to understand their dynamic behaviour in response to
the frequency variation. It is based on the synthetization
of a conventional SM whereby it will inject or absorb
active power in corresponding to the decrease or increase
of operating frequency respectively. In this analysis,
Fig. 16 (a) – (f) presents the injection or absorption of active
power (P) by all three types of synchronverters in response
to various frequency deviation. Theoretically, a conventional
SM injects active power (P) when the frequency drops

because of increased power demand, or vice versa. Hence,
to mimic the dynamic characteristic of an SM, synchronverter
is required to inject or absorb active power when required
during frequency fluctuation. Based on all the case studies
demonstrated, it is found that the proposed ML control
scheme requires lesser active power to bring back the system
frequency to its nominal value. The reduction of required
active power leads to higher energy efficiency due to lower
energy consumption. The proposed synchronverter is able to
retain a higher amount of active power for the resistive load
with a desirable power factor (p.f.).

From all four analyses, the ML-based synchronverter
exhibits good performance in self-synchronizing with the
changing power grid frequency. It validates that whenever
there is sudden load change, the addition of other sources with
different frequency, grid instability or fault, the synchron-
verter is able to maintain the steady output with standardized

VOLUME 8, 2020 49971



K. Y. Yap et al.: Grid Integration of Solar Photovoltaic System Using ML-Based VI Synthetization in Synchronverter

FIGURE 16. The injection or compensation of active power by synchronverter in the response of sudden load changes for (a) case 1, (b) case 2,
(c) case 3, (d) case 4, (e) case 5 and (f) case 6.

expected frequency. In short, it provides stability, efficiency
and higher power quality in interfacing solar PV to the power
grid.

E. STUDY ON THE EFFECT OF VARYING
MOMENT OF INERTIA (J)
The advantages of the proposed ML approach have been
compared to the PI and FL approaches, based on the similar
condition in simulation. In particular, the proposed method
with the characteristics of decoupled control can acceler-
ate the startup operational speed and avoid current surge at
startup or in parallel operation. If there is any faulty system,
the proposed synchronverter is able to establish short-time
voltage support for the important load in the isolated network.
It translates into the reduction of the load blackout time,
and thus improves the reliability of the grid-connected RES.
Statistically, the transient time, frequency recovery rate and
steady-state error of the proposed control strategy have been
greatly improved compared to the conventional PI controller.

In this analysis, the moment of inertia (J ) parameter is
varied throughout the simulations to investigate its effect on
the frequency response and active power output of the pro-
posed synchronverter. As shown in Fig. 17, the grid frequency
responses are shown with different J values. It shows that
the higher the value of J , the frequency response is slower,
underdamped and smoother without any visible oscillation.
Meanwhile, when the value of J is lower, the frequency
response is faster but accompanied with overshoot, steady-
state error and oscillation. The transient responses of active
power droop control when J increases from 0.2 to 0.3, and
then from 0.3 to 0.6, are investigated to study the effect
of J on active power output response. The value of J is
varied between 0.5 to 1.5 because J is equivalent to the time
constant of the frequency loop multiplied with the damping
factor (DP). It is manipulated to study its influence on the
effectiveness of frequency tracking.

To study the effect of J , at t = 0.5s, the grid fre-
quency drops from its nominal frequency 50Hz to 49.8Hz by

49972 VOLUME 8, 2020



K. Y. Yap et al.: Grid Integration of Solar Photovoltaic System Using ML-Based VI Synthetization in Synchronverter

FIGURE 17. The frequency response (magnitude versus frequency) of a
synchronverter with a different value of the moment of inertia (J).

FIGURE 18. The frequency response (magnitude versus frequency) of a
synchronverter with a different value of the moment of inertia (J).

