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Abstract

Integration of solar photovoltaic (PV) sources to power grid is increasing rapidly in recent years. Since the PV source is an
intermittent source, this causes many challenges to distribution network. To overcome these challenges, a voltage regulation
strategy using a developed power management technique for microgrid system is proposed. The technique is based on voltage
ride through capability. The active and reactive power flow along with the voltage profile has been deeply investigated
to improve the stability of the distribution network. As a testing environment, three microgrid configurations developed
in MATLAB/Simulink have been investigated. The study shows a faster response time and lower circulating current in
configuration 2. Moreover, it revealed the effectiveness of the power management technique when a cluster of dispatchable

and non-dispatchable distributed generators is in operation.

Keywords Voltage regulation - Power sharing control strategies - Distributed generators - Microgrid

1 Introduction

The integration of distributed generators (DGs) became a
very effective solution nowadays due to the importance of
having the generators closer to the loads [1-4]. DGs can
contribute to the reduction of the electrical and physical dis-
tances between loads and generators, reducing power losses
and carbon emission levels in transmission and distribution.
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Furthermore, the bottlenecks in the distribution and trans-
mission lines will also be removed and improve the reactive
power supply to enhance grid voltage profiles and power sta-
bility. The DGs also can improve the utilization of waste heat
and delay the necessity of establishing new power generation
plants and transmission lines [1,5,6].

Renewable energy sources (RESs) offer superior advan-
tages over other DGs including higher availability, zero
carbon dioxide emissions, lower running and maintenance
cost [4,7]. These advantages contributed to the spread of
the RES into electrical power systems worldwide. As it
is shown in Fig.1 from International Renewable Energy
Agency (IRENA), there is a huge growth in the renew-
able generation capacity worldwide, which is driven mostly
by the new solar and wind installations [8]. Increasing the
integration of RES causes some negative effects such as over-
rated voltage problem, circulating current, disturbances of
the amplitude and frequency of the network’s voltage and the
possibility of having power flowing in the opposite direction
in transmission lines [9]. The drawbacks are more obvious
in case of the connection to the low-voltage electrical power
network [10].

Various RES aggregations have been studied [6,7,11,12].
This study investigated the combination of PV and FC
sources, which is recently attracting many researchers world-
wide [13,14] due to the dispatchable power capability of
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Fig.1 Renewable generation capacity growth

the FC sources. The intermittency issue is associated with
the integration of RES; this problem normally can be over-
come by adding a controllable energy storage device to the
microgrid [14-16]. (A microgrid is an electrical power sys-
tem containing generation, storage and loads that can operate
independent of the bulk power system [17].) An energy
storage device, however, reduces the efficiency and the plug-
and-play capability [18,19]. In addition, the lifespan of the
battery is much less than the PV panels and the invert-
ers, which are the main two important components in the
solar systems. Therefore, the usage of batteries is not rec-
ommended for voltage and power regulation, and it can be
replaced by DGs with fast response rate, so the intermittent
PV source can be regulated [13]. The FC source is a good
example for a RES with the dispatchable power capability
[20].

Investigating the impacts of microgrid configuration on
the power management system has been done in many past
works [12,21,22]. In [12,23] multiple DGs system operat-
ing in both grid-connected and islanded modes with active
power and frequency control technique have been described.
In order to control the active power, two controlling modes
have been introduced: unit output power control (UPC) and
feeder flow control (FFC). In these studies, more than one
configuration of DGs has been investigated under the follow-
ing circumstances: (1) the disturbances of the load at islanded
and grid-connected operation and (2) during the disconnec-
tion from the grid (the transition period). It has been found
that FFC strategy has superior capability during the variation
of the load [12]. However, a source with dispatchable power
capability was only used in that paper; moreover, the sim-
ulation’s results were achieved only for one configuration
without showing the circulating reactive power along with
the voltage profile in whole buses.

Two configurations were investigated in [21]; each con-
figuration consists of two subsystems with a control system
in each. In every subsystem, a wind turbine and a solar PV
source, along with a local load, are available. The difference
between the configurations is that configuration number 1 can
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exchange the generated power inside the microgrid, while the
other must exchange the whole generated power with the dis-
tribution network. The purpose of the analysis in [21] was
to compare power transfers of the two configurations with
the main grid and to investigate how the connection of sub-
systems affects the distribution network from dependency
and energy security point of view. However, the reactive
power and voltage regulation have not been investigated in
this study.

