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Abstract. This paper proposes the inverter control strategy for multiple solar PV generation
sources based on the two-stage converters with a combination of the modified virtual
oscillator control (VOC) and the cascaded sliding mode control (SMC). With this proposed
control strategy, the load power-sharing in proportion to the inverter rating is guaranteed
when the solar PV output satisfies the power-sharing requirement. On the other hand, the
control algorithm autonomously forces the solar PV to operate at the maximum power point
if the solar PV output is lower than the power-sharing requirement. Various operating
scenarios have been simulated to appreciate the effectiveness of the proposed control
scheme for ensuring the load-power sharing and maintaining the voltage and frequency
stability of the islanded microgrid containing a 100% solar PV generation.

Keywords: Cascaded sliding mode control (Cascaded SMC), distributed generation (DG),
maximum power point tracking (MPPT), microgrid, photovoltaics (PV), virtual oscillator
control (VOC).

ENGINEERING JOURNAL Volume 24 Issue 5
Received 30 December 2019

Accepted 3 July 2020

Published 30 September 2020

Online at https://engj.org/
DOI:10.4186/¢j.2020.24.5.173



DOI:10.4186/¢j.2020.24.5.173

1. Introduction

Continuous increase in distributed generation (DG)
sources in particularly from renewable energy sources
embedded in distribution utility grids has progressively
promoted the concept of microgrid applications to
enhance environmental, economic and reliability goals
from both customer's and utility's standpoints. Microgrid
is a controllable small-scale power system that can be
achieved by taking the advantage of integrating DG
sources including energy storage systems (ESSs) and local
load demand within a well-defined geographical boundary.
Microgrids exist in both grid-connected and isolated
forms with various sizes and configurations connected at
low or medium voltage (LV/MV) levels. In both grid-
connected and islanded operation modes, microgrids
should maintain balance between generation and load
demand, while satisfying certain reliability, power quality,
and adequacy standards [1].

With significant penetration of solar photovoltaics
(PV) generation due to dramatic cost reduction, ease of
installation, less maintenance and long lifetime, the PV
sources therefore become the most promising renewable
energy sources [2]. However, variable solar power output
with no 1inertia contribution from inverter-based
generations has introduced various challenges for reliable
grid  operation under high penetration levels.
Consequently, the electric power grid is on the edge of a
paradigm shift due to the increasing penetration of
inverter-based resoutces [3].

Due to the intermittent nature of the solar PV
resources, the generated power output from these sources
is always fluctuating while preferably operating them at the
maximum power point (MPP) of the available PV sources
to maximize the energy production [4]. In contrast, the
maximum power point tracking (MPPT) operation will
affect the stability of the microgrid under the high PV
penetration [5] especially in the islanded mode operation
where it is necessary to regulate the voltage and frequency
of the microgrid to ensure its system integrity.

According to [0, 7], the energy storage systems (ESS)
are introduced as the important part of the microgrid to
ensure the energy balance (load/generation balance) by
means of regulating voltage and frequency in an islanded
microgrid consisting of variable solar PV generation.
Although ESS could provide the simplest solution to
address solar power fluctuation while meeting the load
demand, this solution however comes with a considerable
increase in system cost [8]. For this reason, different
methods have been proposed in the literature to overcome
these issues so as to avoid or minimize the utilization (or
perhaps the size) of the ESS.

In [9], a hybrid controller with a switch between the
so-called fast MPPT controller and the slow MPPT for
microgrid-integrated PV sources was presented. The value
of dP/dV is used as a threshold to control switching
between the two controllers. The universal controller was
proposed in [10] where there is a need of DC-link voltage
regulation and MPPT control that are achieved

autonomously without the requirement of the control
system reconfiguration. The improved dual droop control
scheme was proposed in [11] to control the two-stage
converters with PV sources where the DC-link voltage of
each converter is allowed to drop a little whenever the PV
capacity cannot meet its droop command. By doing so, the
droop power command is reduced in order to allow the
converter with enough capacity to increase its generation
to meet the load demand. In all the above literature, the
decentralized control method known as the ‘droop control’
was utilized as the primary controller for the voltage
source inverter (VSI).

