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The polymer electrolyte membrane fuel cell (PEM) fed basic series positive super voltage lift luo
converter reached optimum current and voltage values under nominal and different operating
conditions using an interval type-2 takagi-sugeno-kang (TSK) fuzzy controller in this study. / Bu
calismada polimer elektrolit membran (PEM) yakit pilinden beslenen temel seri pozitif siiper
gerilim yiikseltmeli \U0 doniistiiriicii aralikli tip-2 takagi-sugeno-kang (TSK) bulanik denetleyici
kullamilarak nominal ve farkli ¢alisma kosullart altinda optimum akim ve gerilim degerlerine
ulagnugstir.
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Figure A: The interval type-2 TSK fuzzy controller and PEM fuel cell fed basic series positive
super voltage lift luo converter /Sekil A: PEM yakit hiicresi beslemeli temel seri pozitif siiper
gerilim yiikseltmeli luo déniistiiriicii ve aralikli tip-2 TSK bulanik denetleyici

Highlights (Onemli noktalar)
»  Efficient power transfer to the load. / Yiike verimli gii¢ aktarim
» Durable performance under nominal and different operating structures. / Nominal ve
farkly calisma kosullar: altinda dayanikl performans
» Improvement average settling time of control system by 22.335% compared to the type-1
TSK fuzzy controller. / Tip-1 TSK bulanik denetleyiciye gére denetim sisteminin ortalama
yerlesme siiresinin %22.335 iyilestirilmesi

Aim (Amag): The present study aims to control output voltage of PEM fed basic series positive
super voltage lift luo converter via interval type-2 TSK fuzzy logic. /Bu ¢aliyma PEM beslemeli
temel seri pozitif stiper gerilim yiikseltmeli luo doniistiiviiciiniin aralikly tip-2 TSK bulanik mantik
ile ¢ikis gerilimini denetlemeyi amaglamaktadir.

Originality (Ozgiinliik): The control of the output voltage of the PEM fed basic series positive
super voltage lift luo converter has been performed for the first time via interval type-2 TSK fuzzy
logic./ PEM beslemeli temel seri pozitif siiper gerilim yiikseltmeli luo doniistiiriiciiniin ¢ikis
geriliminin denetimi aralikl tip-2 TSK bulanik mantik ile ilk defa gerceklestirilmistir.

Results (Bulgular): Interval type-2 TSK fuzzy controller improved average settling time of system
22.335% compared to the type-1 TSK fuzzy controller./ Aralikli tip-2 TSK bulanik denetleyici
sistemin ortalama yerlesme siiresini tip-1 TSK bulanik denetleyiciye gore 22,335% iyilestirmistir.

Conclusion (Senug): The interval type-2 fuzzy controller provided a stable performance. / Aralikl:
tip-2 TSK bulanik denetleyici kararl bir ¢alisma saglamistir.
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Abstract

An eco-friendly and renewable energy source, Polymer Electrolyte Membrane (PEM) fuel cells
offer various advantages such as stability and efficiency. The present study aims to control output
voltage of PEM fed basic series positive super voltage lift luo (PSVLL) converter. The model,
which consists of a fuel cell and a basic series PSVLL converter, was designed in
Matlab/Simulink simulation environment. The control of the PSVLL converter output voltage
was performed using an interval type-2 takagi-sugeno-kang fuzzy logic (IT2TSKFL) and type-1
takagi-sugeno-kang fuzzy logic (TLITSKFL) controllers comparatively. The simulation study
results demonstrated that the PEM fuel cell fed basic series PSVLL converter reached optimal
current and voltage values with IT2TSKFL under nominal and different operating conditions.
Moreover, IT2TSKFL improved average settling time of control system by 22.335% compared
to TITSKFL controller.

