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A self-tuning PID-based electrolyzer by optimal fuzzy gain scheduling for

microgrid stabilization
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Research Title: A self-tuning PID-based electrolyzer by optimal fuzzy gain scheduling for microgrid

stabilization

ABSTRACT

This research presents the alleviation of power fluctuation by the electrolyzer (EZ) in a stand-
alone microgrid (MG) with hybrid power generations from wind, photovoltaic, fuel cell, and diesel engine.
In this MG, the intermittent power generations from wind and photovoltaic cause the severe power
fluctuation. With the fast response of EZ, the power absorbed by EZ can be controlled to compensate for
power oscillation, in addition to the hydrogen production for fuel cell. The structure of active and reactive
power controllers of EZ is the fuzzy gain scheduling of proportional-integral-derivative (FGS-PID)
controller. Without trial and error, the scale factors, the membership functions, and the control rules of the
FGS-PID controller are automatically optimized by bee colony optimization. Simulation study confirms
that the proposed EZ with optimal FGS-PID controller is much superior to the optimal PID controller in

terms of damping effect and robustness against disturbances.

Keywords : . Elcctrolyzer, Microgrid, Fuzzy Gain Scheduling of Proportional-Intcgral-Derivative controller, bee colony

optimization
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Alleviation of Power Fluctuation in a Microgrid by Electrolyzer based on
Optimal Fuzzy Gain Scheduling PID Control

Theerawut Chaiyatham* 2 » Non-member,

Issarachai Ngamroo ™, Non-member

(Manuscript received Dec. 03, 2012, revised May 22, 2013)

This paper presents an application of electrolyzer (EZ) to alleviate the power fluctuation in a microgrid with hybrid power
generations from wind, photovoltaic, fuel cell, and diesel engine. In this microgrid, the intermittent power generations from wind
and photovoltaic cause the severe power fluctuation. With the fast response of EZ, the power absorbed by EZ can be controlled to
compensate for power fluctuation, in addition to the hydrogen production for fuel cell, The structure of active and reactive power
controllers of EZ is the fuzzy gain scheduling of proportional-integral-derivative (FGS-PID) controller. Without trial and error,
the scale factors, the membership functions, and the control rules of the FGS-PID controller are automatically optimized by bee
colony optimization. Simulation study confirms-that the proposed EZ with optimal FGS-PID controller is much superior to the
optimal PID controller in terms of damping effect, robustness against disturbances and hydrogen production.

Keywords : Electrolyzer, microgrid, fuzzy gain scheduling, bee colony optimization.

1. Introduction

Recently, a microgrid is expected as a smart alternative solution
for solving the technical, economical and environmental issues of
the conventional power system. Since the microgrid can generate
and supply power to load in its local area, the capital investment
for construction of the power system can be reduced. In addition;
supporting voltages, reducing power loss etc., can be provided by
the microgrid'”. The microgrid is the cluster of the distributed
generation with renewable energy resources and/or ‘conventional
generating units and loads™®. At present, there are many microgrid
projects around the world such as the Aichi, Kyotango and
Hachinohe microgrid projects in Japan®, the Consortium  for
Electric Reliability Technology Solutions project in the United
States, and The Kythnos Island microgrid in Greece @ ete.

For the power sources in the microgrid, the renewable energy
sources such as wind power, photovoeltaic, fuel cell- with
electrolyzer (EZ) etc., have been paid much attentions, since these
sources are inexhaustible, environmental friendly, clean and no
CO2 emission . These renewable energy sources can be operated
together or with the conventional power sources such as diesel or
gas turbine generator etc. Nevertheless, the power generations
from wind power and photovoltaic are variable because the solar
and wind energy are intermittent in nature!®. These cause the
power unbalance in generation and load!”, and results in the
severe power fluctuation in the microgrid®®. To suppress the
power fluctuation, several methods have been proposed in
previous works. Tn!', an automation system for controlling the
electric energy flows in the stand-alone renewable energy supply
has been presented. The superconducting magnetic energy storage
has been applied to stabilize power fluctuation in the
interconnected power system®'". In‘'?, the smart energy storage

a) Corrcspondence to: Thecrawut Chaiyatham. E-mail:
t.chaiyatham@hotmail.com
*{"School of Electrical Engineering; Faculty of Engineering, King
Mongkut’s Institute of Technology Ladkrabang, Chalongkrung Rd.
Bangkok, Thailand, 10520.