Alternatively, the new decentralized control method
known as the ‘virtual oscillator control’ (VOC) for the
single-phase inverter and the three-phase inverter was
introduced in [12, 13], respectively. This VOC method was
used to ensure power-sharing and synchronization of
parallel inverters in the islanded microgrids. The detailed
design strategies for the virtual oscillator control is
presented in [14]-[16] with the experimental validation
using the hardware in the loop (real-time digital
simulation). The VOC approach does not only provide the
droop-like controls for voltage and frequency regulation
in the steady-state operation, but this decentralized control
method (VOC) also has some advantages over the droop
control method such as less computational burden since it
acts on instantaneous measurements, which leads to a
faster and better damped response for dynamic
performance [17]. Reference [18] introduced the solar PV
sources interfaced through virtual oscillator controlled
voltage source inverters with an addition of the MPPT
control loop to VOC for microgrid applications. However,
the energy storage system (ESS) is still required by this
approach for maintaining the islanded microgrid voltage.

Inspiring from [10, 11], the two-stage converters are
used to interface the solar PV sources, where the DC-link
voltage regulation and MPPT are incorporated without the
requirement for the control system reconfiguration. This
paper enhances the above-mentioned method by utilizing
the VOC approach to control the inverter instead of using
the droop control as implemented in [10, 11]. Further
inspired by [18] for using the VOC-based voltage source
inverter (no DC-DC boost conversion stage) with the
perturb & observe MPPT method, this paper alternatively
proposes the VOC-based two-stage converters with the
MPPT loop using the incremental conductance method to
regulate the current scaling factor of the VOC in order to
adjust power output of the inverter. Conclusively, the
control strategy for multiple solar PV sources based on the
two-stage converters, constituting DC-DC  boost
converters and VOC-based voltage source inverters, is
proposed in this paper in order to achieve the MPPT
whenever necessary while ensuring the load-power
sharing and maintaining the voltage and frequency stability
of the islanded microgrid containing a 100% solar PV
generation regardless of the utilization of the energy
storage system (ESS). The proposed control scheme is
also applicable for the grid-connected mode of operation.
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The salient operation features of this proposed
control scheme are capable of successfully managing the
two practical islanded operation conditions without the
requirement of the control system reconfiguration, which
are briefly described as follows:

1) When all PV generations are not constrained by
solar irradiation, all the PV generations will
automatically share their outputs to match the total
island load. In this case, the operating points of all
the PV generations may not be at MPP.

2) When one of PV generations is constrained by
solar irradiation, it will operate at the MPP while
the rest of PV generations (who are not
constrained by the solar irradiation) will cover the
remaining load.

The rest of this paper is organized as follow. Section

2 presents a test system for microgrid applications. In
Section 3, the overall proposed control scheme is
explained in details. Section 4 discusses the effectiveness
of the proposed controller under five different operation
scenarios considering both islanded and grid-connected
modes where their simulation results are illustrated using
the small-scale LV test system. Finally, the paper is
concluded in Section 5.

2. Microgrid Test System

A configuration of the LV test system considered in
this research is shown in Fig. 1. It consists of a microgrid
with two parallel-connected DGs (i.e. named DG-1 and
DG-2) to serve the microgrid load at the point of common
coupling (PCC) while connecting to the main grid through
a circuit breaker. The microgrid load is assumed to be a
resistive load. Three-phase voltage source is considered as
the main grid. The physical parameters of microgrid are
given in Table 1. In Table 1, both DGs are solar PV power
generations are different in size. The nominal voltage and
frequency values are selected to represent a low voltage
system. The use of the grid short-circuit value of 1.6 MVA
is to represent the three-phase voltage source from the
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stiff grid. The pre-determined variations of voltage and
frequency is selected as large values in order to observe
the response of controller more clearly. However, with the
proposed VOC, these values can also be chosen according
to existing industry standards by recalculating the
controller parameters based on [14]. The inverter output
filter parameters are calculated according to [19].

