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ABSTRACT

In this paper, the effect of a static synchronous compensator (STATCOM) influence on the frequency of
islanded microgrids based on frequency control using fuzzy cooperative control is investigated. To achieve
fast frequency control, instantaneous power balance between generation and consumption is inevitable, and it
can be supplied through energy storage systems such as battery with a proper frequency control method.
Besides, the frequency control of islanded microgrids could be studied under different circumstances, where
one aspect analyzed is added to a flexible AC transmission system (FACTS) device, such as STATCOM, in
the microgrids. Although STATCOM s charged with improving the voltage profile, it can affect frequency
stability by adjusting the voltage very quickly. Due to the importance of refining frequency stability, two
controller methods are compared: a classic Pl controller and a fuzzy PID controller. Accordingly, the
performance of STATCOM is evaluated via two scenarios. Based on simulation results, by applying the fuzzy
PID controller to the microgrid, STATCOM can reach the nominal frequency. Moreover, with greater
validation and investigation of this topic, this device could be an agreeable alternative to the battery energy

storage system (BESS).

1. INTRODUCTION

Nowadays, power engineers have become highly enthusiastic
to use renewable energy resources in the grids due to several
reasons such as the high price of fossil fuels, non-
renewability, and bioenvironmental aspect [1]. In particular,
due to the effect of the political and economic situations in
every country, fossil fuels price is increasing daily [2]. Due to
these situations, there is an urgent need for governments to
investigate renewable energies and microgrids [3]. Microgrid
concept is defined while DGs are congregated in a distribution
network [4]. Microgrid's power quality and service reliability
control are two fundamental technical aspects during
implementing a change [5]. Generally, a microgrid can work
in connected and islanded modes [6]. The primary concern of
the microgrid structure and its development is how to make it
stronger against frequency fluctuations. For instance, in order
to reduce frequency deviation and enhance the system
robustness, the frequency control of the double sliding mode
(SM) was designed for an islanded microgrid [7]. On the other
hand, to improve the voltage profile of the grid, FACTS
devices, such as Static Synchronous Compensator
(STATCOM), could be implemented. Applying STATCOM,
authors attempted to improve voltage profile, enhance the low
voltage ride through (LVRT) capability, and provide a
stronger grid against faults [8]. In some studies, power quality
problems such as voltage fluctuation and voltage flicker that
are critical for system performance in the presence of
STATCOM were discussed [9,10]. In addition, it is vital for
microgrids to maintain a voltage profile in order to boost their
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stability either in the grid-connected or islanded mode. The
effect of STATCOM on microgrid’s voltage profile in the
grid-connected mode was investigated [10]. Another similar
work on STATCOM in microgrids was performed [11], which
focused on the profile voltage of two microgrids with a
different controller for STATCOM. Among all of the control
methods such as master-slave control, centralized control, and
droop control [12,13], the cooperative control of microgrids
provides an opportunity for DGs to make a strong connection
with other components in which they could transfer
information through a local network [14,15]. Typically, the
best desired control performance should be able to make a
strong connection between elements in the microgrid in order
to gather data and have an extreme central controller to
evaluate all data [16]. It is well documented that, in a PI
controller, there are several defects such as parameter
alternation vulnerability and system nonlinearity [17];
nonetheless, advantages of Fuzzy Logic Controllers (FLC)
outweigh their disadvantages [18]. Features such as fast
adaptability to nonlinear systems, non-required mathematical
system, and better performance make the fuzzy controller the
most dependable one [19]. In this study, fuzzy cooperative
frequency control is compared to a classic controller (PI) in
order to find the best desired controller. Accordingly, fuzzy
cooperative frequency control is carried out as an appropriate
control method. Moreover, to the best of the authors’
knowledge, no results about the effectiveness of STATCOM
on frequency stability and voltage profile improvement in an
islanded microgrid have been found. The simulation process
here is divided into two sections: the first section is dedicated
to assessing the superiority of the fuzzy controller; the next
section is presented to evaluate the effectiveness of
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STATCOM through two scenarios. The article is prearranged
as follows: Section 2 deliberates the materials and methods of
the paper. Section 3 expounds the control strategy of the
microgrid. Section 4 itemizes results and discussion of
simulation study; ultimately, Section 5 concludes the paper.

