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ABSTRACT. This paper proposes the optimal fuzzy logic based-proportional-integral-deri-
vative (FLPID) controller design of the electrolyzer (EZ) by a bee colony optimization
(BCO) for microgrid (MG) stabilization. The study MG system consists of wind power
(WP), photovoltaic (PV), fuel cell (FC) equipped with EZ, diesel generator, and load.
The intermittent power generations from WP and PV cause the severe power fluctuation
in the MG. To alleviate power fluctuation, the EZ which is normally used to produce the
hydrogen input for FC, can be applied. By control of active and reactive powers absorbed
by EZ, the power fluctuation can be stabilized. The structure of active and reactive power
controllers of EZ is the FLPID which consists of scale factors (SCs), membership func-
tions (MFs), and control rules (CRs). Without trial and error, SCs, MFs, and CRs of
the FLPID controller are automatically optimized by a BCO. Simulation study confirms
that the proposed EZ with an optimal FLPID controller is much superior to the EZ with
a conventional FLPID controller or an optimal PID controller in terms of stabilizing
effect and robustness against various loading conditions and severe disturbances.
Keywords: Electrolyzer, Microgrid, Fuzzy PID control, Bee colony optimization

1. Introduction. Nowadays, the microgrid (MG) is expected as the smart electrical
power management for rural and isolated areas that cannot access to the main power grid
due to the restriction of installation costs of transmission lines, right of way difficulties,
social, and environmental impacts [1]. The MG is the cluster of the distributed generation
with renewable energy sources and/or conventional generating units and loads [2]. At
present, there are many MG projects around the world such as Kythnos Island MG in
Greece [2], Aichi, Kyotango and Hachinohe MG projects in Japan [3], and the Consortium
for Electric Reliability Technology Solutions (CERTS) project in the United States [4],
etc.

Generally, renewable energy sources such as wind power (WP), photovoltaic (PV), fuel
cell (FC) with electrolyzer (EZ), are usually installed in the MG, since these sources are
inexhaustible, environmental friendly, clean, and no CO, emission [5]. These renewable
energy sources are often operated with the conventional electricity generations such as
diesel generator (DG), and gas turbine. Nevertheless, the solar and wind energy are
intermittent in nature. The power generation from WP and PV is variable [6]. This
causes the power unbalance in generation and load [7], and results in the severe power
fluctuation in the MG [8-10]. To suppress the power fluctuation, several methods have
been proposed in previous works [11-14]. Recent advancement in the EZ equipped with
an FC has opened up options for using hydrogen as an energy storage. In addition to a
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hydrogen production for an FC input, the EZ can be used as the controllable load [15,16].
Moreover, the power absorbed by EZ can be rapidly controlled to compensate for power
fluctuation in the MG [17].

In recent years, many works have been conducted on control system stabilization. How-
ever, all those control design methods require the exact mathematical model of the control
systems which may not be available in practice. On the other hand, a fuzzy logic control
has been successfully employed for solving many nonlinear control problems. Without
exact mathematical model of the control system, the fuzzy controller can be designed. In
[18], the fuzzy decentralized state feedback and observer-based decentralized output feed-
back controllers for a class of continuous nonlinear interconnected systems with time-delay
and the modelling error have been applied. In [19], the sliding mode controller with fuzzy
logic has been used for the heading control of the submersible vehicle. In [20], the method
of fuzzy control systems for trailers driven by multiple motors in side slipways to haul out
ships has been presented. In [21], the fuzzy logic controller with interval-valued inference
mechanism has been applied for the control of distributed parameter system. Besides, the
fuzzy logic based-proportional-integral-derivative (FLPID) controller has been proposed
in [22]. In these works, nevertheless, the selection of scale factors (SF), membership func-
tions (MF), and control rules (CR) of the FLPID controller is still the inevitable problem
and depends on the designer’s experience.