Polimer Elektrolit Membran Yakit Pili Beslemeli Temel Seri Pozitif Siiper
Gerilim Yiikseltmeli Luo Doniistiiriiciiniin Aralikh Tip-2 Bulamk Mantik
Kullanilarak Denetimi

Makale Bilgisi

Oz

Arastirma makalesi
Basvuru: 07/02/2024
Diizeltme: 08/03/2024
Kabul: 27/03/2024

Anahtar Kelimeler

Temel Seri Pozitif Siiper
Gerilim Yiikseltmeli
Déniistiiriicii

PEM Yakat Pili

Aralikh Tip-2 Bulanik
Mantik

Cevre dostu ve yenilenebilir bir enerji kaynagi olan Polimer Elektrolit Membran (PEM) yakit
hiicreleri kararlilik ve verimlilik gibi ¢esitli avantajlar sunmaktadir. Bu ¢alisma, PEM yakit pili
beslemeli temel seri pozitif siiper gerilim yiikseltmeli luo (PVLL) doniistiiriiciiniin ¢ikis
gerilimini denetlemeyi amaglamaktadir. Bir yakit hiicresi ve bir temel seri PSVLL
doniistiiriiciiden olusan model Matlab/Simulink benzetim ortaminda tasarlanmistir. PSVLL
donistiirictiniin ¢ikig geriliminin denetimi karsilagtirmali olarak aralikli tip-2 takagi-sugeno-
kang bulanik mantik (IT2TSKFL) ve tip-1 bulanik mantik (T1FL) denetleyiciler kullanilarak
gerceklestirilmistir. Benzetim ¢aligmasi sonuglart PEM yakit hiicresinden beslenen temel seri
PSVLL déniistiiriictiniin nominal ve farkli calisma kosullar altinda IT2TSKFL ile optimum akim
ve gerilim degerlerine ulagsmigtir. Ayrica IT2TSKFL denetim sisteminin ortalama yerlesme
stiresini TITSKFL denetleyiciye kiyasla % 22.335 oraninda iyilestirmistir.

1. INTRODUCTION (GiRris)

Polymer electrolyte membrane (PEM) fuel cell has
benefits such as low operating temperature, high
power density, low weight and eco-friendly nature
[1-3]. Due to these benefits, PEM fuel cells are
considered as one of the promising clean energy
conversion systems of the future [4-5]. In today’s
world, the number of studies on power electronics

circuit structures are increasing day by day for
highly efficient renewable energy sources. As fuel
and photovoltaic cells are among renewable energy
sources with a low output voltage, it is vital to
increase output voltage via series and parallel
circuits. However, this is likely to increase structure
size and cost when greater energy is required. In this
sense, many different power electronics have been

*Corresponding author, e-mail: rcakiroglu@gazi.edu.tr

DOI: 10.29109/gujsc.1433379


https://orcid.org/0000-0002-6487-6066
https://orcid.org/0009-0006-8748-9532

Soyisim1, Soyisim2 / GU J Sci, Part C, 10(1):76-81(2022)

developed such as direct current-direct current (DC-
DC) and isolated/non-isolated converters (Flyback,
Cuk, Sepic, Zeta, Buck, Boost, Buck and Boost, and
Luo) to manage the output voltage of cell fuels,
photovoltaic panels and other renewable energy
sources in various high energy applications [6-8].
Among the power electronics converter structures
mentioned above, luo converter is designed using on
super voltage lift method. When compared with
other power electronics converter circuit topologies,
a basic series PSVLL converter yields a high
voltage gain at a lower duty ratio [9]. Thus, it seems
feasible to benefit from PSVLL power electronics
converter in a system with an output voltage such as
fuel cell. DC-DC power electronics circuits possess
a non-linear structure [10]. Because conventional
control methods (proportional+integral,
proportional+derivative;proportional+integral+deri
vative) are designed for nominal operating
conditions (NOCs), they cannot achieve an effective
control performance under different operating
conditions. Conventional controllers fail in the
control of non-linear systems [11]. In recent years,
many different intelligent controller structures have
been developed in parallel with innovations in the
field of controller systems. One of these controller
systems is fuzzy logic controller (FLC). As these
controllers are designed independently of the
mathematical model of the controlled system, they
are widely used. Conventional type-1 FLCs have
been widely used in different systems for many
years, yielding quite satisfying results. However, it
was also reported that they could not succeed in the
control of the systems with a certain level of
uncertainty. Therefore, type-2 FLC was proposed
by L. Zadeh as an advanced and improved version
of conventional type-1 FLCs [12]. While
uncertainty regions are used in membership
functions for the system control of type-2 FLCs,
certain membership values are used in type-1 FLCs.
As a result, type-2 FLCs are acknowledged as a
more successful controller system in terms of
overcoming uncertainties [13-14]. In the existing
literature, there are several studies on the control of
PEM fuel cell fed DC power electronics converter
circuit structures. S. Kart [6] performed the control
of the output voltage of a PEM fuel cell fed cascade
boost converter using a proportional+integral (PI)
and Lyapunov based (PI) controller to compare the
performances of two controllers. There was a 26.4%
decrease in the rise time of the output voltage of the
entire system using the new Lyapunov-based
controller compared to the conventional PI
controller. There were also a decrease rate of 91.6%