0.2Hz or 0.4%, which is caused by a sudden load increase.
At t = 1.0s, sudden load decrease has occurred and it caused
the grid frequency increases by 0.2Hz or 0.4% from its nom-
inal frequency, 50Hz to 50.2Hz. The corresponding active
power of synchronverter is shown in Fig. 18. At t = 0.5s,
the active power (P) increase from its nominal value (PSET )
10kW to 12kW by 2kW or 20% to recover the grid fre-
quency. It compensates the required active power in response
of frequency drop by imitating the inertial response of an
SM. The VI synthetization mimics the speeding up of the
rotational movement of an SMby injectingmore active power
when there is frequency drop due to sudden load change. The
injection of active power is done to recover the frequency
back to its nominal value, thereby stabilizing the grid fre-
quency and retaining power quality. Similarly, at t = 1.0s,
2kW active power has been absorbed by the synchronverter
with the increased 0.2Hz grid frequency. Both injection and
absorption of active power obey the drooping characteristic
of 2% change in frequency (1f ) over 100% change in active
power (1P). In this case, the frequency increases or decreases
by (0.2Hz) 0.4%, which results in (2kW) 20% of active power
absorption or injection respectively. The transition times for
J = 0.2, 0.3 and 0.6 are approximately 0.1s, 0.2s and 0.4s
respectively. It implies that the higher value of J increases
the transition time but decreases unwanted oscillation and
steady-state error due to its dampening factor.

In this analysis, the stability of the proposed synchron-
verter is evaluated by the manipulation of moment of inertia
(J ) to observe the frequency response of the system. From
Fig. 19 and 20, it is observed that when the J is increased,
the dampening effect is obvious to stabilize the frequency
oscillation caused by the faults and overloading. However,

FIGURE 19. The effect of the moment of inertia (J) in recovering the
frequency response of a synchronverter.

FIGURE 20. The effect of the moment of inertia (J) in the response of
active power (P) injection or absorption of a synchronverter.

FIGURE 21. The VI effects on the grid frequency during normal operation.

the balance between fast response and the dampening effect
is crucial to minimize overshot or under damp.

As illustrated in Fig. 21, the result shows that the pro-
posed synchronverter remains stable when J = 0.6 even
when under the high penetration of solar energy with the
power grid. It exhibits high stability control because of the
balance between frequency response time and damping effect
with the desirable J value. The higher the J value, the faster
its transient response but with higher overshoot and oscilla-
tion (steady-state error). The balance between fast transient
response and low steady-state error is crucial, hence the
choice of J value should be appropriate for its balance.

F. THE EFFECT OF INERTIAL CONSTANT (H) ON THE
FREQUENCY OUTPUT
The effect of inertial constant (H ) on the frequency output
of the proposed ML-based synchronverter is analyzed under
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TABLE 6. Performance comparison for all case studies.

FIGURE 22. The effect of inertial constant on the frequency response.

overloading fault condition. The overloading fault is simu-
lated by increasing resistive load to exceed the rated load.
As shown in Fig. 22, at t = 0.1s, the overloading fault
has occurred and hence the grid frequency (fg) drops from
its nominal value (fn), 50Hz. The value of H is varied by
4 seconds because it is calculated by the ratio of the kinetic
energy (synchronous inertia) and the nominal active power
of the machine. The H of a standard SG is 4s, hence the
H values at 1s and 8s show the implication of deviated H
from its standard value. It is observed that the higher the
value of H , the lower the frequency drop (ferror ). This is
due to the higher value of H resulting in higher kinetic
energy stored at the synchronous speed. Hence, there are
more available active power to compensate for the frequency
drop. From this finding, the higher value of H corresponds
to an SM which is able to change speed over long time
periods although it responds slowly to transient mismatch of
power input to power output. Moreover, the lower value of H
corresponds to an SM which is able to change speed faster.
Hence, high H exhibits high stability, high dampening effect,
less overshooting and oscillation, although it takes longer to
recover and settle down. In the case of the synchronverter,
the speed to change quickly is not required, therefore higher
H is preferable for better stability and recovery.

G. TABULAR RESULTS EVALUATION
This section presents the summary findings on six
case studies of different synchronverter control schemes.
As shown in Table 6 and Fig. 23, it can be easily observed that
ML-based synchronverter performs better compared to con-
ventional PI and FL-based synchronverter in all case studies.