2. MICROGRID

As depicted in Fig. 1, the microgrid includes two diesel
generators, one wind turbine system (WTS), a STATCOM, a
BESS, and four loads. The characteristics of the system model
are shown in Table 1 [20-22].

2.1. The wind turbine system

As shown in Fig. 2, the main components of a WTS include a
wind turbine that converts wind energy into mechanical
energy, a generator that is an implement for the conversion of
mechanical energy into electrical energy, a rectifier, and an
inverter [23].
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Figure 1. Schematic diragram of the studied microgrid.
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Figure 2. Wind turbine schematic diagram.

The mechanical power, B,, hangs on four amounts: A, as
the area where the turbine blades sweep, V as the wind speed,
p as the air density, and C, as the rotor power coefficient and
created by [24]:

Py = 0.5.Cp(A.B). p.A. V3 )

Cp signifies the percentage of the captured wind power
converted by a wind turbine, and it is a function of pitch angle

B and tip speed ratio (TSR) A, which are defined as follows
[25]:

Cp = 0.22(116); — 0.4B — 5)e 2% @)
QR
A= - (3)

where Q is the rotor rotational speed, and R is the rotor radius
of the wind turbine.

Table 1. System charactristics.

System parameters Values
Diesel generator 1 18 KVA
Diesel generator 2 13 KVA

Wind turbine 25 KW

STATCOM 100 KW
BESS 56 KWh
Load 1 6 KW
Load 2 16+j3K
Load 3 15+j8k
Load 4 12+j8K

2.2. Diesel engine

Diesel engines play the main role in the cooperative frequency
control; in fact, the output power factors of every microsource
are determined. They collaborate with BESS to achieve power
balance in the microgrid. P; is defined by the power output of
diesel engines, and Py; is the dissipated power. The equation
of energy conversion in diesel engine and power output can be
printed as follows [24]:

P — Pgiss = 0 4

P, = Pj.nj. m¢ (5)

where P, is the calorific value of the fuel, n; is the indicated
engine performance, and mg is the flow of fuel injected into
the combustion chamber. The dissipated power can be
conveyed by [26]:

C
Pgiss = me.ﬁ. o+ Cp.o (6)
where Py is the average pressure of the friction losses, C, is
the total displacement of the engine, C, is the resistive torque
to the applied load, and w is the speed of the intake air of the
engine.

2.3. Application of STATCOM in the microgrid

In this paper, as shown in Fig. 3., STATCOM comprises a
coupling transformer, an inverter, and a DC capacitor along
with a resistor. Ugqg. and Ueqg,. are the initial inputs of a pulse
width  modulation method (PWM), responsible for
determining the triggering angle of inverters and, eventually,
controlling the STATCOM [27]. Thereby, the STATCOM
active power potential is very low; nevertheless, its active
power potential can be improved if an energy storage device is
presented across the DC capacitor and the voltage is adjusted
hastily. Hence, STATCOM in the microgrid is located in the
nearest point to the BESS, as shown in Fig. 1. Fig. 4 shows
the STATCOM system controller. As evidently demonstrated,
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the voltage and current of STATCOM (I, Vi.) with the
assistance of © from phase-lock loop (PLL) block are
converted to their d —and q — axis versions (Igy., Iqsc: Vage:

and V)
60 KVA
50 Hz J_
Coupling T
Transformer ﬁ
PWM
Uedsc Uegsc
Figure 3. Wind turbine block diagram.
\
. e

| L/
Ve |dqto|/sc  |dgto| ~|G@IN
abc abc| L— 3
| .
. P/ Uegsc
+
Wgsc *

Figure 4. STATCOM controller block diagram.