In addition, a distribution line is modelled by a
resistance (Rine) in series with an inductance (Line) between
each DG and PCC. Vyo, ldc, i, Ifaneg ate the DC-link
voltage, current, inductor current of the boost converter,
and the inductor current from LCL filter, respectively. The
general schematic of the proposed inverter control
strategy is also presented in Fig. 1. It composes of a
cascaded SMC and modified VOC, which are explained in
details in the next section. Note that DG-2 is double in
size compated to DG-1, but it has the same control
configuration and electrical connection as of DG-1.

Table 1. Test system parameters.
System Parameters
Nominal voltage 400V
Frequency 50Hz
Switching frequency 15kHz
Grid short-circuit power 1.6 MVA
Microgrid Parameters
Description DG-1 DG-2

Rated power 15 kVA | 30 kVA
Voltage variation(AV ) +10% +10%
Frequency variation (A®) +10% +10%
Inverter-side filter inductance | 629 uH | 314 uH
Load-side filter inductance 377 uH | 189 uH
Filter capacitance 15 uF 30 uF

L 0.003 €, | 0.003 €2,
Line impedance(Riine, Xiine) 00030 | 0.0030
DC-link capacitance 4mF 8mF
DC-link reference voltage 800 V 800 V
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Fig. 1. Schematic diagram of the test system with the proposed control strategy.

3. Proposed Inverter Controller Design

In this section, the proposed inverter control scheme
composing of the cascaded SMC and the modified VOC
is presented. According to the control configuration from
Fig. 1, the cascaded SMC is used to control DC-link
voltage, whilst the modified VOC is designed to guarantee
voltage and frequency regulation, and power-sharing
under different load and solar irradiation conditions
without the need of ESS. The control objectives of this
paper are:

1) To guarantee the load power-sharing according to
inverter rated power when the power output of the
solar PV sources satisfy the power-sharing
requirement.

2) To force the solar PV to operate in MPP mode if
the power generation from solar PV is lower than
the power-sharing requirement.

The detailed inverter controller design is explained in

the following.

3.1. Cascaded Sliding Mode Control of DC-DC
Boost Converter

The DC-DC boost converters are usually used in solar
PV systems due to its simplicity and robustness. In boost
converter with changing input voltage, the DC output
voltage is needed to be controlled to achieve the desired
value. The DC-DC boost converter with an ideal switch
[20] 1s shown in Fig. 2.

> \ n
cF v, 2R

Fig. 2. DC-DC boost converter with an ideal switch.

In this paper, a cascaded sliding mode control
(Cascaded SMC) is used to control the output voltage of
the boost converter because of its superior dynamic,
accuracy and robustness against internal and external
disturbances [21, 22]. In general, the SMC is designed to
force the system state variables onto the predefined sliding
surface and then keep them close to a neighborhood of
this surface.

By applying Kirchhoff’s voltage and current laws, the
dynamics of the boost converter is obtained as follows:

dI/dc — _Vdc l _ .
= RC + C(l Ll)lL M
diL va Vd~
LT (1—y) e )
i Gl o 0y

where R is the equivalent resistance at the output of the
boost converter, u is the duty cycle signal used to control
the converter.

The proposed Cascaded SMC scheme consists of two
control loops (i.e. the inner current loop and the outer
voltage loop) for regulating the DC output voltage of the
boost converter. Robust sliding mode control based on
reaching law method [23] is applied in this paper. For the
inner current control loop, the sliding surface is chosen as:

S, =K., (l: -, )+ K, _[(l: —i, )dt (3)
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where K, and K, , are designed coefficients of the

. . ¥ . .
sliding surface, I, is the current reference obtained from

the output of the outer voltage control loop.
Taking time derivative of Eq. (3), then substituting

iy from Eq. (2) to Eq. (3), it yields:
dt

E ViV, K+ Ko (i 1) )