©200@ The Institutc of Electrical Engincers of Japan.

system has been applied to control power dispatching from the
wind generation. Besides, The composite energy storage system
and ultracapacitor have been used 1o stabilize the power
fluctuation in a microgrid!'?,

Among the stabilizing devices, the EZ equipped with fuel cell
has been paid attentions recently. In addition to the hydrogen
production for fuel cell input, the EZ can be used as the
controllable load. In"'Y, the EZ has been proposed to control grid
frequency and voltage for remote power system stabilization.
Besides, the EZ has been applied to increase the load factor to the
maximum level of 100 % at high wind penetrations'®. Moreover,
the power absorbed by EZ can be rapidly controlled to compensate
for power fluctuation in the microgrid. As proposed in!'®, the EZ
has been successfully applied to enhance the control effect of
microturbine for robust frequency stabilization in the microgrid.
Nevertheless, this proposed robust fixed structure Hoo controller
design of EZ has been developed and evaluated in the linearized
model under the occurrence of small disturbances. To show the
significant control effect of EZ, more studies based on nonlinear
system model with large disturbances and various operating
conditions should be carried out. .

This paper applies the EZ which has been located in the
microgrid, as the contrellable load to alleviate the power
fluctuation. With the fast dynamic response, the EZ can be
adopted to rapidly absorb power fluctuation from wind power and
photovoltaic. To perform satisfactory control of EZ, the optimal
design of fuzzy gain scheduling of PID (FGS-PID) controfler!'?
for- EZ is presented. In addition, the scale factors (SF),
membership functions (MF), and control rules (CR) of the optimal
FGS-PID control are automatically tuned by bee colony
optimization®. Simulation study is carried out in the nonlinear
model. The proposed EZ with optimal FGS-PID controller not
only shows superior damping effect and robustness than the EZ .
with optimal PID controller under various operating_conditions
and large| | disturbances; 'but “also/| provides more . hydrogen
production.
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2. Study system and modeling
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Fig. I. A microgrid.

A single line diagram of a microgrid"'?” is depicted in Fig. 1.The
microgrid is interconnected to the utility grid. The microgrid
consists of 20 MVA diesel generator, 5 MW wind power, I MW
photovoltaic, 4 MW EZ, 3 MW fuel cell and 10+2 MVA load.
The system base power is 20 MW. The diesel generator is
represented by a 3"-order synchronous generator model®®. It is
equipped with a simplified 1%-order model of -exciter and
governor®™. The Joad model with constant P-Q characteristic is
used. The wind power and photovoltaic models are represented by
the random power source!'®. The intermittent power generation
from wind power and photovoltaic causes power fluctuation in the
microgrid.
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Fig. 2. Microgrid modeling.

Fig.2 (a) depicts the simplified model of microgrid where Ppg
and Opg are active and reactive power output of diesel generator,
respectively. Pyp is wind power output. Py, and Oz are absorbed
active and reactive power of EZ, respectively. APg; and AQgz are
deviation of absorbed active and reactive power of EZ,
respectively. The EZ absorbs the active and reactive power from
the system in order to produce the hydrogen with the rate of 0.029
V/kWh. The produced hydrogen is stored in the 500 liters hydrogen
tank. The fuel cell 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 (/kWh). The control design objective is to alleviate the
line power fluctuation by FGS-PID based-active and reactive
controllers (P and @ controllers) of EZ. The EZ equipped with
power controllers, fuel cell, and hydrogen production model are
demonstrated in Fig. 2(b), (c) and (d), respectively®",

In this study, the operating method of fuel cell generators has
two limitations. These limitations are very important in reduction
of a startup and a shutdown of fuel cell generators since a voltage
of fuel cell drops due to its startup and shutting-down
operations®®"). These two limitations are given as follows.

i) If the remaining amount of the hydrogen drops below 10 %
of the hydrogen tank capacity, the fuel cell stops. These fuel cells
coutinue to stop until the capacity of the hydrogen reaches 50 %

ii) The generating rate of the fuel cell varies p with the
remaining fuel in the hydrogen tank. The relation between the
remaining fuel in hydrogen tank and the generating rate is shown'
in Fig.2 (e).

