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Abstract: This paper uses the coordination between the reactive power of a solid oxide fuel cell (SOFC) and a battery to
control the frequency within an islanded microgrid. By this coordination, the microgrid frequency regulation becomes
faster and better during contingencies. Moreover, the energy storage capacity, which is usually required for the frequency
control of islanded microgrids, has significantly been reduced. Furthermore, there will be no need to consider reserve
capacity in renewable sources for frequency control. Therefore, renewable energy sources can be operated at their
maximum power point. Also, this paper introduces a new frequency-reactive power control concept and a related
coefficient that shows the degree of dependence of the microgrid frequency on the injected reactive power changes at
each bus. This coefficient determines the priority of buses for the installation of reactive power control devices to control
the frequency of the microgrid. Simulation studies have been performed in the MATLAB/Simulink environment. The
results show the applicability and accuracy of the proposed coefficient and demonstrate the effectiveness of the
coordinated control of reactive power between the SOFC and the battery for frequency control.
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maximum power points. Some relevant works are reviewed
1. INTRODUCTION b
elow.

When a microgrid is connected to the upstream grid, the
imbalance between the generated power and the consumed
power in the microgrid is compensated by the upstream grid.
Consequently, the frequency of the microgrid is always equal
to the frequency of the upstream grid. However, in the
disconnected state, the microgrid loses its powerful support.
As a result, a fast balance between the generated power and
the consumed power in the microgrid is essential for
frequency control. Previous studies in this field have
proposed various solutions for frequency control, such as the
application of fast-response energy storage devices like
batteries, demand response programs, the concepts of virtual
synchronous generator and virtual inertia creation, load
shedding in emergency cases, and the operation of renewable
and sustainable energy resources at points other than

References [1-2] investigated the need for energy storage
devices and load shedding strategies for the frequency control
and the operation of islanded microgrids. Reference [3]
studied the influence of the fluctuations in wind and solar
radiation on changes in the microgrid frequency. It
demonstrated that the fast performance of a battery energy
storage system can mitigate this effect on the dynamic
operation of the microgrid. A battery energy storage system
was proposed in [4-5] to support the frequency control
process in a microgrid with high penetration of renewable
energy resources. Reference [6] presented a new concept of
the primary frequency control by integrating the
superconducting magnetic energy storage (SMES) with the
battery, which not only allowed performing a good frequency
regulating function but also extended the battery service time.
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A novel coordinated control scheme using the demand-side
management was presented in [7-8] for an islanded
microgrid. Reference [9] investigated the impact of load
dynamics and load sharing among inverter-interfaced
distributed generation units on the frequency stability and the
dynamic performance of the islanded ac microgrids.
Reference [10] introduced new functions for online
execution, which are capable of managing microgrid storage
by taking into account the electric vehicles and the load
response with the purpose of frequency control. Reference
[11] proposed a new load frequency control strategy for
microgrids in which electric vehicles are considered. Various
centralized and decentralized dynamic load response methods
were presented in [12] for controlling the initial frequency in
a microgrid. Reference [13] proposed a flexible and effective
control scheme for determining the size and location of loads
that need shedding in order to maintain frequency within
permissible limits. In [14], an auxiliary frequency control
loop was added to the synchronous generator excitation
system present in a microgrid. Also, an excitation was
employed in addition to the governor to control the frequency
using the synchronous generators. Reference [15] introduced
a hierarchical control structure composed of the primary,
secondary, and tertiary controllers to be used in islanded
microgrids. Reference [16] presented a multi-level control
architecture for the autonomous operation of the islanded
microgrids with power electronic interfaces. Virtual inertia
control strategies that would contribute to frequency
regulation in a microgrid were proposed in [17-20].
Reference [21] presented a novel frequency and voltage
control method for islanded microgrids based on a distributed
hybrid control. Reference [22] proposed a decentralized
control method to stabilize microgrid frequency and voltage
and also to distribute generation among the distributed
generations. Reference [23] presented a novel control method
for the load voltage and system frequency during the
islanding of the microgrid for a multi-zone power system
composed of several microgrids. A number of control and
management strategies were presented in [24] for
coordinating microgrid resources to regulate the voltage and
frequency in order to operate the microgrid independently and
optimally. Reference [25] utilized a novel optimal model-less
controller to create a balance between the load demand and
the power generation and, as a result, to control the frequency
in the islanded microgrid. Reference [26] explored the
development of an internal model-based controller approach
for better frequency regulation in a hybrid microgrid. In [27],
an innovative independent control method was proposed for
accurate division of the reactive power among the scattered
energy sources and also the frequency recovery of the
microgrid. Reference [28] presented a control method for dg's
to simultaneously distribute the active power and recover the
frequency in an islanded microgrid.