1
_ZKI—IVdcu =4, -Bu

Let’s deﬁne A[ = %(Vdc - Vp,,)Kl,[ + K2,1 (lz - ZL) aﬂd

1

B, ZZKHVdc for the sake of simplicity. Also, the

reaching law with constant rate is chosen as shown in (5).

ds,
dt

== 371S61t(Sl ) (5)

Sign(S1) ifS,>¢

S;/¢ S <4 ©

where:  sar(S,)= {

In this case, sign (S, ) is a signum function of §,. The
value of ¢ parameter is selected with respect to the
thickness of the chattering. In this paper, ¢ is chosen as
0.5 to maintain the trade-off between system performance
and robustness of the proposed controller against
uncertainties.

From Eq. (4) and Eq. (5), the control law for the inner
current loop can be derived as in Eq. (7).

u :BL{AI +K371sat(S1)} @

1

In the following, the Lyapunov stability criterion to
analyze the stability of the proposed inner current control
loop is applied. The Lyapunov function can be chosen as
follows:

V==S5; 8)

Taking the derivative of ¥ with respect to time, it
yields:

av ds,

Z = =_SK

" S, o S,K, sat(S;) o
=-K,,|S,]|

From Eq. (8) and Eq. (9), it can be seen that with
K, , >0, the Lyapunov function and its time derivative is
positive definite and negative semi-definite, respectively.
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Hence, the proposed inner current loop is asymptotically
stable.

Similatly, the sliding surface for the outer voltage loop
is defined as:

*

Sy =Ky (Vdc* Ve ) +K, (Vdc Ve )dt (10)

Taking time derivative of Eq. (10), then substituting

ddﬁ from Eq. (1), it yields:
t
s, VK, . (u-1)
—=———%K,, (Vdc _V;lc)+ I
d  RC c (11)
— 4 B
Let’s define 4, = %+ K,, (Vdc* - Vdc) and

B, = _@ for the sake of simplicity. In order to reduce

the chattering characteristics of the SMC, the combination
of reaching law with constant rate and with power rate [23]

is applied as:

ddi; =—K, ysat(S,)—K, , |S, [*" sat(S,) (12
where:  sat(S, )= {Siin (/ZV ) Ziz Z z (13)

From Eq. (11) and Eq. (12), the control law for the
outer voltage loop is derived as in Eq. (14):

1 '
i = A+ K sat (S,) 4K |8, 10 sar(S, )} (14)

Vv

Applying the Lyapunov stability criterion, the stability
of the proposed voltage control loop is analyzed by
choosing the Lyapunov function as:

W:%Sj (15)

Taking the derivative of W with respect to time, it
yvields:

aw_g s,
" dt (16)
= —K37,,S,,sat(S,,)—K47,, IS, [ S,,sat(S,,)

From Eq. (15) and Eq. (16), it can be seen that the
Lyapunov function is positive definite and its time
derivative is negative semi-definite with K, , >0 and
K, , 20. Therefore, the proposed voltage control loop is
asymptotically stable.
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3.2. Modified Virtual Oscillator Controller

The modified VOC utilized in this paper is shown in
Fig. 3. This control logic measures the inverter output

filter inductor current i, whereas its output v,,, is used

oc
to generate the PWM modulation signals. The oscillator
consists of a negative damping resistor R

L, C

voc ~ voc

a resonant

voc?

circuit that sets the system frequency and a

nonlinear cubic voltage-dependent current source for
sustaining the oscillation.

UPPJO

Fig. 3. Schematic diagram of modified VOC.

Applying Kirchhoff’s voltage and current laws, the
dynamics of the VOC are obtained as follows:

di, v
—voc _ "¢ 17
voc dt KV ( )
dv, v . .
voc dt = K2 KvlL—vu(‘ _KvKiljar (1 8)

where
e K , K, are voltage and current scaling factors.