To overcome this problem, this paper proposes the new optimal FLPID controller de-
sign of EZ for alleviation of power fluctuation in the MG with hybrid power generations
such as WP, PV, FC with EZ, and DG. The intermittent power generations from WP
and PV result in severe power fluctuation in the MG. With the fast response of EZ, the
power absorbed by an EZ can be rapidly controlled to compensate for power fluctua-
tion. To achieve the optimal SF, MF, and CR of the FLPID, this paper applies a bee
colony optimization (BCO) [23] to automatically tune these parameters of the FLPID.
Simulation study is carried out in the nonlinear MG model. The proposed EZ with an
optimal FLPID controller not only shows superior stabilizing effect than the EZ with a
conventional FLPID or optimal PID controller, but also provides high robustness under
various operating conditions and large disturbances.

2. Study System and Modeling. A single line diagram of a stand-alone MG [24] is
depicted in Figure 1. It consists of 20 MVA DG, 4 MW WP, 800 kW PV, 3 MW EZ, 2 MW
FC and 10+72 MVA load. The system MVA base is set at 20 MVA. System parameters
are given in Table 1. The DG is represented by a 3rd-order synchronous generator model
[25]. It is equipped with a simplified 1st-order model of exciter and governor [25]. Since
the response of the converters equipped with WP and PV is very fast, these converters
have not been included in the WP and PV models for the sake of simplicity. Here, the WP
and PV are represented by the random active power source model [17]. The intermittent
power generations from WP and PV cause power fluctuation in the MG.

Figure 2(a) depicts the simplified model of the study MG. The negative sign implies
the absorbed power by EZ from the system while the positive sign of other power sources
means the power supply to the system. The difference between supplied and absorbed
powers is shown by active power deviation (AP) and reactive power deviation (AQ) which
are controlled by EZ to be minimum.

As shown in Figure 1, it is assumed that the converter used for an EZ is the voltage
source converter type. Normally, the role of the converter is used to absorb AC power from
the system and convert to DC power for a hydrogen production as an FC input. In this
work, the converter is also applied to control the active and reactive powers absorbed from
the system by the FLPID controller with the objective of alleviation of power fluctuation
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FIGURE 1. A stand-alone microgrid

TABLE 1. System parameters

Devices Parameters values
Armature resistance R, 0.0036 pu

d-axis synchronous reactance Xy 1.56 pu

. g-axis synchronous reactance X, 1.06 pu
Diesel Generator d-axis transient reactance X 0.296 pu

d-axis open circuit transient time constant 7, | 1.01 s

Inertia coefficient H 0.8s

Reactance x1 0.4 pu

Transmission line Reactance x2 0.2 pu

Reactance x3 0.5 pu

in the system. Based on the ability of independent and simultaneous control of active
and reactive powers by the converter, the active and reactive power controllers of EZ can
be shown separately in Figure 2(b). As the power source model, the converter dynamic
can be represented by the lst-order transfer function [26-28]. The converter gain Kg
and time constant Tx are set at 5.0 and 0.2, respectively [26]. The active and reactive
power deviations absorbed by EZ (APgz and AQgz) are controlled by the FLPID of P
and Q controllers, respectively. The active and reactive power deviations in the line 1-6
(AP and AQ) are used as the input signals of P and Q) controllers, respectively.

Figure 2(c) shows the hydrogen production model [26]. The block diagram of a power
to hydrogen transfer shows the rate of a hydrogen production by the absorbed power
from an EZ (Pgz) as well as the rate of a hydrogen usage for a power production by
an FC (Ppc). Here, the EZ absorbs the active and reactive powers from the system in
order to produce the hydrogen with the rate of 0.029 1/kWh. The produced hydrogen is
stored in the 500 litre hydrogen tank. The FC uses the hydrogen in the tank as the input
fuel and converts to the active and reactive power outputs with the rate of 0.061 1/kWh.
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The difference between a hydrogen production by an EZ and a hydrogen usage by an FC
becomes the remaining hydrogen in the tank.

In this study, the operating method of FC generators has two limitations. These lim-
itations are very important in reduction of a start-up and a shutdown of FC generators
since a voltage of FC drops due to its start-up and shutdown operations [26]. These two
limitations are given as follows.

i If the remaining amount of the hydrogen drops below 10% of a hydrogen tank capacity,
the FC stops. The FC continues to stop until the capacity of the hydrogen reaches
50%.

ii The generating rate of the FC (p) varies with the remaining fuel in the hydrogen tank.
The relation between the remaining fuel in hydrogen tank and the generating rate is
shown in Figure 2(d) [26].

