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Abstract: For the Photovoltaic panels, one of the main troubles is generating the limited values of the voltage.
To enhance this DC voltage for grid applications, high-voltage gain, transformer-less, low-voltage stress, and
efficient DC-DC boost converters are used. The main concern is keeping the voltage constant at the output ends
of the converter by changing the voltage of the PV array or the value of the load under the maximum power of
the array through the simple control approaches. This approach is well-known as the Maximum Power Point
Tracking (MPPT). This study presents the control process for the Two-stage Switched-Capacitor (SC) cell-based
boost converter with Proportional Integral (PI) and fuzzy logic controller methods. Two-stage SC cell-based
boost converter has been used instead of the conventional boost converter to provide higher voltage gain and
lower voltage stresses on the power switch. In the proposed study, the voltage gain and efficiency of the boost
converter are computed utilizing the method of the inductors volt-second balance and capacitor current-charge
approaches. The compared systems were tested at different input voltages, and the output voltage is fixed at 200
VDC. Results exhibit the comparison between PI controller and fuzzy logic controller algorithms applied to the
converter. In this article, MATLAB / SIMULINK software was utilized. The final results demonstrate that the
fuzzy logic controller has quicker performance compared with Pl Control but the Pl controller has less
overshoots and undershoots at the change time of the input voltage or output load.
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Fotovoltaik Kullanmimlar i¢cin Uygulanabilir, iki Kademeli
Anahtarlamah Kapasitor Tabanh DC-DC Yiikseltici Doniistiiriici icin
Kiiciik Sinyal Bazh PI ve Bulanik Mantik Denetleyicisi Yaklasimlariyla

Maksimum Gii¢c Noktasi Takibi

Oz: Fotovoltaik paneller igin esas problemlerden biri de voltajin simrli degerlerde iiretilmesidir. Sebeke
uygulamalar i¢in bu DC voltajini arttirmak igin, yiiksek voltaj kazancl, trafosuz, diisiik voltaj stresi ve
verimli DC-DC yiikseltici donistiiriiciiler kullanilir.Esas olan, basit kontrol yaklagimlari ile PV dizisinin
gerilimini veya dizinin maksimum gii¢ altindaki yiik degerini degistirerek voltaji donistiiriiciiniin ¢ikis
uclarinda sabit tutmaktir.Bu yaklasim Maksimum Gii¢ Noktas1 izleme (MPPT) olarak bilinir. Bu calisma,
Orantili integral (PI) ve bulanik mantik denetleyici yontemlerine sahip Iki Asamali Anahtarlamali Kapasitor
(SC) hiicre tabanli boost doniistiiriicii i¢in kontrol siirecini sunar. Gii¢ anahtar1 iizerinde diisiik voltaj
stresleri ve daha yiiksek voltaj kazanci saglamak igin geleneksel yiikseltici doniistiiriicii yerine iki asamali
SC hiicre tabanl1 yiikseltici doniistiiriicii kullanilmigtir. Onerilen ¢alismada, yiikseltici doniistiiriiciiniin voltaj
kazanci ve verimliligi, volt-ikinci denge yontemi ve akim sarj yaklasimlari kullanilarak hesaplanmistir.
Kargilastirilan  sistemler farkli giris voltajlarinda test edilmistir ve g¢ikis voltaji 200 VDC'ye
sabitlenmistir.Sonuglar, doniistiiriiciiye uygulanan PI denetleyicisi ile bulanik mantik denetleyicisi
algoritmalar1 arasindaki karsilagtirmay1 gosterir. Bu makalede MATLAB / SIMULINK yazilim
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kullanilmustir. Nihai sonuglar, bulanik mantik denetleyicisinin PI Kontrolii ile karsilagtirildiginda daha hizli
performansa sahip oldugunu, ancak PI denetleyicisinin giris voltajinin veya ¢ikis yilikiiniin degisim siiresinde
daha az agsma ve asinmaya sahip oldugunu gostermektedir.