Differentiating Eq. (18) and substituting Eq. (17), the
VOC dynamics can be rearranged as:

—2v —ga)a(l—ﬂvz)iv —o'v, —cok, L
c dt c c ldt

d 2 ¢ fa
V \/ voc mc

The determination of parameters for VOC is adopted
from [14] and the necessary equations and procedure are
presented briefly in the following.

1) First, the maximum and minimum voltage limits

19)

where g .=

are defined as ¥, and V,, . The scahng factors
ate chosen based on K, =V, and K, =3V, [P.. -
v y 2
2) The conductance g =—me__ —me __ and the
o Ve =Voir”

coefficient of cubic cutrent source a =205/3>0

are selected.

3) It is needed to satisfy the angular frequency

= (VEncn )

when choosing R

and the resistance R, >0

L, and C,,

e Loe values in
addition to maximum frequency variation Aw ,

the maximum rise time (¢

max

) and the maximum
ratio of third to first harmonics (J,,, ).

4) If the voltage and frequency become out of
predetermined limits with the change in load, the
above steps needed to repeat (i.e. re-tune).

As we can see from Fig. 3, in order to utilize universal
control purposes, the MPPT control algorithm based on
incremental conductance (IC) method is used to modify
the current scaling factor K. The basic of IC-MPPT
algorithm is presented in Fig. 4, in which the solar PV
sources will operate at the MPP if the ratio dP,, /dV,

satisfies [24, 25] with the condition expressed in Eq. (20).

P N
At MPP, dU/dV = -I/'V
P)]I'P 7777777
]
dLdV > IV, i
: dl/dV < -IV
|
|
WV
Vare -

Fig. 4. Basic of IC-MPPT on P-V curve.

dP
™ = (20)
dav,
pv
Manipulating Eq. (20), it yields:
d])pv — d(VPVIIN) — I dev +V dlpv _ (21)
dev dev dev dl/pv pv
At MPP, one can rewrite Eq. (20) as:
a1,
—2 4+ =0 (22)
aw, v,

A PI controller is implemented to satisfy Eq. (22),
then its output K,,, is used to modify the current scaling
factor K, in order to adjust inverter power output based
on different solar irradiation. Inspiring from the natural
characteristics of VOC, where the inverter power output
is inversely proportional to the current scaling factor, the

modified input of the VOC will be 1, =(K;/K,;p )1, .
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4. Simulation Results and Discussions

The effectiveness of the proposed inverter control
strategy is validated in MATLAB/Simulink under
different operating conditions and the simulation results
are shown in this section.

The control parameters (after tuning) are summarized
as follow, in which the gains of the Cascaded SMC and PI
controller have been tuned based on a trial and error
method:

e VOC Controller: Oscillator Parameters: R,

=270mQ, L, =52.08uH, C, . =194.5mF, Voltage
and current scaling factors: K, =254.03, K, =0.042.
e CSMC Controller: K, , =0.083, K, , =1.43, K, ,
=130, X, , =0.56, K, , =7.6, K, , =0.188, K, ,
=1, and K, ,=0.5.
¢ PI Controller: K, =10, K, =150.

The IEC/ISO 62264 international standard [26] is
applied to assess the microgrid operation with the
proposed controller. The proposed VOC control method
presented in this paper belongs to the zero level and first
level of the TEC/ISO 62264. In order to satisfy the
standard, five different operating scenarios (case studies)
are simulated covering the microgrid operation in both
islanded mode and grid-connected mode. The studies aim
at examining whether or not the proposed system meets
the standard under different circumstances such as change
of solar radiation, load variation and so on. Meanwhile, it
is also necessary to make sure that the power output
sharing between each inverter when operating in different
scenarios must be in accordance with the available output
power. These five study cases illustrated in this section are
described as follows:

1) Case-A: Power-sharing between two DGs with

high solar irradiation

2) Case-B: Power-sharing between two DGs when

one DG having high solar irradiation while
another DG having low solar irradiation