and 79.9% in settling time and overshoot,
respectively. A. Karaarslan et al. [15] designed a
PEM fuel cell fed buck converter and controlled its
output voltage using Pl and one-cycle controller.
The output voltages were tested based on the input
voltage; reference voltage and Rid changes. The
output voltage response of the PI controller was
faster compared to one-cycle controller, indicating
that both control systems were suitable for buck
converter. O. Ozkara et al. [16] studied the control
of the output voltage of a PEM fuel cell fed isolated
fly-back converter wusing Pl and one-cycle
controllers. PI controller provided a higher rising
time and a less percent overshoot compared to one-
cycle controller. A. Bilhan [17] designed a super-lift
DC/DC converter and conventional boost DC/DC
converter circuit structures for fuel cell applications.
The simulation results demonstrated that the output
voltage waveforms of converters were investigated
for the same duty ratio, and higher voltage levels
were obtained via the super-lift DC/DC converter
compared to conventional boost DC/DC converter.
Unlike previous studies, the present study designs a
basic series PSVLL converter for PEM fuel cell
applications and proposes an IT2TSKFL controller
to control the output voltage of the designed
converter. The main innovations can be summarized
as follows:

The IT2TSKFL controller structure efficiently (with
a lower current and voltage ripple and a higher
power density) converts the power of the PEM fuel
cell to the load resistance.

The IT2TSKFL controller structure displays a
stabilized performance under nominal and different
operating structures.

Other parts of the study are organized as
follows:Section 2 describes the material and
method, while Section 3 discusses the findings.
Section 4 presents the conclusion.

2. MATERIALS AND METHODS (MATERYAL
VE METOD)

2.1.Basic Series PSVLL Converter (Temel seri
PSVLL doniistiiriicii)

The present study uses a basic series PSVLL
converter, which contains a semi-conductor
switching element S, an inductor L; two capacitors
C: and C; and two diodes, as shown in Figure 1.
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Figure 1. Basic series PSVLL converter (Temel seri PSVLL doniistiiriicii)

S semi-conductor switching element and D; diode
transmission forms the circuit shown in Figure 2. In
this case, the current flows through L inductor, and
Ca capacitor is loaded with V;jvoltage. When S semi-
conductor switching element and D; diode is cut off,
the circuit in Figure 3 is obtained, which decreases
the inductor voltage to (2Vi-Vo) value [18]. The
voltage gain (G) of the basic series PSVLL
converter can be defined as follows:
Vo

2—d
G=—=——
Vi 1-d

1)

For the analysis of basic series PSVLL converter,
based on the change in current ratio (6) on L
inductor and the change in voltage ratios on C; and
C, capacitors (g), the boundary values of the circuit
elements are calculated using Equation (2-3).