Anahtar Kelimeler: Fotovoltaik panel; anahtarlamali kapasitor hiicresi; de-de yiikseltici doniistiiriicii; P1
Denetleyici; bulanik mantik

1. Introduction

Renewable energy is gaining importance today due to increasing energy demand and decreasing
classical resources. At the same time, the damage caused by fossil fuels to both the human and the
environment is moderate. Global warming, climate changes, rises at sea level are among the main
damages. Renewable energy is important in reducing all these negative effects. Hydroelectric, solar,
geothermal, wind, and clean energy sources are all, but the most popular among them is solar
energy [1-3]. Solar energy is an inexhaustible source of energy and is not affected by negativities
such as global warming. Rays coming from the sun are directly converted into electrical energy.
Photovoltaic panels are used to obtain electricity from solar energy. Solar energy is one of the most
popular energy sources that many researchers are working on because it is clean, pollution-free, and
infinite and can meet our demands without disturbing the environment. To reduce conventional
energy use, the PV source is integrated into the grid via power converters [4-6].

Solar energy is an unlimited source of energy on earth. The absence of mains power in the rural
area makes solar energy a better alternative. Therefore, independent PV systems can be used in
rural areas. The solar photovoltaic system can also be connected to the grid to use PV power.
Photovoltaic panels cannot provide system output power stability due to factors such as radiation,
temperature, and shading. At the same time, solar panel efficiency depends on solar cell materials
and the control mechanism used. For these reasons, a new control mechanism, the Maximum Power
Point Tracking (MPPT) algorithm, is used to obtain maximum power from the PV array. This
results in increased efficiency of solar modules and improved system performance [7-10]. Many
MPPT methods have been designed in recent years. These techniques are divided into two as direct
and indirect control approaches. In the indirect control method, the real power of the photovoltaic
panel output cannot be continuously calculated. The process of producing the control signal needed
in the control process in this method depends on the characteristic features of the photovoltaic cell
such as open-circuit voltage, short-circuit current, radiation intensity, and module temperature. In
the direct control method, the real power of the photovoltaic panel output is continuously read and a
converter reference signal is created, which is required to reach the real maximum power-point.
Although indirect control methods are fast, they depend on the photovoltaic panel characteristic and
therefore cannot provide true MPPT control. Although direct control methods are slower than
indirect control methods, they are independent of the photovoltaic panel characteristic. Therefore,
direct control methods are preferred for providing true MPPT [11]. In this study, the direct method
was developed by using small-signal based Pl and fuzzy logic controllers to monitor the maximum
power of the photovoltaic system.

It is evident how important DC-DC power boost converters are in providing maximum efficiency
from solar energy, and amplifier DC-DC converters are more preferred in photovoltaic panels.
These converters convert the direct current voltage at the input to another higher level direct current
voltage. They provide high frequency, high power, and better performance. Photovoltaic panels
alone produce insufficient power. It is necessary to use a DC-DC boost converter to bring this
voltage to the desired level. Various DC-DC boost converter topologies are available.

DC-DC boost converters are utilized to enhance the input voltage. They have isolated or non-
isolated construction. Isolated converters increase the voltage by utilizing a high voltage
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transformer (HVT). There are two diverse ways of procuring high voltage gain. The first is to
arrange the transformation rate of HVT; the second is to utilize voltage multiplier circuits on the
auxiliary side of the HVT [12-15]. However, these techniques are not alluring, because they
increment the expense and size of converters and reduce the operating life of PV modules. Besides,
the efficiency of the converter abates. On the other hand, Non-isolated converter is not suitable to
utilize in high voltage, on account of the output voltage on the diode and switch is equivalent to the
output voltage. Much of the researches have been done about DC-DC boost converters. There are
many ways for this. Some investigators have worked on limitation switching loss while others have
researched to limit conductivity loss. The researchers continue their research to get higher
performance from the converters and to increase the voltage gain [16-20].