3) Case-C: Islanded microgrid dynamics under load

variations

4) Case-D: Microgrid performance during a seamless

transition  from  grid-connected mode to
intentional islanded mode

5) Case-E: Microgrid response to solar irradiation

changes under grid-connected mode

4.1. Case-A: Power-Sharing between Two DGs with
High Solar Irradiation

This scenario is based on the islanding operation of
the microgrid where both DGs have sufficient power
output (i.e. high solar irradiation) to supply the island load.
The load is assumed constant at 30 kW throughout a 10-
second period. The variation (reduction) of the solar
irradiation is occurred at t = 3 second and t = 7 second on
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the DG-2 and on the DG-1, respectively. As shown in Fig.
5, both solar PV sources are receiving the abundant solar
irradiation of 1000 W/m? initially (at t = 1s), which are
more than enough to serve the total island load (30 kW)
and therefore both DGs provide power-sharing according
to their rated capacities (i.e. 10 kW output by DG-1 and
20 kW output by DG-2).

At t = 3s, the solar irradiation of DG-2 is reduced to
700 W/m?2. However, since the power output of DG-2 at
that instant (Pypp2 = 21 kW at 700 W/m?) is still higher
than the power-sharing requirement, thus the power-
sharing ratio of two DGs remains unchanged. Similarly, at
t = 7s when the solar irradiation of DG-1 is reduced to
800 W/m? the power output of DG-1 at this instant
(Pwep1 = 13.8 kW at 800 W/m?) is still higher than the
power-sharing requirement. As a result, the power-sharing
ratio of two DGs remains unchanged even with the solar
irradiation change on both DGs. Throughout the
simulation, the DC-link voltages are maintained at 800 V
by the designed Cascaded SMC and the inverter output
voltages are also within the predefined limits. This
confirms that the two DGs can share the load with respect
to their rated capacities as long as the generated power of
the two solar PVs satisfy the power-sharing requirement.
It is worth emphasizing that in this operating scenario
(Case-A) both DGs are not constrained by the available
solar irradiation, and therefore they are not necessary to
operate at their maximum possible generated power
outputs. In other words, with the proposed inverter
control scheme, both DGs are operating at the power
output, which is lower than their MPP, based on the
power-sharing ratio for just meeting the load in this case.
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2 900 1 f
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Fig. 5. Simulation results for Case-A.

ENGINEERING JOURNAL Volume 24 Issue 5, ISSN 0125-8281 (https://engj.otg/) 179



DOI:10.4186/¢j.2020.24.5.173

&Emuu -_——F = === e = b= = d == === =]
2 800 | |
=~ Irradiation-1
5 s00 - ! | |= = ‘Irradiation2
=
&
T 400 | \ 1 _
d
= 200 1 | 1 | 1 | 1 |
1 2 3 4 5 6 7 8 9 10
~ 104
g 35 T : i T T T T T
5 Jo o= —— o —— -
ER e e e e S e
5 Inverter-1
= = = ‘lnverter2
—_— !
2 |
5
3 o I | I | | | 1 |
1 2 3 4 5 6 7 8 9 10
s T ‘ T ‘ ‘ ‘ r ‘
2 800 -
g ki
2
2700 i t t - : -
<
Q - = Vdc-2
A 600 1 | 1 I I I 1
1 2 3 4 5 6 7 8 9 10
2250 T T T T
8260 [ .
= —_—
S240 ! 4
ézzn I Inverter -1
3 200 | | | | | | | |= = ‘inverter-2
1 2 3 4 5 6 7 8 9 10
< T T T T T T T T
T 40 N =
@ Pe ——— o — — ]
5 _———— e e — | — — e —
O 20+ Inverter -1
5 = = lnverter-2
% 0 I | I | | \w 1 [
o 1 2 3 4 5 3 7 8 9 10

Fig. 6. Simulation results for Case-B.

4.2. Case-B: Power-Sharing between Two DGs
When One DG Having High Solar Irradiation
While Another DG Having Low Solar Irradiation

This scenario is based on the islanding operation of
the microgrid when one of the DGs does not have
sufficient power output (i.e. due to low solar irradiation)
to fulfill the power-sharing requirement. The load is
assumed constant at 30 kW throughout a 10-second
period. The objective of this case study is to verify the
performance of the proposed control scheme that forces
the DG to operate in MPPT mode when its generated

power output cannot meet the power-sharing requirement.