For the FC model, it is represented by the constant power source model as shown in
Figure 2(e). The active and reactive power output commands (Prc and Qpc) of FC are
kept constant at 0.05 pu and 0 pu, respectively. From the limitation (ii), the actual
generating power of FC (Ppc and Qp¢) is represented by the product of the generating
rate and the output command of FC as

Prc = pPrc (1)
Qrc = pQrc

3. Proposed Optimized FLPID Controller. The main idea of fuzzy logic system was
introduced by Zadeh in 1965 [29], and first applied to control theory in 1974 by Mamdani
[30]. Based on these works, the fuzzy controllers have successfully been employed for
various applications [31-33]. One of most popular type of fuzzy logic control is the FLPID
controller as shown in Figure 3, because the FLPID is able to eliminate steady state error
and good performance during the transient state [34].

Figure 3 shows the proposed FLPID for P-QQ controllers of EZ. The input signal e is
the active power deviation in the line 1-6 for P controller or reactive power deviation in
the line 1-6 for (Q controller. The output signal of FLPID controller is given by

u:ay—i—ﬁ/ydt (2)

It has been shown in [22] that for the product — sum crisp type fuzzy controller, the
relation between the input and the output variables of the fuzzy logic controller can be
given as

y=A+ BE+ DFE' (3)
where £ = K.e and E' = Kye/. Therefore, from (2) and (3), the controller output is
obtained as

u= oA+ At + aK . Be + fK,De + fK.B / edt + aKy De® (4)
Integral
e » L, E'; v g +¥ 1
— r ’
SNER NS E;'Zm' — +
dt . . »l

Fuzzy logic

Derivative Controller

FiGUure 3. Block diagram of FLPID controller



6054 T. CHAIYATHAM AND I. NGAMROO

Thus, the equivalent control components of the FLPID type are obtained as follows:

e Proportional gain: oK. P + K D

o Integral gain: SK P

e Derivative gain: aKyD

In case of the design of FLPID controller, there are four tuning parameters of SFs
ie., K., K4, f and «. Besides, there are many tuning parameters of MFs and CRs.
Here, consider two shapes of MF| i.e., triangular and trapezoidal memberships which are
shown in Figure 4. A triangular membership is defined by three parameters, i.e., left base
(L), centre (C), and right base (R). For a trapezoidal membership, it is defined by four
parameters, i.e., left base (L), centre 1 (C}), centre 2 (Cy), and right base (R). Each MF is
composed of two trapezoidal memberships and five triangular memberships. Accordingly,
it has 23 (4 4+ 3+ 3+ 3+ 3+ 3 + 4 = 23) tuning parameters. The fuzzy logic controller
has two-inputs and one-output. Therefore, there are 69 (3 x 23 = 69) tuning parameters.

LN, LN, MN, SN Z, SP. MP. LP., LP,

LN, MN, LN, SN, MN, Z, SN, SP, Z, MP, SP, LP, MP, LP,

LN: large negative; MN: medium negative; SN: small negative;
Z: zero; SP: small positive; MP: medium positive;
LP: large positive.

FIGURE 4. The shape of membership functions
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FIGURE 5. Structure of control rules for fuzzy logic controller

The CRs for two-inputs and one-output fuzzy logic controller is represented by n rows
and 5 columns matrix as shown in Figure 5. When this idea is applied to the fuzzy logic
toolbox, n is the total number of relationships between all possible input pairs (for 7
MFs, n = 7% = 49). The third column in the control rule table is the linguistic variable
outputs. Generally, it is represented by a numeric symbol. The universe of discourse in
this study contains seven memberships. Consequently, the control rules are represented
by seven numbers (1to 7), 1: LN, 2: MN, 3: SN, 4: Z, 5: SP, 6: MP, and 7: LP. Note
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that there are 49 tuning parameters. Therefore, the total parameters for two-inputs and
one-output FLPID controller are 122 (4 + 69 + 49 = 122).