Generally, the proposed ML-based synchronverter performs
better because of its adaptive learning behaviour, digital-
ized control and adjustable damping factor (DP) and inertia
constant (J ). From the tabular results, it is observed that
the proposed ML-based synchronverter has higher frequency
nadir, lower frequency drop or deviation, lesser overshoot,
lower standard deviation, smaller steady-state error, faster
settling time and lesser injected or absorbed active power (P)
with high energy efficiency. Despite the frequency overshoot
and absorbed active power of FL-based synchronverter which
are desirable thanML-based controller in some cases, the dif-
ference is minimal and negligible. The computational time
of ML-based synchronverter is expected to be approximately
1.5 times more complex than the conventional synchronverter
but is better than FL-based synchronverter, which exhibits
two times more complex than the conventional method.
The computational burden of the ML controller is reduced.
Hence, its structure is simpler and improves the response time
of the controller. It is found that when the synchronverter
is controlled using the proposed ML control scheme, the
frequency deviation from its nominal value is very small
and it takes the least time for the frequency to return to
its nominal values after the fault is cleared. However, for a
similar event, the conventional PI and FL lead to a greater
frequency deviation and a longer time to return to their
nominal values. The cost-effectiveness, algorithm complexity
and computational requirement of virtual inertia synthetiza-
tion should be considered for performance benchmarking.
Generally, the ML-based control system is recommended for
the solution of electric power system decision or control prob-
lems to overcome the highly complex power system. Overall,
the simulation results validated that the ML algorithm is an
effective control method for the design of synchronverter
based on the following reasons.
1. ML method does not make any strong assumptions on

the synchronverter system and it is able to cope with
partial information on non-linear behaviour.

2. It opens avenues to adaptive control since the agent
learns continuously and can adapt to changing operating
conditions, especially in the dynamic solar PV system,
without the need for manual retuning.
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FIGURE 23. Performance comparison: (a) The average values of each parameter for performance comparison, (b) The percentagized performance which
benchmarks against conventional PI.

3. ML can be used in combination with traditional PI con-
trol method to balance the performance and stability of
synchronverter.

VI. CONCLUSION
In this paper, a novel ML-based VI synthetization control
strategy for the grid integration of solar PV system based
on the synchronverter is proposed. A typical synchronverter
with ML-based controller is designed to integrate solar PV
system with power grid while maintaining high-frequency
stability even when it is under varying irradiance and tem-
perature. The simulation results from MATLAB/ Simulink
verified the promising transient frequency recovery speed
and steady-state performance (frequency oscillation) of the
proposed strategy, even when under overloading fault con-
dition and sudden load changes. The future works include
the application of the proposed ML-based VI synthetization
with power decoupling feature for static synchronous com-
pensator (STATCOM), flexible alternating current transmis-
sion system (FACTS), high voltage direct current (HVDC)
transmission and other RES grid interfacing system.

REFERENCES
[1] T. Kerdphol, F. S. Rahman, M. Watanabe, Y. Mitani, D. Turschner, and

H.-P. Beck, ‘‘Enhanced virtual inertia control based on derivative tech-
nique to emulate simultaneous inertia and damping properties for micro-
grid frequency regulation,’’ IEEE Access, vol. 7, pp. 14422–14433, 2019.

[2] K. Shi, H. Ye, W. Song, and G. Zhou, ‘‘Virtual inertia control strategy
in microgrid based on virtual synchronous generator technology,’’ IEEE
Access, vol. 6, pp. 27949–27957, 2018.

[3] T. Kerdphol, M. Watanabe, K. Hongesombut, and Y. Mitani, ‘‘Self-
adaptive virtual inertia control-based fuzzy logic to improve frequency
stability of microgrid with high renewable penetration,’’ IEEE Access,
vol. 7, pp. 76071–76083, 2019.

[4] T. Kerdphol, F. S. Rahman, Y. Mitani, M. Watanabe, and S. Kufeoglu,
‘‘Robust virtual inertia control of an islanded microgrid considering high
penetration of renewable energy,’’ IEEE Access, vol. 6, pp. 625–636, 2018.

[5] J. Li, B. Wen, and H. Wang, ‘‘Adaptive virtual inertia control strategy of
VSG for micro-grid based on improved bang-bang control strategy,’’ IEEE
Access, vol. 7, pp. 39509–39514, 2019.