In [24], ac and dc microgrid time dependence effects in
the distribution network during a full day of operation have
been investigated. It proposed a general configuration for
a microgrid that has advantages such as improved reliabil-
ity of nodal, smooth integration for dc source and lower
cost. However, [24] only studied one configuration with-
out illustrating the relation between the voltage stability
and reactive power flow. In order to achieve a tie re-closer
functions, a microgrid with auto-loop was utilized in [25]
to reconfigure the distribution network. The microgrid with
auto-loop is able to inject or absorb the power from the grid,
because of which it provides high flexibility compared to
ordinary auto-loops. However, [25] did not illustrate how
is the connection within the microgrid, or investigated the
impacts of having variant mixture of DGs, neither showed
the relation between the power management and voltage
regulation at the point of common coupling (PCC). A list
of voltage controlling techniques for grid-connected PV
generators were studied in [11]. A reactive power injec-
tion strategy was proposed by the paper as a rapid and not
costly solution. However, there was no investigation for the
P and Q power passing in the internal buses of the micro-
grids.

In order to overcome the aforementioned shortages, a
microgrid controlling strategy for active and reactive regu-
lation and voltage stability is proposed. This paper inves-
tigates a reactive power injection technique and develops
a voltage regulating strategy. The influence of microgrid
configurations on voltage stability, active power injection
and circulating reactive power is studied as well. Three
microgrid configurations connecting the DGs in differ-
ent connection points have been developed to study the
developed controller. A microgrid with high penetration
of renewables (such as PV and FC generators) with an
improved reactive power injection technique is proposed
to improve distribution network and load’s voltage stabil-
ity.

The rest of this paper is organized as follows: Sect.3
describes the controller of voltage and reactive power;
Sect.2 describes the microgrid design and architecture;
Sect.4 presents the simulation results and discussion; and
Sect.5 concludes the paper and suggests possible future
work.
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2 Voltage and reactive power control

Each inverter of the RES has nested control loops (inner
and outer) as proposed by many researchers [19,23,26,27].
The inner loop is placed to control the current, whereas the
outer loop is a voltage control loop, which works on the
voltage error and setting the required current for the inner
loop [19,23,28,29].

In order not to overload the RES or to deep dis-
charge/overcharge any energy storage device, power sharing
inside the microgrid has to be managed very well. This will
support frequency and voltage regulation as well [29]. This
can be achieved by the controlling data received from the cen-
tral controller of the microgrid if the communication network
is available. However, the local controller has to be designed
to anticipate communication network failure. At this situa-
tion, the power sharing has to rely on the local measurement
only.

2.1 Unit output reactive power control mode

In this technique, the controller operates to keep the reac-
tive power constant at the output of the inverter, regardless
the reactive power at the feeder. This technique is shown in
Fig.2a. This technique has been used in PV DGs to keep the
injected reactive power zero.

2.2 Feeder flow control mode

In this technique, the controller operates to keep the reactive
power constant at the main feeder, regardless the reactive
power at the output of the inverter. This technique is shown in
Fig. 2b. This technique has been used in FC DGs to inject the
required reactive power for voltage regulation. The flowchart
of the proposed control strategy is illustrated in Fig. 3. In the
flowchart, the root mean square (RMS) voltage at load bus is
VBL.mes and the reference voltage is VBL ref-

Measure V at the
load

If
VBL, ref =
VBL. mes

If
VBL, ref >
VBL, mes

No Yes

Absorb Q

Fig.3 Flowchart of the proposed control strategy

In this strategy, the VB[ mes is regulated by following a
specific reactive power injection formula.

2.3 Controller technique during normal operation
Q=0

The reactive power dispatched from the RES is controlled
by the inner-loop controller. For this controller, the reference
reactive current (/q ref) is set to be zero or a fixed value to
maintain the power dispatched from the RES at unity power
factor. This technique is used in unit output reactive power
control mode shown in Fig.2a.