This paper introduces a new frequency-reactive power
(FQ) coefficient that shows the degree of dependence of the
microgrid frequency on reactive power changes in each bus.
The potential of controlling frequency through reactive power
control can be used in islanded microgrids perfectly because

1) Most resources are connected to the grid through an
inverter, which reduces inertia. Hence, the frequency
drops faster.
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2) The penetration level of renewable sources such as
photovoltaic and wind turbines is high. These resources
are exploited at the maximum power point and they
cannot participate in frequency control through active
power control.

3) The response rate of the resources that controls
frequency through active power is low, such as fuel cells
and micro-turbines.

4) Installation and maintenance costs of fast resources
such as batteries are high.

5) Most resources are connected to the grid through an
inverter, which facilitates the control of the reactive
power by the inverter.

To the best knowledge of the authors, none of the
research works (some of which mentioned above) have used
reactive power management, which is called the channel of
frequency-reactive power in this paper, to control frequency
in microgrids. Indeed, all papers have used active power
management like the active power generated by generators
and storage devices for frequency control, which is the
conventional channel of the frequency-active power for
frequency control. This paper uses a new frequency control
method to control the frequency of microgrids in an islanded
mode. For this purpose, using the proposed coefficient, FQ,
an optimum location is first indicated for the SOFC
installation. Then, a coordinated reactive power management
system is proposed between the SOFC and the battery. The
proposed system is added to the conventional frequency
control system. This proposed coordinated control system
works similar to the secondary frequency control system,
except that in this system the active power is transferred from
the battery to other sources, but in the proposed system the
reactive power is transferred from the battery to the SOFC.
By doing this, the microgrid frequency drop is reduced and
the frequency regulation becomes faster during
contingencies. Also, the required storage capacity is
significantly reduced and there would be no need to consider
reserve capacity in the renewable sources for frequency
control. Obviously, in any case, the voltage magnitude should
remain in its acceptable standard range as suggested by the
well-known curve of CBEMA (computer business equipment
manufacturers association). In [29], the authors added an
additional voltage control system to the conventional
frequency control system to improve its performance in the
islanded microgrid. The results were compared with the
results of conventional control systems and their
effectiveness was proven. The main focus was on the use of
the potential of the battery and local control. But this paper
proposes reactive power coordination between SOFC and the
battery to improve the performance of the conventional
frequency control system, and the results are compared with
the results of the conventional frequency control system. This
paper focuses on the coordination of the battery with SOFC
to introduce this coordinated control system and present its
advantages over the conventional control system. The paper
does not concentrate on comparing this control system with
the control system proposed in [29]. In their next research
efforts, the authors will make a comprehensive technical and
economic comparison between these two proposed methods.
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The rest of the paper is organized as follows. Section 2
introduces a new frequency-reactive power (FQ) coefficient.
Section 3 proposes a coordinated reactive power management
system between the SOFC and the battery. Section 4
demonstrates the effectiveness of the proposed coefficient
and coordinated system through various time domain
simulations performed in the MATLAB/Simulink
environment in a test microgrid. Finally, Section 5 presents
the main contributions and conclusions of the paper.

2. PROPOSED FREQUENCY-REACTIVE POWER
COEFFICIENT

A new coefficient that presents the effect of the reactive
power variation of a bus on the microgrid frequency is
defined in (1): “See (1)”.

where FQ; is the frequency- reactive power coefficient of the
i-th bus, fi¢ is the microgrid frequency, B, is the total active
load on the battery, Pyaq totar 1S the total active power load of
the microgrid, Po,q; is the active load connected to the j-th
bus, |Vj| is the voltage magnitude of the j-th bus, |Vi| is the
voltage magnitude of the k-th bus (the battery is connected to
the k-th bus), Qg is the reactive power on the battery as a
result of the reactive load variation connected to the i-th bus,
and Q; is the reactive load connected to the i-th bus. In (1),
the term -
(Z1[(9P10aa/3|Vi) (8] V;] /01 Vicl) (81 Vicl /3Qat ) (9Quac /3Q1)])
represents the total network load variations due to a change
in the reactive power of the i-th bus (0P,yaq tora1 /9Q;). Factor
FQ; indicates that if the reactive power in the i-th bus is
changed to AQ;, the microgrid frequency is changed to

Afyg(Afmg = FQ; X AQ)).