As illustrated in Fig. 6, both solar PV soutces are
initially receiving the abundant solar irradiation of 1000
W/m? initially. Later, the solar irradiation vatiation of
DG-1 is occurred at t = 3s (decreasing to 600 W/m?) and
then at t = 7s (decreasing to 300 W/m?), whereas the solar
irradiation for DG-2 is abundant and remains constant
throughout a 10-second period. At t = 3s where the solar
irradiation of DG-1 reduced to 600 W/m2, the DG-1 is
forced to operate at its corresponding MPP of 8.9 kW
(Pwep-1 at 600 W/m?) when it is not possible to meet its
power-sharing requirement. As a result, DG-2 is
automatically generating more power output (1.1 kW
increase) to cover the power drop from DG-1. Likewise,
at t = 7s, the DG-1 is further forced to operate at its
corresponding MPP of 4.4 kW (Pep.1 at 300 W/m?2) and
therefore DG-2 power output is automatically increased
to operate at 25.6 kW in order to meet the island load. The
DC-link voltage suffers a short transient during solar
irradiation changes. The longer transient period happens
when the solar irradiation of DG-1 is reduced to 300
W/m?2, which requires the larger increase in power

generation requirement from DG-2. The output voltages
of both inverters are kept within the predefined limits. The
results show that the proposed control strategy can
autonomously switch between two operating modes (L.e.
from power-sharing to the MPP when reaching the
constraint) without the need of the inverter control
scheme reconfiguration.

4.3. Case-C: Islanded Microgird Dynamics under
Load Variations

In this study scenario, the solar irradiations for both
DGs remain constant throughout a 10-second period. In
contrast, the island load is initially set at 25 kW and then
is varied to 40 kW at t = 3s (i.e. representing a load
addition), later dropped down to 3 kW at t = 6s (ie.
representing a large load tripping), and afterwards
returned back to 25 kW at t = 9s (i.e. representing a load
restoration).

As it can be observed from Fig. 7, with the island load
variations, the two DGs effectively provide the power-
sharing in proportion to their respective rated power in
order to meet the island load at any instant. The DC-link
voltage shows a transient with the sudden drop of load to
3 kW, and then returns back to steady-state shortly.
Nevertheless, the RMS voltage outputs of each DG are
still kept with the predefined limit in the entire simulation
period. Therefore, it can be concluded that the proposed
control method can remarkably perform the voltage
regulation function to maintain the microgrid voltage,
which is considered to be one of the most advantages for
utilizing VOC concept in this case.
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Fig. 7. Simulation results for Case-C.
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4.4. Case-D: Microgrid Performance During a
Seamless Transition from Grid-Connected
Mode to Intentional Islanded Mode

This scenario investigates the microgrid dynamic pet-
formance during a transition from the grid-connected
mode to the islanded mode. In this case, the microgrid
load remains constant at 18 kW throughout a 10-second
period. Also, the solar irradiation of the two DGs are kept
constant at 1000 W/m? and therefore the combined
power generation is 45 kW (i.e. 15 kW from DG-1 and 30
kW from DG-2). Initially, the microgrid is connected to
the main grid where the two DGs serve as the grid-feeding
inverters to inject the excess power to the main grid.