Ultimately, in order to achieve Ugqy. and Ugq., the PI
controller with a trial-and-error method is applied [8, 9]. Ueq,,.
and Ugq,. are given by:

Uedsc = VdSC + Kildsc + Kp f Idsc dt — Gain X IQSC (7)

Uegse = Vase T Kilgge + Kp f Igec dt + Gain X Ig . (8)

3. CONTROL STRATEGY

A management microgrid system (MMS) is a powerful control
platform with a layered architecture. A local control (LC) is a
controller placed on each component and checks the power
output. A microgrid has two control layers: MMS and LC (see
Fig. 5). The MMS manages the LC of each element in the
microgrid. It causes BESS and diesel engines to determine a
power output set point (POSP) and, then, LCs are presented
with collected local information.
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Figure 5. Layers of control strategy.

3.1. Local control

Fig. 6 shows all of the details of local control. It is well
documented that when the microgrid enters islanding state, its
control changes from PQ control state to vf control state, and
this interaction occurs by all information collected by MMS.
lg,.; and Ig . are the current references, and I and I, are the
measured values. Vyq . and V,__ (the voltage references) are
yielded based on the difference between Iy .and Ig,
respectively (see (9) — (12) ) [21].

h = Kl = 10) + K [ (g = T ©)
I, = K3 (Ig,; — Ig) + Ka f (g,er — Ig)dt (10)
Vi, = Va + wLIg — I (11)
Varer = Vg — @LIg — I (12)

where K;, K,, K3, and K, are produced by the trial-and-error
method. In consequence, with the application of the d — q to
abc block converter, the voltage references into an a-, b-, and
c-axes, reference voltages (V. Vo, @nd Ve ) are created.
A phase signal produced by the PLL block causes the PWM to
perform. It controls the BESS by determining firing angles of
an inverter. On the other hand, Iy . (see (13)) is calculated,
and K5 and K are formed by trial and error, as well.

l... = K (Voo — Vo) + Ko f (Vret — Vo) dt (13)
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Figure 6. Local control of BESS.

Furthermore, in this study, two control methods are
considered to evaluate their performance. When a PI
controller is applied, 14, is achieved in the same manner as
lg,e ON the other hand, when a fuzzy PID controller is
presented, this current is created, as indicated in the following.

3.1.1. Fuzzy PID controller

As shown in Fig. 7, a fuzzy PID controller is applied in order
to calculate Iy . This controller has two inputs: error
(ERROR) and derivative of error (ERROR*) (see (14), (15)
[21].
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ERROR - E : : :

ERROR* E*
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Figure 7. Configuration of the fuzzy PID controller.

e = ERROR = fo — f (14)
e’ = ERROR" = 4/ (frer — ) (15)

The equations of lg,, and U are:

I, = K7U + Kg f Udt (16)
U = A+ PE + DE* 17
where

E = Kqe (18)
E* = Kjge* (19)

Then la, is:

[dref = K7A + KgAt + K7K9Pe + KgKloDe

+ KgKngedt+ K;KqoDe* (20)

After defining the controller gains (K, Kg, Kg, and K;,),
membership functions and control rules become key
techniques in designing the fuzzy PID controller. In general,
the authors determined these functions and rules with their
knowledge, experience, and the trial and error. Table 2
indicates that these membership functions have four
memberships comprising five triangular memberships. The
controller gains are defined by the PSO algorithm. More
information can be found in [21].

Table 2. Fuzzy rules.

ERROR*
PeLcw N Z P BP
NB N BN N MN
N Z Z Z N
ERROR Z Z Z Z Z
P Z Z Z P
BP P BP P MP

3.2. Secondary control of MMS

Fig. 8 illustrates the secondary control layer of MMS. The
total needed power (PrandQg) produces POSP of
microsources in order to return Pyyrggss t0 zero (see (21) and
(22)) [20].
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Figure 8. Secondary control of MMS.

APpef; = fpi X Pp (21)
AQrefi = fqi X Qr (22)

where fp; and fo; are the factors evaluated by the capacity of
each component such as a wind turbine in the microgrid.

PaVi QaVi
fpi = Pry,’ Qi = U (23)
PTav = 2{1 Pavir QTaV = Z? Qavi (24)

where P,,, and Q,, are the available active and reactive
power of the i DG unit. Pr,.and Qr,  are the total available
active and reactive power of the DG units in the microgrid.
AP..;; and AQ,.q; are the POSP alteration for the i micro
source. Poyr; and Qoyr; are the power outputs of thie " micro
source at the moment. Eventualy, the refrence active power
output of the i™ microsource (P..g) is produced by the
summation of Pyyp; and AP..q. Similarly, refrence Reactive
power output (Qes) is generated in the same manner (see (25)
and (26)).