This coefficient shows the degree of dependence of the
microgrid frequency on the reactive power changes of the i-
th bus. It is required that the coefficients

(anG/anat): (apbat /apload total)h (aPloadj/a|Vj |)v

@Vil/aVil) . (3IVil/0Qpat) and  (@Quar /0Q)) be
determined and substituted in (1) to obtain FQ for the i-th bus.

The VSl inverter typically interfaces between the storage
devices (such as the battery) and the AC network. Using the
energy stored in these devices, the VSI can have a behavior
similar to the synchronous generator. Therefore, it can control
the voltage magnitude and frequency in the isolated
microgrid. In this case, the reference signals of the frequency
and the voltage magnitude are calculated by the following
equations [30]:

FQi = anG/aQi = (nanG/anat) X (apbat /apload total)i

fvme = fome — (Kp X Ppar) )
IVkl = IVO kI - (Kq X Qbat) (3)

where fyumg and |Vyy| are the values of the microgrid
frequency and the battery terminal voltage magnitude at the
battery no-load conditions, respectively and K, and K,are
the droop slopes of active power and reactive power,
respectively. From (2) and (3), we have:

anG/anat (4)
alvil/0Qy,, = K, ®)

The exponential load model is used to illustrate the
dependence of the active and reactive powers of the microgrid
loads on the voltage magnitude [31]:

l:)loadj = PO]'(|VJ'|/|V0]'|)a (6)

Qloadj = QOj(lvil/lv()jl)b (7)

where Qo and Py are the reactive and active power
consumptions of the j-th bus at voltage Vj;, respectively and

a and b are the dependency coefficients of the active and
reactive power of the load on the voltage magnitude,
respectively. By rewriting (6) in terms of |V;|, we have:

0Roaas/0[;] = (a x B/ Vs ) x (I/ Vi)™ (®)

The voltage magnitude of each bus in the system is
affected by the changes in the voltages of other buses. The
following equation shows changes in the voltage magnitude
of the j-th bus due to changes in the k-th bus voltage
magnitude [32]:

AV = AVl (| Zjx| /1 Zal ) 9)

where |ij| is the magnitude of the element of the j-th row
and the k-th column of the impedance matrix, |Zylis the
element magnitude of the k-th row and the k-th column of the
impedance matrix.

= —K,

(0Qpat /0Q;) is calculated by the following equation:
“See (10)”. (0Pyat /9Pioad total) 1S calculated by the following
equation: “see (11)”.

where K¢ is the coefficient of the dependence of the reactive
power consumption on the frequency variations.

)
X > [(@Piaaa 1/01V;1) 01V 1/31Vid )(@1Vel/0Qnae Y(OQuar /0Q0)]
aQbat _ "~ 1
0Q  [(bx Q) (=K X | A (10)
( Vol ) ( 12 ) [V ¥ (|zkk|> (% QBar)]
OPpar 1
B (11)

ap tota i i - ’
load total [(_Kpf y Kp) Z?zl[ (PO ]-) <|V0]| + (|Z]k|/|Zkk|)( Kq X QBat)>]

|V

123
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An equation for calculating FQ of each bus can be obtained
by replacing equations (4), (5), (8), (9), (10) and (11) in (1).

3. COORDINATION CONTROL OF REACTIVE
POWER THE SOFC AND THE BATTERY

In the normal mode, a microgrid is always connected to
the upstream network. In this case, the microgrid voltage
magnitude and the frequency are determined by the upstream
network as an infinite bus. There is a balance between the
active and reactive power generation and consumption in the
microgrid and any imbalance is compensated by the upstream
network. Following a fault in the upstream network or a
maintenance program, in theemergency mode, the microgrid
can separate from the upstream grid and operate
independently. At the moment of disconnection, there is a
need for energy storage such as a battery to play the role of
the upstream network and to compensate for the imbalance in
the production and consumption of the microgrid power in the
shortest possible time. In this case, the battery determines the
frequency and voltage magnitude of the microgrid with
respect to its active and reactive power from (2) and (3),
respectively.