[6] M. Blau, I. Haifal, and G.Weiss, ‘‘Synchronverters used for damping inter-
area oscillations in two-area power systems,’’ Renew. Energy Power Qual.
J., vol. 1, pp. 45–50, Apr. 2018.

[7] B. Li, L. Zhou, X. Yu, C. Zheng, and J. Liu, ‘‘Improved power decoupling
control strategy based on virtual synchronous generator,’’ IET Power Elec-
tron., vol. 10, no. 4, pp. 462–470, Mar. 2017.

[8] K. Y. Yap, C. R. Sarimuthu, and J. M.-Y. Lim, ‘‘Virtual inertia-based
inverters for mitigating frequency instability in grid-connected renewable
energy system: A review,’’ Appl. Sci., vol. 9, no. 24, p. 5300, 2019.

[9] C. Andalib-Bin-Karim, X. Liang, and H. Zhang, ‘‘Fuzzy-secondary-
controller-based virtual synchronous generator control scheme for inter-
facing inverters of renewable distributed generation in microgrids,’’ IEEE
Trans. Ind. Appl., vol. 54, no. 2, pp. 1047–1061, Mar. 2018.

[10] V. S. Lakshmi and P. Purushotham, ‘‘ANFIS controller with virtual
synchronous generator control for parallel inverters in microgrids,’’ Int.
J. Innov. Technol., vol. 05, no. 11, pp. 2155–2161, 2017.

[11] S. Wang, P. Dehghanian, M. Alhazmi, and M. Nazemi, ‘‘Advanced control
solutions for enhanced resilience of modern power-electronic-interfaced
distribution systems,’’ J. Modern Power Syst. Clean Energy, vol. 7, no. 4,
pp. 716–730, Jul. 2019.

[12] Q.-C. Zhong and G. Weiss, ‘‘Synchronverters: Inverters that mimic
synchronous generators,’’ IEEE Trans. Ind. Electron., vol. 58, no. 4,
pp. 1259–1267, Apr. 2011.

[13] M. Amin and M. Molinas, ‘‘Self-synchronisation of wind farm in
MMC-based HVDC system,’’ IEEE Trans. Energy Convers., vol. 32, no. 2,
pp. 458–470, Oct. 2017.

[14] M. R. Amin and S. Aizam Zulkifli, ‘‘A framework for selection of grid-
inverter synchronisation unit: Harmonics, phase-angle and frequency,’’
Renew. Sustain. Energy Rev., vol. 78, pp. 210–219, Oct. 2017.

[15] G. Barzilai, L. Marcus, and G. Weiss, ‘‘Energy storage systems—Grid
connection using synchronverters,’’ in Proc. IEEE Int. Conf. Sci. Electr.
Eng. (ICSEE), Eilat, Israel, Nov. 2016, pp. 1–5.

[16] S. Dong and Y. C. Chen, ‘‘A method to directly compute synchronverter
parameters for desired dynamic response,’’ IEEE Trans. Energy Convers.,
vol. 33, no. 2, pp. 814–825, Jun. 2018.

[17] S. Dong and Y. C. Chen, ‘‘Adjusting synchronverter dynamic response
speed via damping correction loop,’’ IEEE Trans. Energy Convers., vol. 32,
no. 2, pp. 608–619, Jun. 2017.

[18] D. Shrestha, U. Tamrakar, N. Malla, Z. Ni, and R. Tonkoski, ‘‘Reduction of
energy consumption of virtual synchronous machine using supplementary
adaptive dynamic programming,’’ in Proc. IEEE Int. Conf. Electro Inf.
Technol. (EIT), Grand Forks, ND, USA, May 2016, pp. 690–694.

[19] S. Wang, R. Qi, and Y. Li, ‘‘Fuzzy control scheme of virtual inertia for
synchronverter in micro-grid,’’ in Proc. 21st Int. Conf. Electr. Mach. Syst.
(ICEMS), Jeju, South Korea, Oct. 2018, pp. 2028–2032.

[20] H. R. Chamorro, I. Riaño, R. Gerndt, I. Zelinka, F. Gonzalez-Longatt, and
V. K. Sood, ‘‘Synthetic inertia control based on fuzzy adaptive differential
evolution,’’ Int. J. Electr. Power Energy Syst., vol. 105, pp. 803–813,
Feb. 2019.