In this study, performance analysis was performed by adding a 2-stage switched-capacitor (SC) cell
to the boost converter. This block helps to increase the input voltage to a higher level and at the
same time, decrease the voltage stress on the power switch by parallel and serial configuration of
the capacitors for the on and OFF-states of the power switch. Also, one of the main important
features of the selected boost converter is its ability to work with lower duty cycles that can directly
decrease the dynamic losses of the converter due to lower currents values in all of the components
and especially the power switch. This directly increases efficiency. Also, the other specification of
the converter is that it includes only one power switch that can decrease the complexity of the
control circuit and make it more possible to be implemented. The effect and efficiency of the
proposed converter on the voltage gain were analyzed. To stabilize the DC-DC boost converter
output voltage and obtain high performance in terms of efficiency, converter control is important.
Control methods such as fuzzy logic, Pl (Proportional-Integral), PID (Proportional-Integral-
Derivative), soft switching are available and are used to reduce the influence of external factors
such as mechanical vibrations of the system. The fuzzy logic control method is preferred more
because of its easy application and fast response-ability features. It is based on human experience
about the investigated system. System complexity is not included, as it does not require a
mathematical model like other control methods. Also, a small-signal analysis-based PI controller is
introduced in this study and the performance of this controller is compared with the Fuzzy
controller. A large mathematical investigation is presented for this controller and results are
crosschecked by the results for the Fuzzy controller. In this study, the converter part and the control
of the photovoltaic system are examined in detail.

2. Analysis for the Projected DC-DC Converter

The 2-stage SC-cell based boost converter is improved from the conventional boost converter by
introducing a 2-stage SC cell as a voltage double structure [9, 21]. The principal reason for utilizing
SC techniques with the traditional boost converter is to abate switch ON-time while it provides a
higher output voltage. Consequently, the current ripple is reduced, and it results in decreasing the
conduction losses. Figure 1 demonstrates the 2-stage SC-cell-based DC-DC boost converter.
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Figure 1. 2-Stage SC-cell based DC-DC boost converters [9,21].

2.1. Operating Modes Based on 2-Stage SC-Cells

The boost converter based on 2-stage SC-cells in continuous current mode (CCM) can be
investigated in two different operational modes including the ON and OFF-time intervals of the
power switch. The states of the components and the connection of the power diodes and switch are
analyzed separately for these two working modes.

Mode 1 [0-DT]: For the first time interval, since the power switch is activated, the input voltage
source Vin charges the inductor L. Capacitors C; and C, compose a loop to supply the load current
via the closed switch Q as shown in Figure 2a. In this working mode, both capacitors are in
discharging mode, the inductor is charging through the power switch and diode D is working in
ON-state condition. Since both of the diodes, D; and D, are deactivated, voltages across capacitor
C, is discharging on the load by this diode and voltage across the capacitor C, discharges on the
power switch. Output capacitor C is charging in this state to be ready for supplying the current of
the load for the next time interval.

Mode 2 [DT-T]: For the second state, since the power switch is deactivated, the capacitors C; and
C, are charged via D; and D, in parallel in Figure 2b. Charging is done through the inductor L. For
this working mode, capacitors absorb the voltage through the inductor to transfer to the load for the
next working mode. In this state, diode D is deactivated since the voltage at the cathode is rather
than anode that is connected to the inductor through diode D;. The current of the load is supplying
by output capacitor C.

L1 ‘_|+
Vin | 4 C2 +
_— D1 S
I J
Q Clll_
D1
(a)
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Figure 2. Configuration of the proposed converter and states of the components, when the power

switch is working in; (a) ON and (b) OFF states.
In Figure 3, the steady-state waveforms are shown for the components of the converter. This figure
shows that for the time interval that the power switch receives the pulse at the gate-source pins and
IS activated, the inductor begins to be charged through the power switch and both cell-capacitors C;
and C, begin to be discharged. Also, for the next time interval, by deactivation of the power switch,
the current of the inductor decreases since the voltage on the inductor is being negative and
capacitors begin to be charged.

2-Stage SC boost converter is utilized for increasing the efficiency and voltage gain. This will do by
applying components like capacitors that ideally don’t lose any amount of the power and also cause
to follow lower amounts of the current through the components since they act as voltage-doubler in
the projected configuration. But for the implementation, all components lose power since they
include the internal resistances. Figures 4 and 5 express the circuit models by considering the
component's internal resistance when the switch is activated and deactivated, respectively.