At the moment of disconnection, it is possible to change
the voltage magnitude in its acceptable standard range (such
as the well-known curve of CBEMA) by managing the
reactive power of the battery. The well-known curve of the
affiliated computer business equipment manufacturers
association (CBEMA) that is shown in Fig. 1 can be applied
to assess the voltage quality in the case of the voltage
drop/rise. The CBEMA curve shows the magnitude and
duration of voltage variations in the power system [33]. As
such, the total active power consumption of the microgrid and
the resulting active power on the battery will change.
Therefore, at the critical moment of disconnection, the
frequency of the microgrid can be controlled more
effectively.

The SOFC reactive power control can be used to control
the reactive power of the battery. In the microgrid, the SOFC
is connected to the grid via power electronics interfaces.
Inverter control strategies are generally divided into two

types:

1) PQ Inverter Control: the inverter is used to provide
a specific active and reactive power.

2) Voltage source inverter control: the inverter is
controlled to supply the load with the predetermined
voltage magnitude and frequency.

The SOFC inverter is in the PQ control mode, and it can
be used to control the reactive power generation or
consumption of the SOFC easily and quickly.

According to (2), the reactive power of the battery to
generate the voltage magnitude corresponding to the CBEMA
curve is calculated by the following equation:

Qceema = (IVo | — [Veeemal) /Kq (12)

where |Vcgemal IS the voltage magnitude corresponding to the
CBEMA curve and Qcggma IS the reactive power of the
battery to create |Vcggmal. The required reactive power of the
SOFC to generate reactive power QcgemaOn the battery is
calculated by

QSOFC = Qbattery - QO SOFC — QCBEMA (13)

where Qgopc Is the reactive power of the SOFC, Qpattery IS
the reactive power of the battery, and Qg sorc IS the reactive
power of the SOFC before being disconnected from the
upstream network. By replacing equation (12) in (13), we
have:

Qsorc = Qpattery — Qo sorc
— (Vo I- Veggmal)/Kg) (14)

Therefore, a supplementary reactive power controller can
be added to the SOFC control system according to Fig. 2. The
aim of this controller is to coordinate the reactive power of
the SOFC and the battery to better control the frequency of
the microgrid.

By stopping the frequency changes, after a short time and
as soon as the frequency is stabilized, the battery load must
be removed and supplied by controllable generation sources
such as fuel cells and micro turbines. The secondary
frequency control system shown in Fig. 3 does just that. The
micro source active power (MS) to return the frequency to the
nominal value is determined.

A
4001
A\ Prohibited
»200F
> !
=
50'-:____.-" ﬂo damage area
00 ——4 4+ —>
10us  8.33mf.1s 0.55 1.0s 5s
Tim
Fig. 1: The CBEMA curve.
Vo | Qo soFc
—1“1__
+ — S
t |VCBEMA|I 1 5 ok, | e
Kq T *
CBEMA curve Qbatter \/
LD

Fig. 2: The SOFC supplementary reactive power controller.

fMG
P R Active
Af
ref * power -
Pl Set point MC » MS

Fig. 3: The secondary frequency control system.



S. Aminzaeh et al.

Journal of Applied Research in Electrical Engineering, Vol. 1, No. 2, pp. 121-130, 2022

4. SIMULATIONRESULTS
4.1. Test System

This paper uses a test system, as shown in Fig. 4, to
demonstrate the effectiveness of the new coefficient and the
proposed coordinated reactive power controller. This system
is a low-voltage 400 V microgrid, which is simulated in the
MATLAB/Simulink environment. This system is connected
to an upstream medium-voltage network. The microgrid
operates in normal conditions and in case of a fault in the
upstream network, just after the fault, the microgrid is
disconnected from the upstream network and operates
independently. In this microgrid, the nominal ratings of the
SOFC, the PV array, and the battery are 100kW, 10 kW, and
50 kW, respectively. The total load of the microgrid is 50
kVA, which is of constant impedance type and is distributed
on buses 9 to 13. The details of active and reactive
consumption of each bus are presented in Table 1. The
capacitance of the lines is ignored due to their short length,
and only the resistance and inductance of the lines are
modeled. The length and impedance of the test microgrid
lines are presented in Table 2.

4.2. The Results of The Frequency-Reactive Power
Coefficient

For the test microgrid, the coefficient (0Qy,. /0Q;) of
(10) and the coefficient (0Pyat /0Pioadtotan) OF (11) is
calculated for all buses. The results are presented in Tables 3
and 4, respectively. Then, using (1), the coefficient FQ is
calculated for all microgrid buses. The results are presented
in Table 5. The parameters used to calculate these coefficients
are given in Table 6. It is possible to rank the microgrid buses
based on the values of this coefficient in terms of the
effectiveness of reactive power injections on the frequency of
the grid. This is performed for the test microgrid and the
results are presented in Table 7. From the values of this table,
it is concluded that buses 2 and 3 are the first priorities and
buses 4 and 12 are the last priorities in the installation of
reactive power control devices for frequency control.
Therefore, in the test microgrid, the SOFC is installed in bus
2.