From the limitation (ii), the actual generating power of fuel cell
is represented by the product of the generating rate and the output
command of fuel cell as, '

Fre=pPrc
- Ore=pQrc

Where Pr and Orcare active and reactive power output of fuel
cell, respectively. Prcand QOprc are ‘active and reactive power
command output of fuel cell, respectively. p is the power
generating rate of fuel cell. In the EZ model, Kz and Tgare set at
6.6 and 0.2, respectively.

3. Proposed FGS-PID controller

.b-_ Fuzzy Gain F‘ :
r Scheduler

()

i

|
e _i uppp (1)
——c—s PID Controller |————
Input Output

—
Fig. 3. Schematic of FGS-PID controller.

Kpp

d].e Kpr

1
x Koo —HIE1

t ) -
iScale factors] Fuzzy logic

Figure 4. Block diagram of fuzzy gain scheduler.

It is well-known that, a PID controller is the most widely used
in the modern industry due to its simple and practical structure.
The control signal of a classical PID controller can be expressed in
the time domain as

de(?)

Upp(t) = Kpe(t) + K, J' eyt + Kp =2 ' @
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where eft) is the input control signal of controller. wpp(t)
is the control signal for the system. Kp, K; and Kj, are the
proportional, integral and derivative gains, respectively.

However, the classical PID controlter does not yield reasonable
performance over a wide range of operating conditions because of
fixed gains. This is the reason that the fuzzy logic is used to tune
the PID parameters. From (2), the coefficients Kp, K; and K, of
PID controller are tuned on-line by the knowledge base and fuzzy
interface of the fuzzy gain scheduler. Then the classical PID
controller generates the control signal to the system. Accordingly,
the detailed FGS-PID controller can be clearly shown in Fig. 3.

— The inputs of fuzzy gain scheduler are the current absolute error
(IE[) and the current absolute derivative error (|E’|) as shown in
Fig. 4. The outputs are the normalized value of proportional
operation (Kpr), integral operation (K;r) and derivative operation
(Kpr). Note that the fuzzy gain scheduler consists of two inputs
and three outputs. For the input part, £ and £ are given by

E=eKg (3)
E'=¢K, (4)
where K;-, and Kj; are the scale factors of fuzzy gain scheduler,
e’ is the time derivative of e.
Here, the fuzzy gain scheduler is based on the fuzzy singleton.

The parameters of Kpr, Kjr and Kpy are determined by a set of
control rules of fuzzy gain scheduler as

f inputlis Fand input2is G,then K, =H,K,, =1,K,, =J (5)

where £ G H, | and J are the fuzzy set on the corresponding
supporting sets. The MFs of these fuzzy sets for input and output
are shown in Fig. 5, where y is the grade of each membership.

o H
2 s M L S M L
/ [
, Inputl 0 Max
’ . M
S M L
- l l I Kir
2 s M L 0 Max .
’ H
. Input2 S M L
: P e
0 v Max
() luput (b) Output

Fig. 5. MFs for input and output of fuzzy gain scheduler.

By using the MFs in Fig. 5, the outputs of Kps, Kjr and Kpr are
defined by defuzzification rule as®®®

NR
Zwi Kpe, .
Kpp = = NR ) (©

Ky =+ MR )
W, .
i=t
NR
Zwi Kor,
Kpp =g ®)
Wi :

where Kpg;, Kjp; and Kpg; are values of Kpr, Kip and Kpr
respectively, which correspond to the grade y; for the i" rule. NR
is number of control rule. w; is weights that can be calculated as
the product of membership values of inputs being fuzzified.

Through the fuzzy knowledge, the new PID parameters of the
FGS-PID controller, which are tuned on line, can be established
by the following equations:

Kp=KpeKpp )]
K =Kic Ky (10
Kp=KpcKpp (1)

where Kpe, Kje and Kj¢ are the proportional, integral and
derivative gains of the classical PTD controller that are designed in
the system, respectively.

The MFs of inputl and input2 are indicated in Fig. 5(a). Each
input consists of three triangular memberships and one trapezoidal
membership. Each output of the fuzzy gain scheduler includes
three constant memberships that are S (Small), M (Medium) and
L (Large).

In the FGS-PID controller design, the important procedure is
how to determine the scale factors, membership functions and
control rules. In general, they are determined by the trial and error
or designer’s experiences. To overcome this problem, this study
applies a bee colony optimization to automatically determine the
scale factors, membership functions and control rules.