In the FLPID controller design, the important procedure is how to determine the SF's,
MFs, and CRs. In general, they are determined by the trial and error and designer’s expe-
riences. To overcome this problem, this study applies a BCO algorithm to automatically
determine the SFs, MFs and CRs.

)7
SN ‘Z SP

LN  MN MP LP
Inputl
£
P02 0B o661 o 00 o3 oz
Q<4 02 013 0064 » 0054 013 02
LN MN SN Az SP MP LP
Input 2
£
Par 15 I 05 0 0.5
Q<— 1 065 -033 , 033 065 1
LN v s Mz @ we LP
Output
v
—eull} T T T T T T -
P+ -006 004 002 0 002 004 006
Q ~+—-0005 -0.0033 -0.0016 00016 00033 0.005
(a) Membership functions
Inpuit2
LN MN SN VA SP MP LP
IN [P ILP P MP MP SP 7
MN MP MP MP SP  Z SN
_ SN LP MP SP Sp Z SN MN
15‘::__ 7z MP MP SP Z SN MN MN
Ss | MP SP Z SN SN MN 1IN
MP SP Z SN MN MN MN LN
LP Z SN MN WMN IN IN 1IN

(b) Control rules
FiGURE 6. P and Q) controllers design of EZ with a conventional FLPID

Figure 6 shows the MF's and CRs before optimization of the conventional FLPID. Three
MFs with two-input and one-output of the FLPID are depicted in Figure 6(a). For the
case of two-input and one-output, the CRs can be depicted graphically in Figure 6(b),
where every cell shows the output MF of a CR with two input MFs. The CRs are built
from the statement: if input 1 and input 2 then output 1. For example, consider the
third row and forth column in Figure 6(b), that means: if £ is SN and E’ is Z, then u
is SP. The FLPID controller which uses the MFs and the CRs as shown in Figure 6, is
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referred to as the “Conventional FLPID controller”. Note that only the SFs are tuned
for conventional FLPID. On the other hand, for the proposed controller which is referred
to as the “Optimal FLPID controller”, the SFs, MFs, and CRs are automatically tuned.

The optimization problem for optimal PID, conventional FLPID and optimal FLPID
controllers is formulated based on the minimization of the integral absolute error (IAE)
of the line power deviations as,

Minimize TAE — / (IAP()] + |AQ(1)]) dt (5)

0

This optimization problem is solved by BCO.

4. Bee Colony Optimization. The BCO algorithm mimics the food foraging behaviour
of swarms of honey bees [23]. Honey bees use several mechanisms like waggle dance to
optimally locate food sources and search new ones. This makes them a good candidate for
developing new intelligent search algorithms. It is a very simple, robust and population
based stochastic optimization algorithm. The procedure of the BCO algorithm for tuning
FLPID parameters as shown in Figure 7 can be described as below:

Step 1: Generate randomly the initial populations of n scout bees for the parameters of
SF, MF, and CR. These initial populations must be feasible candidate solutions
that satisfy the constraints. Set NC' = 0.

Step 2: Represent the value of SF, MF, and CR from each population.

Step 3: Evaluate the fitness value of the initial populations by (5).

Step 4: Select m best sites for neighborhood search. Separated the m best sites to two
groups, the first group has e best sites and another group has m — e best sites.

Step 5: Determine the size of neighborhood search of each best size (patch size, ngh).

Step 6: Recruit bees of ne employed bees for selected sites (more bees for the best e
sites).

Step 7: Represent the value of SF, MF, and CR from each employed bee.

Step 8: Select the fittest bees from each patch.

Step 9: Check the stopping criterion. If satisfied, terminate the search, else NC' =
NC +1.

Step 10: Assign the n — m remaining bees to random search. Go to Step 2.

where ns is number of scout bee, NC' is number of iteration, m is number of sites selected
for neighborhood search, e is number of best “elite” sites out of m selected sites and ne
is number of employed bee.