__d(1-d)?R

T 2(2-d)fL )
_d
€ = 2RrCi, (3)

The change in current ratio (6) and change in
voltage ratios on C; and C; capacitors () were
selected as 0.2 and 0.01 respectively. Actual
converter element values need to be higher than the
calculated boundary element values for an effective
continuous operation mode (CCM) [19-20]. The
element values for the PSVLL converter are
presented in Table 1.
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Figure 2. S semi-conductor switching element and D, diode transmission (S yari iletken anahtarlama elemani ve

D1 diyot iletimde)
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Figure 3. S semi-conductor switching element and D1 diode cutoff (S yar: iletken anahtarlama eleman: ve D1 diyot
kesimde)

Table 1. The specified, calculated boundary and selected values of the PSVLL converter (PSVLL
doniistiiriictisiiniin belirlenen, hesaplanan ve segilen degerleri)

Specified Values

Input Voltage Vin 45V
Output (Load) Voltage Vo 180V
Load Resistance R 5Q
Switching Frequency f 50Khz
The variation ratio of the current flow on the L inductor ) 0.2
The variation ratio of the voltage on C; capacitors € 0.01

Calculated Boundary Values

Inductor Lk 0.13mH
Capacitor Ci2x | 6.66uF
Selected Values
Inductor L 1mH
Capacitor Ci2 | 22uF
2.2 PEM Fuel Cell (PEM Yakit Hiicresi) V) and current-power (I-kW) characteristics of

a PEM fuel cell operating at a nominal power

The changes in voltage and current in a PEM of 6 KW are shown in Figure 4,

fuel cell is non-linear [21]. Current-voltage (I-
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Figure 4. (I-V) and (I-kW) characteristics of a PEM fuel cell operating at a nominal power of 6 kW (6 kw
nominal giigte galigan bir PEM yakit pilinin (1-V) ve (I-kW) karakteristikleri)

As shown in I-V characteristic in Figure 4, the
current from the fuel cell is inversely proportional
to the cell voltage. On the other hand, in I-V
characteristic, the current from the fuel cell is
directly proportional to the power from it until it
reaches the maximum power level (8.325kW).

2.3 IT2FL Controller Structure (IT2FL denetleyici
yapist)

One of the non-linear DC-DC converter circuit
topologies, PEM fuel cell fed basic series PSVLL
converter must be controlled with a high
performance in order to prevent the impact of
changes in its output voltage. Therefore, it requires
a suitable non-linear controller structure [22]. Type-
2 FLCs are widely preferred because they display a
more effective controlling performance against

system uncertainties compared to type-1 FLCs [23].
Type-2 FLCs also offer a different version with a
lower computational load called interval type-2
fuzzy logic (IT2FL) controllers [24]. As shown in
Figure 5 clearly, it consists of a fuzzifier, a rule
base, an inference mechanism, a type reducer and
defuzzification, and it was used in the present study.
The inputs of IT2FL controller are error e(n) and
change in error Ae(n). These inputs are scaled using
G1 and G2 gains, and transferred to the fuzzifier. G3
is the input gain of the controller system.

E(n)
e(n) — G1 —|
E Fuzzifier Rule Base
A
Ae(n)—> G2 —(rQ
A
Inference

—

- , 7] um
Defuzzifier c Ii,
A
z—

Type Reducer

Figure 5. IT2FL controller structure (IT2FL denetleyici yapisi)
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E() = e(n)G1 4)

()

The fuzzified inputs help us procedure type-2 fuzzy
outputs after the inference mechanism employs the
rule base. In the present study, three Gaussian
membership functions (MFs) were used for each
input, as expressed in the following equation.

AE(n) = [de(n)]G2

1/x-m\2
ua) = el 27} ©
Here, x is the input variable. m and o are the center
of Gaussian MF and standard deviation,
respectively. Type-2 Gaussian MF is shown in
Figure 6. Three lower and upper Gaussian MFs for
error (e) and change in error (Ae) in the present
study are shown in Figure 7.
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Figure 7. Lower and upper Gaussian MFs for (e) and (Ae) (e and Ae igin alt ve Uist Gauss iiyelik
fonksiyonlar1)