Figure 4 demonstrates the parasitic resistive elements. The power is transferred to the load with the
connection of the capacitors C; and C, (where Vci1=Vc;) when the switch is in ON-mode. In this
way, half of the output voltage is dropped on these capacitors while the rest of the output voltage is
supplied to the load. Figure 5 shows that capacitors C; and C, are charged via the inductor L by a
parallel combination. The switch state is OFF for this model. So, due to the parallel connection, the
total value of the voltage on capacitors C; and C, is equal to the voltage through the output
capacitor Co and this situation is expressed by Equation (1) [9].

1%

C1

+V

c2

=V (1)
Figure 6 shows the waveforms of inductor voltage and output capacitor current according to Figure
4 and Figure 5 when the power switch is working in ON and OFF states. Equations are composed
using Kirchhoff's current and voltage laws. Here, Vo is the output voltage, | is the inductor current
the Vin is the input voltage, Rioaq is the load resistance and D is the duty cycle of the power switch.
Also, non-ideal inherent resistive elements are the series inductor R, power switch Rq and diode
resistance Rp, and the diode threshold voltage is shown with Vp. As seen in Figure 6, voltage
decline on Rp; and Rp; eliminates each other’s impact because of opposite polarities.
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Figure 3. The waveforms in CCM mode for 2-stage SC-cell based boost converter.

L e

Figure 4. The parasitic resistive elements of the proposed converter when the power switch is
working in ON-state.

’ ,
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Figure 5. The parasitic resistive elements of the proposed converter when the power switch is
working in OFF-state.
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Figure 6. Waveforms of inductor voltage and output capacitor current in CCM [21].

The volt-second balance and current charge balance have been used for determining the voltage of
the inductor and current of the capacitor. In this way, Equality (2) and (3) can be written;

For Vi D.(Vin-IR, -IR,)+(1- D). (Vin— IR, -2V, - 2IR,, [VTJJ )

load

For ic D.(-Vo/2R,,,)+(1- D)(I- Vo J= 0 (3)

When Equation (2) and Equation (3) are arranged, the following equations are obtained.

Vin-IR, - IDR, - 21.(D-1).R, - 2(1- D).V, —(1—D)% =0 (4)
1(1-D)- Yo |_p - Va (max)(.Vo(max)_ Vv, (max)) )
2R, Ai, £V, (max)

Equation (5) is written instead of current (1) in Equation (4), and gain is obtained. The static gain G
=Vo/Vin is explained by Equation (6).

Vo [ 2 2(1-D)V. 1
G_Vin_[(LD)J[] Vin Dj 1+RL+DRQ+2RD(1-D) (6)

(1-DY*Rioad

Equation (7) can be written for voltage gain G, when parasitic elements are neglected.

2
G- ™

Consequently, the efficiency is expressed as;

VCI,Z
Vin

(8)

n=(1-D)
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Vci1= Ve is equal to Vo/2, thus efficiency is written according to Equation (9) and (10).

n= (1 ) D) 2;(;1 (9)

{I_Z(I—D)VDJ

Vi n

(10)

T]:
1+ R, +DR, +2R,(1-D)
(1-D)’ R,.,

2.2. Parameters
2.2.1. Boost Inductor

For inductance selection, the inductor ripple current should be limited to 30-40% of output current.
For instance, if the wave-current is restricted to 40% for 45 V of input voltage, the Ai_ is equal to
1.2A using Equation (11).

V., (max)

Ai =(0.3- 0.4)1'0 (max). V Gmin)

. (11)
Input voltage is between 45 to 60 V and Vinmax) iS maximum input voltage. Inductor value is

calculated by using ripple current AiL=1.2A and switching frequency fs =100 kHz. L (inductor
value) is equal to 0.3 mH according to Equation (12).

L _ Viu (mﬂx) (Va (mﬂx) - ‘/in (max))
Ai, £V (max)

(12)

2.2.2. Output Capacitor

The output capacitor should be chosen properly to accomplish the ideal output voltage ripple.
Equality (13) is used for this.

C- D.i, (max) (13)
.fSA‘/Q

Io(max) is the maximum output current for 130 W system and AV is the output voltage ripple.
AV is requested to be 1%. Therefore, the value of output capacitor C was selected as 333 pF as the
expected output voltage was 200 V.

2.2.3. SC-cell Capacitors
The capacitors C; and C, compose a loop in series to supply the load via the closed switch Q.
lo(max) is the average current which the capacitors transfer to load when the power switch is

working in OFF state. If the output voltage ripple AV is expected as 1%, capacitors value is 3.3 pF
according to Equation (14).