Prefi = APrefi + Pouri (25)

Qrefi = AQrefi + Qouri (26)

4. RESULTS AND DISCUSSION

Frequency control of the islanded microgrid is a common
subject that has been presented in several cited papers such as
[28-34]. In addition, the application of FACT devices, such as
STATCOM, could help the microgrid improve its voltage
profile. As a matter of fact, the analysis of the impact of
STATCOM in the islanded microgrid is a new topic that could
affect frequency due to a little active power injected to the
system. In this paper, through a simulation study, due to the
importance of achieving better results, two controller methods
are compared: Pl controller and Fuzzy PID controller. The
frequency control model is implemented in
MATLAB/SIMULINK software, and it is assumed that wind
turbine and diesel generators thoroughly generate all of the
command power of microgrid loads.

4.1. Finding a better controller

The simulation is obtained for two different controller
methods without the presence of STATCOM. The first
controller is a classic Pl controller whose gains are obtained
by trial and error. The second controller is a fuzzy cooperative
controller that has been explained entirely, before. In both
cases, after t=1 sec, the microgrid is working in the islanded
mode. Fig. 9 shows the frequency diagram of the microgrid
including these two cases. After islanding at t=1 sec, in each
case, frequency stability is achieved quickly and, around
t=1.02 sec, frequency is returned to the nominal frequency
amount. Therefore, it is confirmed that these two methods are
able to control the frequency precisely. The better control
method is that which diminishes the frequency less than the
other one.



M. Rahmani et al. / JREE: Vol. 5, No. 4, (Fall 2018) 27-33 31

N
L
oy == Fuzzy PID Controller
9 L : ]
g 498 ‘ — Classic PI Controller
=
o
: |
W 496F v
0.6 0.8 1 12 14 16 1.8

Time (seconds)

Figure 9. Frequency of two different control methods: Pl and fuzzy
PID controllers.

Fig. 10 shows the exact amount of the frequency of each
controller. In the case that a classic controller is applied to the
microgrid, the frequency is reduced to f;=49.49 Hz. On the
one hand, the fuzzy PID controller effectively contracts the
amount of frequency to around f,=49.499 Hz. The difference
between f; and f, is around 0.01 Hz. It is crystal clear that the
fuzzy PID method controls the frequency of the islanded
microgrids better than the PI controller. Consequently, it can
be noted that frequency control is improved by applying the
fuzzy PID controller. As mentioned in Section 1, through the
application of the fuzzy PID controller, frequency control is
enhanced. Hence, in the next section, the fuzzy PID controller
is applied to the microgrid. Section 2 contains two scenarios,
which will analyze the effectiveness of STATCOM on the
frequency control of the microgrid. Furthermore, in [35], the
secondary control scheme through several scenarios was
engaged to share the power disparity and control the
frequency and voltage of the microgrid. In the two scenarios,
similar to this paper, the controller reinstates the microgrid
voltage and frequency to its nominal amount. In this paper, at
t<0.2 s, frequency is returned to its normal value in every
scenario; however, when the secondary control scheme is
used, it takes about 1 second to regulate the frequency.
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Figure 10. More detailed frequency comparison between the two
controller methods.

4.2. STACOM effectiveness
4.2.1. First scenario

To ensure the effectiveness of STATCOM in the proposed
cooperative frequency control, this scenario is considered. The
microgrid is disconnected from the upper grid at t=1 sec.
According to Fig. 11, frequency increases and reaches 58 Hz
at t=1 sec. Regarding the rapid response of the BESS,
frequency is returned to the normal boundary, which is
between 49.7 Hz and 50.3 Hz only after 0.2 sec. In this
situation, BESS injects power in order to provide a balance
between loads and powers.

581
56
54

52 Normal Operation Boundary

sof =

Frequency (Hz)

u v
48}
0.6 0.8 1 1.2 1.4 1.6 1.8

Time (seconds)
Figure 11. Frequency diagram of the microgorid in the first scenario.