Lower and upper Gaussian MFs in Figure 7 were
selected between [-1,+1]. The region between lower
and upper MFs represents the footprint of
uncertainty (FOU) [25]. When takagi-sugeno-kang
(TSK) method represented by a linear function is
used in the final parameters of this controller, it is
called an interval type-2 TSK fuzzy logic controller

(IT2TSKFLC), and its rule base is defined as
follows:

R:If E(n)ALand AE (n)AY , Thenu, =

aE(n) + abAE (n) 7

Here, i (i=1....,25) denotes the number of rules. a I
and a' are the final parameters. The firing strengths
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of lower and upper MFs for the i rule can be
expressed as follows:

T = g (EM)) * Hye (BE(m)) ®)
i =z (E) * g (AE(n)) )
Here * t-norm is the operator. ﬁz‘ﬁ and EA}

represents lower and upper MF of the i rule.
Normalization is performed using the following
equations.

—i

F =

=4 (10)
xf
. fi
I — —
Fl=is (11)

Biglarbegian-Melek-Mendel (BMM) [26] method
was used for the type reducer and defuzzification,
as it requires a lower computational load.

—i
MFuim)

Up () = ZEE® (13)
U(n) = qU,(n) + (1~ q)Up(n) (14)

Here, g is a parameter which can be adjusted by the
user. It was set to 0.5 in the present study.

3. FINDINGS AND DISCUSSION (BULGULAR
VE TARTISMA)

It is of vital importance to select switching
frequency, circuit element and input and output
voltage values beforehand in order to design a basic
series PSVLL converter.

3.1. Simulation Studies (Benzetim calismalar)

Input-output (load) voltage, load value and
switching frequency values of the basic series
PSVLL converter used the simulation studies are
given in Table 1. The IT2TSKFL controller
structure and block diagram of the PEM fuel cell fed
basic series PSVLL converter are shown in Figure
8.

>
U, () =% (12)
iF
e | > > 1
£ v,
L
- T ’
T o '
P
@ —p>
:
Z—l |
IT2TSKFLC i_ ______ :i_____:

Figure 8. The IT2TSKFL controller structure and block diagram of the PEM fuel cell fed basic series
PSVLL converter (PEM yakit hiicresi beslemeli temel seri PSVLL déniistiiriiciiniin blok semasi ve IT2TSKFL denetleyici
yapist)

As shown in Figure 8, Vi is the intended output
reference voltage (Vo) of the basic series
PSVLLconverter.V, is the output voltage of the
basic series PSVLL converter. After error and
change in error values between the reference and
output voltage are found, they are applied to the
IT2TSKFL controller using G1 and G2 gain
constants. Ad in the output of the IT2TSKFL

controller is the change in controller signal, and it is
applied to the input of AW block using G3 gain
constant. Finally, d control signal in the output of
AW block is applied to the semi-conductor
switching element using pulse width modulation
(PWM) block. Matlab/Simulink environment was
employed to assess the performance of the
IT2TSKFL controller. The first step in the
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simulation studies was to analyze the suitability of
the PEM fuel cell fed basic series PSVLL converter
to the design criteria in Table 1 under NOCs. To this
aim, the PEM fuel cell fed basic series PSVLL
converter was operated at the constant (0.667) duty
ratio in MATLAB/Simulink environment. Total

240

180

v, (V)
2
o

60 [

0 0.2 0.4 0.6 0.8 1
Time(s)

Figure 9. The output voltage of the PEM fuel cell
fed basic series PSVLL converter for the constant

duty ratio under NOCs. (NOC altinda sabit gérev oran
icin PEM yakit hiicresinden beslenen temel seri PSVLL

doniistiiriictiniin ¢ikig gerilimi)

It can be seen in Figure 9 that the output voltage
reached 180V at the specified boundary variation
ratio at 0.8s, which justified the accuracy of the
parameters selected for the converter design.
Secondly, the current (Irem), power (Peem), and cell
voltage (Vrem) values from the PEM fuel cell under

5930.5

4500 |

3000 -

Peem W)

1500 -

0 0.2 0.4 0.6 0.8 1
Time(s)

Figure 11. The power obtained from the PEM
fuel cell fed basic series PSVLL converter under

NOCs with the IT2TSKFL controller (IT2TSKFL
denetleyici ile NOC altinda PEM yakit hiicresinden beslenen
temel seri PSVLL doniistiiriiciiden elde edilen giig)

simulation time elapsed was 1s, and the sampling
time was taken as 0.1us. The output voltage of the
PEM fuel cell fed basic series PSVLL converter for
the constant duty ratio under NOCs is shown in
Figure 9.