2.4 Controller technique during abnormal operation

Q#0

The controller technique during abnormal operation gives
dynamic reactive power from the inverter in order to regulate
the power factor at the feeder. In this operation mode, the
reference reactive power (g rer) has a dynamic value in FC
source to stabilize the voltage at load bus. The cases are
shown in Eq. 1. In case (a) no action is required, in case (b)
the reactive power needs to be absorbed, and in case (c) the
reactive power needs to be dispatched to the grid.

0 case (a) VBL, mes VBLref
0 — —1.5 case (b) VBL,mes VBL,ref (€))
0— 1.5 case (C) VBL,mes < VBL,ref

v

Iq,ref =
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where VBL mes is the measured value of the voltage at the
load bus and VgL rer is the reference value of the voltage at
the load bus. The value of 1.5 is 5 is the maximum value of
the limiter used inside the controller.

3 Microgrid design and architecture

During the implementation of microgrid, many renewable
DGs can be installed without rewiring the distribution elec-
trical grid [2,30]. The simplicity and reasonable investment
cost of the micro-DGs have made it widespread. However,
large-scale DGs have more attraction for investors due to their
lower cost per each installed kilo watt. This led to more large-
scale renewable energy projects worldwide. An example for
a large-scale operating microgrid is installed in California,
USA [31]. It consists three DGs: PV source of 1.2 MW, FC
source of 1 MW and diesel generators 2%1.2 MW. Another
example is in Ontario Canada, which consists of wind tur-
bine with 2.5 MVA and a synchronous generator with 2.5
MVA [32]. Both of the above-mentioned projects are grid-
connected. A battery as an energy storage device has been
used in the project in California, with 2 MW and 4 MWh
capacity. The recommended microgrids in this work and its
parameters are explained in the following sections.

3.1 Fuel cell distributed generator

The chemical energy in oxygen (O;) and hydrogen (H>) can
be converted to electrical energy by using FC systems. In
this study, a 1.1 MW FC system consisted from a cluster of
5.5 kW tubular solid oxide fuel cell (SOFC) stacks which is
reported in [33] has been used. In the current FC system, 10
strings of 5 FC stacks connected in series to generate 1100
V have been used.

3.2 PV distributed generator

A solar PV DG with 1.037 MW installed capacity is used in
this work. Nine of these generators are connected in parallel.
This connection generated a total of 9.3 MW at 1000 W/m?
sun irradiation. In this simulation, the Vo, Isc, Vinp and Imp
of the used PV panels are 64.2V, 5.96 A, 54.7V and 5.58 A,
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Fig.6 Configuration 2, FC is connected to the load bus

respectively. To form the PV source, 17 PV panels connected
in series, and a total of 200 strings are connected in parallel.

3.3 Three microgrid configurations

The DGs inside the microgrid are connected in different
connection points to investigate the effectiveness of the con-
troller. Figure5 shows that the DGs are connected to the
common connection point at the lower voltage side of the
transformer, in Fig. 6, the FC source is connected to the load
bus, and in Fig.7, the PV sources are connected in parallel
and they are connected to the load bus.

The transformer connecting the grid to the microgrid has
voltage ratios of 11kV and415 V RMS (line to line). The RES
explained in Sects. 3.1 and 3.2 has been used in all proposed
configurations below. The connected load has initial value
of 2MW, and the (Z}) is representing the impedance of the
distribution line.
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Table 1 Solar irradiation

e Radiation W/m?  Time (s)
variation From To
1000 0 2
700 2
900 4 5

4 Simulation results and discussion

Due to some economic and environmental reasons, the dis-
tance between the DG and the PCC can be far. That’s why in
this study the effect of the distribution line distance has been
considered. In some cases, the long distance can negatively
affect the stability of the power system by generating reso-
nance, power loss, poor communication between DGs and
short-circuit current [17,34,35].