Cl=C2= ?“Z\—A‘;) (14)
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3. Fuzzy Logic Controller

The fuzzy logic control method has been preferred in recent years because it is simple and doesn't
need mathematical models. Its operation depends on human information and way of thinking. Fuzzy
logic control technique has a rule base and consists of If-then rules. The essential idea of fuzzy logic
is utilizing a variable whose values are words (such as small and large) rather than a number [22].
Figure 7 exhibits the parts of the fuzzy logic controller. The fuzzy logic controller comprises of four
classifications. These are fuzzification, fuzzy rule, an inference engine and the de-fuzzification.

3.1. Fuzzification

Real values of E and CE are converted into linguistic fuzzy variables by using membership
functions. The linguistic variables express as PB (positive big), PS (positive small), Z0 (zero), NS
(negative small), NB (negative big). The Fuzzy logic controller has the inputs of the error (E) and
the change of error (CE) that are shown in Equation (15) and (16). Duty cycle (D) is located at the
output. Also, the control is done by changing this duty ratio according to the slope E(K) to bring
back the operation point on the optimal point where the slope is zero [23]. E and CE is as follow;

Error(E) = Reference voltage (Vef) - Output voltage(Vo) (15)

Change of Error (CE) = Error(E) - Previous Error (Vpr) (16)

Defuzzification

r . Inference Engine
g

Rule Base
I Knowledge Base l

Figure 7. The main components of Fuzzy logic controller.

—cc‘cz—>

<—|C'U—|-:O

The range of saturation value of error (E) and change error (CE) is [-1,1]. To accomplish this range,
a gain block is added for the input of fuzzy logic error and error change. The saturation blocks
placed before these entries have prevented the over of limit. While the value of the error saturation
block in Figure 8 is [-600, 600], the value of the change error saturation block is [-1 1]. In this way,
when the values from these blocks are multiplied by the respective gains, the result will be in the
range [-1 1].
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Figure 8. Fuzzy logic controller input variables.

The range of the output of the controller is [-1,1] and there is an output gain block. The subsequent
value is added to the past value and its saturation value enters the block where the pulse-width
modulator (PWM) is produced. Figure 9 shows the fuzzy logic controller output variables.

100000

Frequency

Frequency

:mmi—irq"ll

110000

Duty

-

Fuzzy Logic Gan 3 Satration
Controller Aadl

PWM
BLOK

Figure 9. Fuzzy Logic Controller output variables.

3.2. Fuzzy Rule and Inference Engine

Fuzzy rule base consists of if-then functions that provide fuzzy inputs. The fuzzy inference engine
formulates a logical decision based on the fuzzy rule. The fuzzy rules depend on human information
and way of thinking and are converted lingual output in this part. In this study, the fuzzy inference
method has been used with a max-min operation fuzzy combination [9].

The membership functions determined for the error are shown in Figure 10. These functions are NB
INM/NS/Z/PS/PM/PB.
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Figure 10."Error" input membership functions for fuzzy logic.
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Figure 11.""Change of Error" input membership functions for fuzzy logic.

The membership functions determined for the change of error are shown in Figure 11. These
functionsare N/ Z /P,
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The membership functions determined for the output are shown in Figure 12. These functions are:
NB/NM/NS/Z/PS/PM/PB.

FIS Variables

m ME NS Z PS FBE
E E 1
d

ce

Membership function plots TS 181

1 ! I .4 .2 .2 .4 I ! 1
gutcut variable "d®

Current Variable Current Memberzhip Function (click on MF to select)
Mame d Name
Type putput L= trimf

Params
RE.I'IQE [-1 1]
Display Range -1 1] Help Close
Selected variable "d”

Figure 12. Output change™ membership functions for fuzzy logic.
After the inputs, outputs and membership functions are specified, rules are set.

Table 1. Fuzzy rules.
e |NB NS Z0 PS PB

ce
NB NB NB NB

NS NB NB PS
Z0 NB PS PB
PS PS PB PB
PB PS PB PB PB

3.3. De-Fuzzificition

The linguistic variables are converted a numerical variable in this operation. There are different de-
fuzzificition methods. The centroid method is utilized for de-fuzzificition in this article [23].