240

180

1321

loem (A)

60

0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 10. The current obtained from the PEM
fuel cell fed basic series PSVLL converter under
NOCs with the IT2TSKFL controller

(IT2TSKFL denetleyici ile NOC altinda PEM yakat
hiicresinden beslenen temel seri PSVLL doniistiiriiciiden

elde edilen akim)

NOCs via the IT2TSKFL controller were analyzed
and shown in Figure 10, 11 and 12, respectively. As
shown in Figure 10, the current obtained from the
PEM fuel cell under NOCs via the IT2TSKFL
controller is 132.1 A.

60 [ 1
50 1

0 0.2 0.4 0.6 0.8 1
Time(s)

Figure 12. The voltage obtained from the PEM
fuel cell fed basic series PSVLL converter under

NOCs with the IT2TSKFL controller (IT2TSKFL
denetleyici ile NOC altinda PEM yakit hiicresinden beslenen
temel seri PSVLL donistiiriiciiden elde edilen gerilim)
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Figure 13. The control signal of the IT2TSKFL

controller (deem) (IT2TSKFL denetleyicinin denetim
sinyali (drem))

In the last step of the simulation studies, the
dynamic performance of the IT2TSKFL controller
and T1TSKFLC were analyzed for different step
reference voltage values in MATLAB/Simulink
environment in terms of settling time. In this
respect, reference voltage (Vo) value was decreased
from 180V to 150V. Total simulation time elapsed

210

A
\/
A
\ 4

180 === —mmm e e e

A 1
N
150 CeNS—

120

V,(V)

90 |

60

30

| ——TTSKFLC - - -REF —— IT2TSKFLC|
0 i i i

0 1 2 3 4
Time(s)
Figure 14. The dynamic response of the
IT2TSKFL controller and T1TSKFLC against
reference voltage changes (IT2TSKFL denetleyicinin
ve T1TSKFLC'nin referans gerilim degisikliklerine kars
dinamik tepkisi)

was 4s, while the sampling time was taken as 0.1ps.
Simulation results for different step reference
voltage values obtained from IT2TSKFL controller
and T1TSKFLC are shown in Fig. 14. The settling
time wvalues of IT2TSKFL controller and
TA1TSKFLC are given in Table 2 for two different
cases.

Table 2. The settling time values of IT2TSKFL controller and T1TSKFLC (IT2TSKFL denetleyici ve

T1TSKFLC'nin yerlesme siiresi degerleri)

Cases IT2TSKFL T1TSKFLC
Controllers

Case 1 1s 1.35s

Case 2 0.65s 0.8s

As can be seen in Table 2, compared to TITSKFLC,
IT2TSKFL controller could offer a lower settling
time, improving settling times of PEM fuel cell fed

4. CONCLUSIONS (SONUCLAR)

In the present study, a PEM fuel cell fed basic series
PSVLL converter was designed. The most
important advantage of the designed controller is its
capacity to yield a high output voltage with a low
duty ratio. In addition, the output (load) voltage was
controlled using IT2TSKFL controller to create a
more stabilized system at different operating points.
The results of the simulation studies indicated that

basic series PSVLL converter by 25.92% and
18.75% under different reference voltage changes
for two different cases, respectively.

the designed converter structure operated with
optimal efficiency at the specified boundary current
and voltage ripple ratios and that the IT2TSKFL
controller ensured a stabilized operation. In future
studies, the operation of the PEM fuel cell at the
maximum power point will be discussed.
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