4. Bee colony optimization

The bee colony optimization (BCO) algorithm mimics the food
foraging behavior of swarms of honey bees"®. Honey bees use
several mechanisms like waggle dance to optimally locate food
sources and to 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 bee colony optimization is given as below:

Step I: Generate randomly the initial populations of n scout
bees. These initial populations must be feasible candidate
solutions that satisfy the constraints. Set NC = 0.

Step 2: Evaluate the fitness value of the initial populations.

Step 3: Select m best sites for neighborhood search.

Step 4: Separated the m best sites to two groups, the first group
has eb best sites and another group has m-eb best sites.

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

Step 6: Recruit bees for selected sites (more bees for the best eb
sites).

Step 7: Select the fittest bees from each patch.

Step 8: Check the stopping criterion. If satisfied, terminate the
search, else NC = NC+].

Step 9: Assign the n-m remaining bees to random search.

Step 10: New population of scout bees. Go to Step 2.

Where s is number of scout bee, NC is number of iteration, m
is number of sites selected for neighbourhood search, eb is number
of best “elite” sites out of m selected sites and ne is number of
employed bee.
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5. Simulation study

To show superior effect of proposed method, the following
controllers are applied for comparison study:

“no controller” means the EZ without P-Q controller. As a
result, the absorbed power of EZ is set to be constant.

“optimal PID controller” means the EZ equipped with P and Q
controllers which are designed based on an optimal PID controller.
Here, this optimal PID controller is referred to as the conventional
PID which is widely used in industry due to practical controller
structure, less parameters setting, and high control performance
etc.

The PID parameters of the optimal PID controller are optimized
by the same optimization problem of the proposed optimal
FGS-PID controller as

Minimize 1AE=f(|AP(:)|+|AQ(z)[)d: (12)
0

where AP and AQ are active and reactive power deviations
which flow to the interconnected grid as shown in Fig.i. AP and
AQ can be calculated by the difference between generation power
and load power as

AP=F .4 B - Pines
AQ= Qum + QLm: - Qbrlc3

where Prinet, Priners Prindgs Qviners Quiness Oines are active and
reactive power flows in linel, line2 and line3, respectively. Note
that P;;,.; and Qy;,.; are constant due to the load with constant P
and Q. This optimization problem is solved by BCO. Here, the
parameters in BCO are set as follows: # =100, m = 10, eb = 4, ngh
=30% and NC = 100.

Normally, the fluctuation of wind power and photovoltaic
power are based on the wind speed and ‘insolation change,
respectively. Here, it is supposed that the sampling time of wind
power and photovoltaic power for 180 s in Fig. 6, are 0.5 and 2 s
respectively'”. Note that the trained parameters obtained in 180§
of the short simulation period (short-term) and the simplified
model can be applied instead of those in the long simulation
period (long-term). 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 are preferable.
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Fig. 6. Wind power and photovoltaic output.

In P-Q control, there are error factors that affect the control
performance as follows. First, the lags of the control signal may
cause) the, delay| for power compensation of; the controlier; When
the fast disturbance such as severe fault occurs in the system, the

P-Q control may not be able to respond and handle such fault in
time. Next, the power capacity of EZ also determines the ability of
P-Q control. When the capacity of EZ is less than the magnitude
of power fluctuation, the P-Q control effect may be deteriorated.
In addition, the performance of controller is one of important
issue.

Generally, the controller with adaptive gain provides the control
effect greater than controller with fixed gain. As a result, the
convergence curves of the EZ with both optimal PID and optimal
FGS-PID controllers are shown in Fig. 7. They start at the
different initial values and gradually decrease to the minimum
values. Note that, the optimal FGS-PID controller gives the
minimum value less than he optimal PID controller. Moreover,
the optimal result of FGS-PID controller is found at 28" iteration
and no better result is found after this iteration.

The designed control parameters of P and Q controllers of EZ
are demonstrated in Tables | and 2, respectively. The optimized
membership functions and control rules of P and Q controllers of
EZ are shown in Figs. 8, 9,.10-and 11, respectively.
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Fig. 7. Convergence curve.