The motivation of the practical use of the theoretic results obtained from the proposed
method is the automatic optimization of SFs, MFs, and CRs for the FLPID controller by
BCO. Without trial and error and designer’s experience, the optimal FLPID controller
can be automatically tuned. In addition, the proposed method can be practically applied
in industrial systems such as a fuzzy control design in a tunnel lighting system [35], a fuzzy
control design in a wire transport system of wire electrical discharge machining machine
[36], a fuzzy control design in a fuel-cell hybrid tramway [37], and a fuzzy control design
for a gas engine driven heat pump [38] etc. The application of the proposed method to
these practical systems not only considerably simplifies the fuzzy control design, but also
significantly enhances the control effect.

However, the deficiency of the proposed technique is that the trained parameters ob-
tained from some case studies cannot guarantee the control effect of the designed FLPID
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FiGURE 7. Procedure of BCO algorithm for tuning FLPID parameters

controller. The control effect of FLPID may be deteriorated when the control signal in-
put differs from the trained data. To overcome this problem, the parameters of FLPID
controller should be designed by several trained data of many case studies.

5. Simulation Study. To show the superior effect of the EZ with an optimal FLPID
controller, the following controllers are designed individually for comparison studies.

1) The EZ with an optimal PID controller.
2) The EZ with a conventional FLPID controller.
3) The EZ with an optimal FLPID controller.

In the optimization of EZ with each controller, it is supposed that the WP and PV with
180 s in Figure 8 are applied to the MG. Note that the trained parameters obtained by
180 s of the simulation period (short-term) can be applied to the long-term optimization.
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Although the optimization with long-term provides better result than that with short-
term, it takes longer time in the optimization. If the data of short-term and long-term
are not much different, the short-term data is preferable. Here, the constant parameters
in BCO are set as follows: ns = 100, ne = 10, m = 10, e = 4, ngh = 30% and NC' = 100.
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As a result, the convergence curves of the EZ with an optimal PID, the EZ with a
conventional FLPID, and the EZ with an optimal FLPID are shown in Figure 9. They
start at the different initial values and gradually decrease to the minimum values. Besides,
the MF and CR of P and Q controllers of EZ are delineated in Figures 10 and 11,
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respectively. For example of the MF before and after optimizations in Figure 10(a), the
left base value, the centre value, and the right base value of the optimized membership
Z have been moved from —0.064, 0, 0.064 to —0.035, 0, 0.046, respectively. For example
of the CR before and after optimizations, the encircled rule “LP” before optimization in
Figure 6(b) has been changed to the encircled “MP” after optimization in Figures 10(b)
and 11(b). The optimized parameters of P and @ controllers of EZ can be automatically
achieved as in Tables 2 and 3, respectively. Besides, the PID control parameters of EZ
are obtained by the same proposed method as shown in Table 4.

——————— Before optimization

A fter optunization

/i N N N N
o2 -015 -0.1 X0 & k01 015 02
-0.084 -0035 0.048 0084

005 -004  -002 O 00z 004 006 T
(a) Membership functions

Input2
IN MN SN Z SP MP LP

IN|IP LP MP MP SP SP Z
MN MP MP SP SP 7

SN| MP SPSPSP 7 SN SN
MP SP Z Z SN SN MN
sp | MP Sp 7 SN SN MN MN
MP| SP Z SN SN MN MN MN
P| Z SN SN SN MN MN LN

Inputl
N

(b) Control rules
FI1GURE 10. P controller design of the proposed EZ with an optimal FLPID

Nonlinear simulations are carried out for four case studies.
Case 1: The MG is operated under power generations from WP and PV in Figure 8.
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F1GURE 11. Q controller design of the proposed EZ with an optimal FLPID

TABLE 2. Control parameters of P controller

Controller K, Ky 15} o MF CR
Conventional FLPID | 0.7294 | 0.518 | 0.4623 | 0.3761 | Figure 6(a) | Figure 6(b)
Optimal FLPID | 0.7783 | 0.881 | 0.6821 | 0.2275 | Figure 10(a) | Figure 10(b)