As illustrated in Fig. 8, at t = 4s, the circuit breaker
at the PCC is opened for an intentional islanded
operation. Immediately right after the opening of the
circuit breaker, the two DGs returns to the power-
sharing mode to solely take care of the island load
according to their rated capacities. During the grid-
connected mode, the voltage at the PCC (also at the
inverters’ terminal) is at the same level as the grid voltage.
However, when transitioning to the islanded mode, the
voltage at the PCC is regulated within the predefined
limits by the VOC inverters from both DGs. The
frequency of the island also remains constant throughout
the simulation except with a small transient during the
instant of intentional islanding. This frequency regulation
is another key advantage of utilizing the VOC approach.
It should be noted that the transient values occurred
during the transition from the grid-connected to the
islanded mode in Case-D as presented in Fig. 8 are also
complied with the IEEE 1547 standard [27, 28].
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Fig. 8. Simulation results for Case-D.
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4.5. Case-E: Microgrid Response to Solar Irradiation
Changes under Grid-Connected Mode

In this scenario, a 24 kW constant load is connected
at the PCC while the microgrid is operating in grid-
connected mode. In this mode of operation, the excess
power generation from both DGs (i.e. under high solar
irradiation conditions) will be fed into the main grid.
Conversely, the main grid will supply and additional power
to the microgrid if there exists in the power shortage
generated by both DGs (i.e. under low solar irradiation
conditions).

As shown in Fig. 9, both DGs are initially generating
the power at their maximum capacities (i.e. 15 kW from
DG-1 and 30 kW from DG-2) under the high solar
irradiation at 1000 W/m2. At t = 3s, the solar irradiation
of DG-1 is reduced to 600 W/m? causing its power output
dropped to 8.9 kW (Pwpp.1 at 600 W/m?). Afterwards, at t
= 7s, the power output of DG-2 is also decreased to 24
kW due to the solar irradiation reduction (Pmpp-2 at 800
W/m?). According to the simulation results, the voltage
measured at the PCC remains the same as the grid voltage
with the fast transient response during solar irradiation
changes. The frequency measured at the inverters is also
held constant at 50 Hz with relatively very little transient
during the solar irradiation changes due to the fact that the
main grid can effectively maintain the grid frequency.
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Fig. 9. Simulation results for Case-E.

It is worth emphasizing that the proposed inverter
control strategy for operating multiple solar PV
generations in the islanded mode (as presented in Case-A
to Case-D) can perform effectively and adequately as long
as the prime energy sources (solar irradiation) are available
without utilizing the energy storage system (ESS). The

ENGINEERING JOURNAL Volume 24 Issue 5, ISSN 0125-8281 (https://engj.otg/) 181



DOI:10.4186/¢j.2020.24.5.173

reliability in such a microgrid would improve to some
extent in particularly when the grid disturbances occurred
(causing the islanding operation) during the high solar
irradiation, the microgrid can survive without the need of
ESS in such a case. However, when there is low solar
irradiation situations or in the night time and the
disturbance occurred, such a microgrid unquestionably
requires the ESS (if being islanded) in order to balance the
load so that the microgrid voltage and frequency can be
maintained. Nonetheless, the VOC-based inverter control
strategy proposed in this paper is definitely also applicable
for implementing on the ESS (i.e. battery) as the prime
energy source besides the solar PV sources.

In addition, it should be noted that this paper presents
a theoretical proof for the proposed concept with the
simulation results. An extension of the proposed concept
on the hardware-in-the-loop experiment would be
augmented as the future research work in order to
demonstrate an effectiveness of the proposed concept in
practice.

5. Conclusion

This paper proposes a new control scheme for
controlling solar PV generations for microgrid operation.
A cascaded sliding mode control is applied to regulate the
DC-link output voltage of the boost converters, while an
incremental conductance based MPPT method to track
maximum power is combined with the VOC-based
inverter to allow the solar PV generations to operate at
different control modes without the requirement for the
control system reconfiguration.

The simulation results indicate that the proposed
inverter control strategy can satisfactorily provide the load
power-sharing among the inverters in proportion to the
inverter rated power capacities as long as the available
solar PV power generation satisfies the power-sharing
requirement. Moreover, the modified VOC-based inverter
effectively forces the solar PV generation to operate at the
MPP when the available power output deems below the
power-sharing requirement due to the solar irradiation
drop. Regarding to power quality, the inverter voltage can
be well maintained within the predefined limit during the
islanding operation as well as being capable of following
the grid voltage during the grid-connected operation.
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