<] 3 A 2
8 7 6 5 4 400V 20kV
(1 1 1 1
13 12 11 10 9
|Bus J Load m Impedance [X] Inverter

Fig. 4: The test low-voltage microgrid.

Table 1: The active (P.y,q) and reactive (Q;,,.q) load of the

i-th bus.
i pload(kW) Qload (kVar)
9 10 4
10 15 6
11 15 6
12 10 5
13 10 4

125

Table 2: The line length (L,,) and impedance (Z,,,)

n m Lnm(M) Znm(Q)

4 1 30 0.024 +j0.0023
4 9 30 0.024 +j0.0023
4 5 100 0.028+ j0.0083
5 10 30 0.024 +j0.0023
5 6 100 0.028+ j0.0083
6 2 30 0.024 +j0.0023
6 11 30 0.024 +j0.0023
6 7 100 0.028+j0.0083
7 12 30 0.024 +j0.0023
7 8 100 0.028+ j0.0083
8 3 30 0.024 +j0.0023
8 13 30 0.024 +j0.0023
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Table 3: The values of (0Qy,:/9Q;) for all buses.

Bus number (i) 0Qpat/0Q;
1 0.8768
2 0.8769
3 0.8814
4 0.8758
5 0.8781
6 0.8755
7 0.8770
8 0.8810
9 0.8784
10 0.8761
11 0.8773
12 0.8777
13 0.879

Table 4: The values (0P,,¢ /0Pioad tota1) fOr all buses.

Bus number(i)

(apbat /apload total)i

O©CoOoO~NOOWNE

10
11
12
13

0.9411
0.7397
0.8041
0.9820
0.8483
1.1978
0.8632
0.9256
0.8832
0.7062
1.2161
0.8366
0.8674

Table 5: The values of coefficient FQ for all buses.

Bus number

FQ (Hz/MVar)

© 0 N o OB~ WNBE

e =
w N P o

5.4831
5.2890
7.727

4.459
5.591
5.842
5.457
7.607
5.372
6.202
5.085

4.680
5.963
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Table 6: The parameters of the test system in calculating

FQ.

K, = 1.2566 x 10™* Rad/(s. W)

Kq =3x107° p.u/Var
Qosorc =0

a=2

b=2

Kpr = 1.8

Vgl =1p.u

Table 7: The FQ values from the highest to the lowest.

Bus number FQ (Hz/MVar)
3 7.7277
2 7.6079
10 6.2026
13 5.9639
6 5.8423
5 5.5913
1 5.4831
7 5.4578
9 5.3722
8 5.2890

11 5.0859
12 4.6807
4 4.4590

4.3. Results of the Coordinated Control of Reactive
Power

It is assumed that the test microgrid is connected to the
upstream network and at time t = 10 s, suddenly a fault occurs
and the microgrid is disconnected and operates
independently. In this case, three different scenarios are
considered and compared:

Scenario 1: The microgrid voltage magnitude is constant and
its frequency is controlled according to (1).

Scenario 2: The microgrid frequency is controlled according
to (1), and its voltage magnitude is controlled according to (2)
(the conventional frequency control system).

Scenario 3: In the conventional frequency control system,
coordinated reactive power management between the SOFC
and the battery is established for the better control of the
frequency (the proposed frequency control system).

The microgrid frequency is shown in Fig. 5 for various
scenarios. It is clear that the use of scenario 3 leads to a small
decrease in the frequency of the network following the
disconnection from the upstream network and it prevents the
frequency to be out of permissible range at the initial
moments and provides more time for the secondary frequency
controller to return the frequency to the nominal value. It is
also seen that scenario 2 outperforms scenario 1. This shows
that the voltage participation in the control of the frequency
is appropriate and effective.