TABLE 3. Control parameters of QQ controller

Controller K, K, I6; Qo MF CR
Conventional FLPID | 1.047 | 0.625 | 1.1328 | 0.1196 | Figure 6(a) | Figure 6(b)
Optimal FLPID | 0.983 | 0.869 | 1.0616 | 0.1504 | Figure 11(a) | Figure 11(b)




BCO BASED-FUZZY LOGIC-PID CONTROL DESIGN OF EZ FOR MG STABILIZATION 6061

TABLE 4. PID control parameters of P and Q controllers

Controller Kp K; Kp
P Controller | 0.357 | 0.056 | 0.052
Q Controller | 0.195 | 0.042 | 0.049

Simulation results for 2,000 s are depicted in Figure 12. As shown in Figures 12(a) and
12(b), without EZ controller, the active and reactive power flows in the lines 1-6 severely
fluctuate. On the other hand, the EZs with an optimal PID, conventional FLPID and
optimal PID are able to alleviate the power fluctuation effectively. Nevertheless, the EZ
with an optimal FLPID provides better damping effect than EZ with conventional FLPID
or optimal PID. The absorbed active and reactive powers of EZ are demonstrated in Fig-
ures 12(c) and 12(d), respectively. The power absorbed by the EZ with an optimal FLPID
is higher than that of the EZ with conventional FLPID or optimal PID. Accordingly, the
active and reactive power fluctuations in the line 1-6 in case of the EZ with an optimal
FLPID are lower than those of the EZ with conventional FLPID or optimal PID.

Case 2: Assume that the power generations from WP and PV in Figure 8 decrease by
50%. At t = 0.5 s, the active power of load suddenly increases from 0.6 pu to 0.8 pu.

Simulation results of active and reactive power deviations in the line 1-6 are shown
in Figures 13(a) and 13(b), respectively. In comparison to the EZ with a conventional
FLPID or optimal PID, the EZ with an optimal FLPID shows better stabilizing effect.

Case 3: Assume that the power generations from WP and PV in Figure 8 decrease by
50% while the random step load occurs as shown in Figure 14(a).

Simulation results of active and reactive power fluctuations in the line 1-6 are shown
in Figures 14(b) and 14(c), respectively. The EZ with a conventional FLPID is very
sensitive to the disturbances. The power oscillations are higher and very severe. On the
contrary, the proposed EZ with an optimal FLPID is robustly capable of damping the
power oscillations.

Case 4: Assume that the power generations from WP and PV in Figure 8 decrease
by 35%. The three phase fault to ground occurs at ¢ = 0.5 s for 70 ms and is cleared
naturally.

Simulation results of active and reactive power fluctuations in the line 1-6 are depicted
in Figure 15(a) and 15(b), respectively. It can be observed that the stabilizing effect of
the EZ with a conventional FLPID is considerably deteriorated by the three-phase fault.
The damping of power oscillation is very poor. On the other hand, the proposed EZ with
an optimal FLPID can tolerate this severe disturbance. It is able to damp out power
oscillations robustly.

6. Conclusion. The BCO-based optimal FLPID control design of EZ for stabilization
of power fluctuation in a stand-alone MG has been presented in this paper. The active
and reactive power controllers of EZ are optimized by the proposed design.

The unique features and the main advantages which make the proposed BCO based
FLPID superior over other fuzzy control approaches can be summarized as follows.

1) Without trial and error, all adjusting parameters of the FLPID controller, i.e. SCs,
MFs, and CRs are automatically and simultaneously optimized by a BCO. As a result,
the optimal FLPID controller can be guaranteed.

2) The designed FLPID controller is very effective and robust because it can deal with
various disturbances and system uncertainties such as various loading conditions and
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severe faults etc. The superior effectiveness and robustness of the proposed FLPID con-
troller in comparison with the conventional FLPID controller and optimal PID controller
have been confirmed by various case studies.

The convincing and practical examples of the proposed techniques to demonstrate the
advantages and effectiveness are given as follows:

1) Load frequency control of hydro-electrical power plants [39].

2) Intelligent control of elevator systems [40].

3) Energy saving for multi-unit room air-conditioners [41].

4) The control of weld line positions in injection-molded part [42].
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