In the simulated cases below, the inverter controller fixed
the dc Vier at 930V and 1100V for the PV source and the
FC source, respectively. In the PV source, the injected reac-
tive power to PCC was set to be zero during the simulation,
whereas the injected reactive power from the FC source has
aregulated value to achieve the voltage regulation aim at the
PCC. Table 1 shows the solar irradiation variation during the
simulation. The initial value of the load is 2MW, and then a
0.4MW and 0.2 MVar load connected at 2.5s then discon-
nected at 3.5 s. The value of the DC-link capacitor is 24 mF.
The simulated cases are shown in the sections below:

4.1 Configuration one: all DGs to the common
connection point

In this case, all the sources and load are connected to By, as
shown in Fig. 5. In this case, the PV source used the strategy
shown in Fig.2a, whereas the FC source used the strategy
shown in Fig.2b. In Figs. 8,9, 11,12, 14 and 15, the dashed
blue line represents the active power, while the black line
depicts the reactive power.
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Fig.8 Voltage, active and reactive power at the PCC, case one
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Fig.9 Voltage, active and reactive power at the load bus, case one

In Fig. 8 the voltage at PCC, active power transferred to
the grid and reactive power injected to the grid are shown.
The voltage at PCC is stable between =+ 2% which is within
the standard limit. The drop in the active power at 2s,2.5s is
due to the drop in the solar radiation and the load connection,
respectively.

In Fig. 9 the voltage at load, active power of the load and
reactive power of the load are shown. The voltage at the
load is stable between £ 2% which is within the standard
limit. The increasing in the active power at 2.5 s is due to the
connection of extra 0.4 MW to the load. The increasing in
the active power at 2.5 s is due to the connection of extra 0.2
MVar to the load.

In Fig. 10 the voltage and reactive power in the DGs buses
with and without the developed strategy are shown. It shows
the dynamic value of the injected reactive power desired
to stabilize the voltage in the load bus. The injected reac-
tive power with the proposed strategy is shown in the blue
dashed line. At 2 s, when the solar irradiation drops the
voltage drops as well, the injected reactive power—shown
in (a)—can regulate the voltage. The opposite occurs when
the solar irradiation increased at 4 s. When the load con-
nected at 2.5 s, another voltage drop occurred, while when
the load removed at 3.5 s, the voltage increased and in the
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Fig. 10 Voltage and reactive power at the DGs with and without the
proposed strategy, case one
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Fig. 11 Voltage, active and reactive power at the PCC, case two

both above-mentioned cases the reactive power controller
reacted effectively to regulate the voltage.

4.2 Configuration two: FC to the load bus

In this case, FC is connected to the load bus as shown in
Fig. 6. In this case, the PV source uses unit output reactive
power control mode, while the FC source uses the feeder flow
control mode.

In Fig. 11 the voltage at PCC, active power transferred to
the grid and reactive power injected to the grid are shown.
The voltage at PCC is stable between £ 2% which is within
the standard limit. The drop in the active power at 2 s and
2.5 s is due to the drop in the solar radiation and the load
connection, respectively.

In Fig. 12 the voltage at load, active power of the load
and reactive power of the load are shown. The voltage at the
load is stable between £ 2% which is within the standard
limit. The increasing in the active power at 2.5 s is due to the
connection of extra 0.4 MW to the load. The increasing in
the active power at 2.5 s is due to the connection of extra 0.2
M Var to the load.

In Fig. 13 the voltage and reactive power in the DGs buses
with and without the developed strategy are shown. It shows
the dynamic value of the injected reactive power desired
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Fig. 12 Voltage, active and reactive power at the load bus, case two
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Fig. 13 Voltage and reactive power at the DGs with and without the
proposed strategy, case two

to stabilize the voltage in the load bus. The injected reac-
tive power with the proposed strategy is shown in the blue
dashed line. At 2 s, when the solar irradiation drops the volt-
age drops as well, so the injected reactive power—shown
in (a)—can regulate the voltage. The opposite occurs when
the solar irradiation increased at 4 s. When the load con-
nected at 2.5 s, another voltage drop occurred, while when
the load removed at 3.5 s, the voltage increased and in the
both above-mentioned cases the reactive power controller
reacted effectively to regulate the voltage. In this case, the
amount of injected reactive power is less than the one shown
in Fig. 10a.

4.3 Configuration three: PV to the load bus

In this case, PV sources are connected to the load bus as
shown in Fig.7. In this case, the PV source uses unit output
reactive power control strategy shown in Fig.2a, whereas
the FC source uses the feeder flow control strategy shown in
Fig.2b.

In Fig. 14 the voltage at PCC, active power transferred to
the grid and reactive power injected to the grid are shown.
The voltage at PCC is stable between + 2% which is within
the standard limit. The drop in the active power at 2 s and
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Fig. 15 Voltage, active and reactive power at the load bus, case three

2.5 s is due to the drop in the solar radiation and the load
connection, respectively.