As shown in Fig. 12, before t=0.6 sec, there is a voltage
flicker that appears because of the application of STATCOM.
The nominal voltage of the microgrid is 225 V. At t=1 sec,
when the state of the microgrid changes to the islanded state,
the voltage increases to 270 V in less than 0.01 sec, as shown
in Fig. 12. After almost 0.2 sec, voltage arrives at its normal
operation boundary. As indicated in Fig. 12, this boundary is
about 210 V to 230 V. As a result, the STATCOM has a
positive effect on voltage and frequency profile. In order to
analyze the positive impact of STATCOM, the next scenario
is proposed.
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Figure 12. VVoltage diagram of the microgrid—First scenario.

4.2.2. Second scenario

This scenario is designed for the case in which BESS is
discharged after hours of working as an energy storage system
in order to control the frequency of the islanded microgrid.
During the next time of working in the grid-connected mode,
at t=1 sec, the microgrid is disconnected from the grid, again.
Simulation is done in two specific cases: Case 1: without
STATCOM and BESS; Case 2: with the presence of
STATCOM and without BESS. As shown in Fig. 13, in Case
1, without both of them, the frequency is lost. Hence, the
balance between power supply and demand is mislaid. As a
matter of fact, frequency stabilization is not achieved, because
there is no component to aid the microgrid in order to respond
to the alternations and maintain its stability.

50.5f
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|

Frequency (Hz)

—— —

48.5F

48 : : : :
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Figure 13. Frequency diagram of the microgrid-Second
scenario/Case 1.
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On the other hand, in Case 2, as shown in Fig. 14, frequency
stabilization in the presence of STATCOM is concluded
rapidly. It is well documented that, for the state that
STATCOM is present around t=1.3 sec, frequency is returned
to nominal frequency amount, which is 50 Hz, meaning that
STATCOM could provide the power demand for the
microgrid in order to stabilize frequency. As mentioned
before, STATCOM could have an effect on frequency
stabilization by adjusting the voltage very quickly.
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Figure 14. Frequency diagram of the microgrid—Second
scenario/Case 2.

Fig. 15 shows that the improvement of voltage profile due to
an increase in the reactive power of STATCOM. Thereby,
voltage performs in its nominal amount. Voltage stabilization
takes place at t=1.4 sec, 0.4 sec after being disconnected from
the main grid. It is enough for the STATCOM to have an
effect on the frequency amount.
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Figure 15. VVoltage diagram of the microgrid-Second scenario/Case
2.

Fig. 16 suggests the reactive power of STATCOM in the
second scenario in the presence of STATCOM. It is crystal
clear that when the microgrid starts to work in the islanded
mode, the power reactive will change.

1\105

0.5

Reactive Power (var)

0.6 0.8 1 1.2 1.4 1.6 1.8
Time (seconds)

Figure 16. Reactive power of STATCOM in the Second scenario.

5. CONCLUSIONS

This paper analyzed the impact of STATCOM on the
frequency of the islanded microgrid based on fuzzy

cooperative frequency control. To improve its frequency, two
control methods were investigated: a classic Pl Controller and
a Fuzzy PID Control method. Eventually, to evaluate the
impact of STATCOM on selected cooperative frequency,
control conditions with or without STATCOM were studied.
In this study, two scenarios were presented. The STATCOM
was assumed to be implemented at nearby BESS to evaluate
its impact. With a comparison between the first and second
scenarios, it could be concluded that, without BESS and
STATCOM, there is no chance to control the frequency of the
microgrid; on the contrary, in the presence of STATCOM
with the lack of BESS, the frequency control is expected to
occur. As a matter of fact, STATCOM cannot be used in the
microgrids and, thus, acts as a frequency controller device
solely, because not only does it force the system to encounter
a wide range of frequency variations, but also its control
system is designed for other achievements such as the
improvement of the voltage profile. However, in certain
situations such as discharging of the BESS, STATCOM could
be of proper assistance in maintaining system stability.
Finally, it could be a good recommendation for researchers to
create a new device that plays the role of a STATCOM and
BESS simultaneously so that the cost of application and
maintenance of those two devices can decrease.
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