[21] M. Ramezani, S. Li, F. Musavi, and S. Golestan, ‘‘Seamless transition of
synchronous inverters using synchronizing virtual torque and flux link-
age,’’ IEEE Trans. Ind. Electron., vol. 67, no. 1, pp. 319–328, Jan. 2020.

VOLUME 8, 2020 49975



K. Y. Yap et al.: Grid Integration of Solar Photovoltaic System Using ML-Based VI Synthetization in Synchronverter

[22] S. Saadatmand, M. S. S. Nia, P. Shamsi, and M. Ferdowsi, ‘‘Dual heuristic
dynamic programing control of grid-connected synchronverters,’’ in Proc.
North Amer. Power Symp. (NAPS), Oct. 2019, pp. 1–6.

[23] Q.-C. Zhong, P.-L. Nguyen, Z. Ma, and W. Sheng, ‘‘Self-synchronized
synchronverters: Inverters without a dedicated synchronization unit,’’ IEEE
Trans. Power Electron., vol. 29, no. 2, pp. 617–630, Feb. 2014.

[24] P. Chandrakar, S. Saha, P. Das, A. Singh, and S. Debbarma, ‘‘Grid integra-
tion of PV system using Synchronverter,’’ in Proc. Internat Int. Conf. Com-
put. Power, Energy, Inf. Commun. (ICCPEIC), Mar. 2018, pp. 237–242.

[25] Q.-C. Zhong, G. C. Konstantopoulos, B. Ren, and M. Krstic, ‘‘Improved
synchronverters with bounded frequency and voltage for smart grid inte-
gration,’’ IEEE Trans. Smart Grid, vol. 9, no. 2, pp. 786–796, Mar. 2018.

KAH YUNG YAP received the B.Eng. degree
(Hons.) in electrical and electronic engineering
from UCSI University, Malaysia. He is currently
pursuing the Ph.D. degree in electrical and com-
puter systems engineering (ECSE) with Monash
University, Malaysia. He is a Graduate Engineer
of the Board of Engineers Malaysia (BEM) and a
Graduate Member of the Institution of Engineers
Malaysia (IEM). His current research interests
include machine learning (ML)-based synchron-

verters, grid-connected solar photovoltaic (PV) systems, and power quality
improvement. He was awarded the 2017 IEMGold AwardMedal for the Best
Engineering Student.

CHARLES R. SARIMUTHU received the B.Eng.
and M.Eng. degrees in electrical engineering from
the University of Malaya, Malaysia, in 2006 and
2010, respectively, and the Ph.D. degree in elec-
trical power engineering from National Energy
University, Malaysia, in 2019. He is a member of
the Institution of Engineers Malaysia (IEM) and
a Registered Engineer of the Board of Engineers
Malaysia (BEM). In 2018, he joined as a Lecturer
with the Department of Electrical and Computer

Systems Engineering, School of Engineering, Monash University, Malaysia.
His research interests include power systems, power quality, renewable
energy, and smart grids.

JOANNE MUN-YEE LIM received the B.E.
degree (Hons.) fromMonashUniversity,Malaysia,
in 2008, the M.E. degree from the University of
Malaya, in 2011, and the Ph.D. degree in engi-
neering from Multimedia University, in 2016. She
received an Outstanding Dissertation Award from
the IEEE Malaysia ComSoc/Vehicular Technol-
ogy Society Joint Chapter for her Ph.D. work.
She is also a member of The Institution of Engi-
neers Malaysia and a Professional Engineer of

the Board of Engineers Malaysia. She joined the Department of Electri-
cal Engineering, Asia Pacific University, as a Lecturer, in 2011. She is
currently a Lecturer with the Department of Electrical and Computer Sys-
tems Engineering, School of Engineering, Monash University. Her research
interests include vehicular ad-hoc networks (VANETs), mobile IPv6-based
networks, unmanned aerial vehicles (UAV/drones), artificial intelligence,
control systems, optimization schemes, robotic design, and renewable energy
applications.

49976 VOLUME 8, 2020