In Fig. 15 the voltage at load, active power of the load and
reactive power of the load are shown. The voltage at the load
is stable between =+ 2% which is within the standard limit.

In Fig. 16 the voltage and reactive power in the DGs buses
with and without the developed strategy are shown. It shows
the dynamic value of the injected reactive power desired
to stabilize the voltage in the load bus. The injected reac-
tive power with the proposed strategy is shown in the blue
dashed line. At 2 s, when the solar irradiation drops the volt-
age drops as well, so the injected reactive power—shown
in (a)—can regulate the voltage. The opposite occurs when
the solar irradiation increased at 4 s. When the load con-
nected at 2.5 s, another voltage drop occurred, while when
the load removed at 3.5 s, the voltage increased and in the
both above-mentioned cases the reactive power controller
reacted effectively to regulate the voltage.

4.4 Results’ comparison

Each case had been studied during disturbances in load and
irradiation. These disturbances can be summarized in the
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I T T T
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Fig. 16 Voltage and reactive power at the DGs with and without the
proposed strategy, case three
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Fig. 17 Reactive power losses in the microgrid—all three cases

below five stages: (1) initial stage the normal operation,
(2) after the drop of the solar irradiation, (3) after the load
increasing, (4) after load decreasing and (5) after solar irra-
diation increasing. In the figures, below cases 1, 2 and 3
compare the results of the three configurations described
above.

Figure 17 compares the reactive power losses in the three
cases. The highest circulating reactive power was in case
three because of the higher distance between Brc (the bus
where the reactive power injected) and By (the bus where
the voltage stabilization is required). From Fig. 17 also, it is
shown that case 2 has the lowest reactive power losses.

In Fig. 18 the exported/imported reactive power from the
grid in the five stages is shown. In stage 1 the microgrid
absorbed reactive power from the public grid in all cases.
However, in stages 2, 3 and 4 when the radiation dropped, the
reactive power flowed from microgrid to the distribution net-
work. From the figure, it is clear that the imported/exported
reactive power has the minimum value in case 2, due to the
implementation of the developed strategy at the FC generator.

In Fig. 19 the reactive power injected from Bpc in the
three cases is shown. From the figure, it is clear that the high-
est reactive power occurred in case 3, whereas in case 2 the
lowest reactive power occurred. Determining the amount of
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Fig. 19 Reactive power dispatched from Brc—all three cases

reactive power the distance between Brc and By, is playing
the main role. At initial condition (stage 1) Brc absorbed
reactive power at cases 1 and 2, whereas in case 3 a high
amount of reactive power injected. After all disturbances at
stage 5, the dispatched reactive power from Bfc for case 2 is
insignificant. It is shown that case 2 has the lowest required
reactive power to be dispatched for voltage regulation.

In Fig.20 the voltage at load bus By is illustrated. The
figure is showing the value of the line-to-line voltage at all
cases (that represent all the configurations) and at the five
stages. The voltage regulator worked properly in all cases.
However, it is clear that the case 1 requires more time to reach
the steady-state condition compared to the other cases.

5 Conclusions

This paper proposed a developed power management strat-
egy to mitigate the distribution network instability due to
the high PV penetration. The active and reactive power
flow along with the voltage profile had been deeply inves-
tigated under disturbances scenarios—solar irradiation and
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Fig.20 RMS voltage at load—all three cases

load disturbances. Three microgrid configurations developed
in MATLAB/Simulink have been investigated. The study
showed a faster response time and lower circulating cur-
rent in configuration 2. Moreover, the proposed strategy had
enhanced the voltage profile at the load bus. Changing the
configuration has no effect on the active power loss, while
the distance between Br ¢ (Q injection bus) and By, (voltage
regulated bus) played the major role in increasing the circu-
lating reactive power in configuration 3. The study revealed
the effectiveness of the power management technique when a
cluster of dispatchable and non-dispatchable DGs is in oper-
ation. When multi-microgrid connected to the distribution
network, an investigation for the transformer tap changer’s
effects on minimizing the reactive power required for voltage
regulation is recommended as a future study.
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