Table 1. PID.control parameters of P and Q Controllers.
Kpc Kig Kpc

P Controfter/ | 5.701 1.82 | 0.0166

© Controller | 0.0257 | 0.0032 | 0.001

Table 2. FGS-PID control parameters of P and Q Controllers.

K, Ks> MFs CRs
P Controller | 1.6896 | 1.2910 Fig.8 Fig.9
0O Conoller | 11471 | 0.9982 Fig 10 Fig 11
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(x.) Input membership functions. (b) Output membership functions.
Fig. 8. Optimized MFs for input and output of P controller.
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Fig. 9. Optimized control rules of P controller.
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Fig. 10. Optimized MFs for input and output of O controller.
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Fig. 11. Optimized control rules of Q controller.

Nonlinear simulations are carried out under four case studies.

Case 1: The microgrid is operated under the power generations
from wind power and photovoltaic as shown in Fig. 6.

Simulation results for 2,000 s are depicted in Fig. 12 As shown
in Fig. 12 (a), without EZ controller, the line power.severely
fluctuates. On the other hand, the EZ with optimal PID.controlter
or FGS-PID controller is able to alleviate the power fluctuation.
Nevertheless, the EZ with optimal FGS-PID controller provides
better damping effect than that with optimal PID controller. Figs.
12 (b), (c) and (d) show the hydrogen production by EZ, the
hydrogen used for power generation by ‘fuel cell, and the
remaining hydrogen in the tank, respectively. Clearly, the EZ with
optimal FGS-PID controller provides more hydrogen' production
and remaining hydrogen in the tank than that with optimal PID
controller with the same hydrogen usage by fuel cell for power
generation. This implies the economical merit of the proposed EZ
with optimal FGS-PID controller. )

Case 2: Assume that the power generations from wind power
and photovoltaic in Fig. 6 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 are
shown in Figs. 13 (a) and (b), respectively. In comparison to the
EZ with optimal PID controller, the EZ with optimal FGS-PID
controller shows better stabilizing effect. _

Case 3: Assume that the power generations from wind power
and photovoltaic in Fig. 6 decrease by 50 % while the random step
load occurs as shown in Fig. 14 (a).

Simulation result of active power fluctuation is shown in Fig.
14 (b). The EZ with optimal PID controller is sensitive to the
disturbances.. On the contrary, the \proposed- EZ with -optimal
FGS-PID "controller' is ' robustly' capablé 'of damping’the power

oscillation.
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Fig. 12. Simulation results in case 1.
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Case 4: Assume that the power generations from wind power
and photovoltaic in Fig.6 decrease by 35 %. The three phase fault
to ground occurs at busl at ¢ = 0.5 s for 70 ms and is cleared
naturally.

Simulation results of active and reactive power deviations are
depicted in Figs.15 (a) and (b), respectively. It can be observed
that the stabilizing effect of the EZ with optimal PID controller is
considerably deteriorated by the three-phase fault. The damping
effect of the EZ with optimal PID controller is very poor. On the
other hand, the proposed EZ with optimal FGS-PID controller can
tolerate this severe disturbance. It is able to damp out power
oscillation robustly.

6. Conclusion

This paper proposes the smart control of EZ for alleviation of
power fluctuation in a microgrid. In addition to the hydrogen
production for fuel cell, the power absorbed by EZ is quickly
controlled to compensate for power fluctuation. The active and
reactive power controllers of EZ are designed based on the
optimized FGS-PID control. Without trial and error or designer’s
experience, the scale factors, membership functions and control
rules of the EZ with optimal FGS-PID controller are automatically
optimized by the bee colony optimization. Simulation results
confirm that the stabilizing effect and robustness of the proposed
EZ with optimal FGS-PID controller are much superior to those of
the EZ"with optimal PID controller. Besides, the proposed EZ
shows the economical benefit of hydrogen production.

In addition, the proposed method can be applied to design P-Q
controllers of a storage battery. As an example, the authors have
used the proposed method to design P-Q controllers of ‘the
superconducting” magnetic” energy storage (SMES) for power

IEEJ Trans. 0@, Vol.0®, No.®, 00 ©@



Alleviation of Power Fluctuation by Electrolyzer (Theerawut Chaiyatham and Issarachai Ngamroo)

system stabilization'”. Since the P-Q control of SMES and
storage battery are based on the inverter control, the proposed
method can be applied.
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