The voltage magnitude of different buses of the microgrid
under scenario 3 is shown in Fig. 6. It can be seen
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50.2

\*Scenario 1--+Scenario 2 ==Scenario 3

60 80
1(s)
Fig. 5: Microgrid frequency under various scenarios.
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Fig. 6: Voltage magnitude of different buses under scenario
3.
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100

Fig. 7: The battery reactive power under various scenarios.

that the voltage magnitude of all buses, even the remote end
buses, follows the CBEMA requirements. The drop in the
voltage magnitude created for the specified periods of time is
acceptable according to the CBEMA curve. After a short time
and as soon as the frequency is stabilized, as the frequency
goes toward the nominal value, the voltage tends to the
nominal voltage and it returns to the nominal voltage as soon
as the frequency returns to the nominal value. The voltage
magnitudes of all buses are almost the same due to the small
size of the microgrid.

The reactive power of the battery under scenarios 2 and 3
is shown in Fig. 7. It can be seen that in scenario 2, the
reactive power of the battery is almost constant and does not
participate in frequency control. While in scenario 3, it is
controlled by SOFC and coordinated reactive power
management. In the steady state after the fault, the reactive
power of the battery is zero, and the reactive power required
by the SOFC is provided.

The reactive power of the SOFC under scenarios 2 and 3
is shown in Fig. 8. The reactive power of the SOFC is
assumed to be zero before disconnection. Also, in the
conventional frequency control system, the SOFC does not
participate in frequency control. So, as shown in Fig. 8, the
reactive power of the SOFC in scenario 2 is always zero.
However, in Scenario 3, the reactive power of the SOFC is
not zero to participate in frequency control and it is adjusted
by the coordinated control system. In the steady state after the
fault, the SOFC provides all the required reactive power of
the microgrid. The reactive power of the PV is assumed to be
zero before and after the fault, and the PV does not participate
in the reactive power control of the microgrid.

Fig. 9 presents the battery’s active power in various
scenarios. In this figure, it can be seen that the active power
of the battery in scenario 3 is less than that of the other
scenarios. As a result, a lower capacity battery can be used in
Scenario 3, and the cost of energy storage will be reduced. It
is also seen that in all scenarios, with the function of the
secondary frequency control system, after a period of time,
the active load is transferred from the wind to the battery and
the active power of the battery becomes zero. It is also seen
that in all scenarios after a period of time, with the function
of the secondary frequency control system, the active load is
transferred from the battery to the SOFC and the active power
of the battery becomes zero. Scenario 3 also performs better
in this situation.

Fig. 10 depicts the SOFC active power in various
scenarios. It can be seen that the SOFC active power is almost
the same in all three scenarios and, after the operation of the
secondary frequency control system, it rises from the initial
value of 25 kW to 50 kW in the steady state.



S. Aminzaeh et al.

Journal of Applied Research in Electrical Engineering, Vol. 1, No. 2, pp. 121-130, 2022

===Scenario 2==Scenario 3

% 20 20 60 80 100

Fig. 8: The SOFC reactive power under various scenarios.
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Fig. 9: The battery active power under various scenarios.
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Fig. 10: The SOFC active power under various scenarios

All the entire imbalance in the active power generation and
consumption is compensated by the SOFC.

The power of the PV under various scenarios is shown in
Fig. 11 according to which in all three scenarios, before and
after the fault, the PV active power is constant and is equal to
its maximum value (10 kW). In this case, the maximum PV
capacity is used, and no storage capacity is considered for
frequency control.

The voltage magnitude corresponding to the CBEMA
curve (|Vegemal) is shown in Fig. 12. According to the curve
of the CBEMA, severe voltage drop (even near zero) is
allowed for a very short time.

5. CONCLUSION

This paper proposed the idea of using reactive power to
control the frequency in the islanded microgrid. To indicate
the amount of change in the frequency due to changes in
reactive power in each bus, the frequency-reactive power
coefficient (FQ) was introduced. The microgrid buses can be
prioritized based on the values of this coefficient, and the
appropriate location to install SOFC can be determined. The
proposed coefficient is new and has not been presented in any
other reference. With this coefficient, the buses can be found
in which the change in their reactive power will have the
greatest effect on the change in the microgrid frequency. The
reactive power control sources can be installed in those buses
for this purpose. Also, this paper proposed the coordinated
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controller and the new coefficient were proven by the
simulations performed in MATLAB/Simulink environment.
The simulation results showed that the proposed coordinated
control system outperformed the conventional frequency
control system. This coordinated controller has many
advantages such as reducing frequency drop at the moment of
disconnection, faster frequency settling time to its hominal
value, reducing the required battery capacity and the ability
to operate renewable resources in maximum power point.
These advantages presented and interpreted in detail in the
Results section improve system stability and equipment
performance and reduce costs due to more efficient use of
renewable resources and the need for smaller batteries.
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