4.Matlab /Simulink Model of Fuzzy Logic
Figure 13 shows the Simulink model of the proposed boost converter with fuzzy logic control.
PWM generated with fuzzy control is delivered to dc-dc converter. The reference voltage is the

output voltage and its value is 200V. The values of input voltage are between 45V and 60V.
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Figure 13. MATLAB/Simulink model of proposed boost converter with Fuzzy logic control.
5. Designing the Control Model of Pl

The PI control utilizes the present error input and the past error for control. It requires two
adjustable parameters for the faster response, reducing the steady-state error to zero or decreasing it
to a smaller tolerance limit.

In this part, designing the control model of Pl is explicated with a dynamical model of the circuit.
At the point when the switch is in ON state, the state spaces conditions are as per the following,
where Vo, is the voltage of drain-source pins of the MOSFET, and Vg is equal to 2V, because SC
piece of the structure increases the converter's voltage gain to two times.

dVy __ Vo _)dvm _ Vo (17)
dt RC, dt RC,

C, v, i o dv, _ i (18)
dt dt .

c, av, _i dVe, _ i (19)
dt dt )

C dVy z_ﬁ_)dvm - Vi (20)

dt R d RC,
When the switch is in OFF state, the equations is as follows;

di di, (V,-Vg)

L—L=(V, -V 1-d) > —L =27 "] 21
o (Vi =V N1-d) I i (1-d) (21)
ave, i, Ve, _ g

<a_Li1.d) — = 1-d 22

< dt 2( 9 dt ZCI( ) (22)
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av., i, Ve, _ 4

=_L(1-d )—» —FH=—L(1-d 23

e lira ) o S0 (23)

c, av,, =(iL _&j(l_d)_)ﬂzl_L_ Vi (l—d) (24)
dt R dt Cun GR

If the on and off modes are used together, the following equations are obtained;

ﬂ:ﬁ_&(l_d) (25)
d L L
dVy _ Vi i (1-d) (26)
dt C,R C,
v, i i
—a =Ly L(]-d
i ac ) 27)
v i i
_C _ L, L.
dt c2+2c2( ) (28)

For the PI controller, finding a relationship between the output voltage and the inductor current
derivative or one of the capacitor voltage derivatives is important. This situation is expressed in
Equation (29) and (30), and it can be obtained from (24) [17].

dV)I V)] .
€, W Vo 5, )(1-0)=u, (vo=2v,) )
Vo 1Vo_., (CoS 1\ \ »_
c057+E7_V0( 2 +2R)(1L)(1 d)=u (30)
L (31)

L

In Pl control, to fix the output voltage of proposed converter is aimed. For this purpose, the
reference voltage sampling is compared with the reference voltage. After the sampled voltage
passes the controller, the controller output (u) is compared with the inductor current and the duty
cycle of PWM is provided according to Equation (31). The control block diagram is showed with

the PI controller Figure 14.
1
Pl « VRer
Controller

SAWTOOTH WAVE

PWM

-«

Comperator

]
Figure 14. PI type controller block diagram.

The common expression for P1 controller is as Equation (32).
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G(s)=kp+-t = (32)

The PI controller controls utilizing the reference voltage at the input. Figure 15 demonstrates a
closed loop diagram of PI controller according to Equation (30).

KpS+Ki > T >
Vref S
Vo
Figure 15. Closed loop diagram of PI controller.
In Equation (33), the transfer function for closed-loop is shown.
2 2
il k, - .
Go Co (klﬁ + 1) Co (kPS+k1 ) (33)
GF = = N GF=—4%———
1+G, SZ+(1+ZRkaS+2ki s +28w,s+w,
RC, C,
Ko (proportional coefficient) and k; (integral coefficient) are as per the following;
1+ 2Rk
RC. 29 () spec, L
0 N p W,y R (34)
2—ki =w,’ k =w,C,
c,
Fluctuation on inductor is explained as;
pit=Yogr - WoVe) gy (35)
L L
Inductor current is computed as follow;
2
o 36
-1 (36)
The oscillation of inductor current is explained as equation;
. _ ] _ 2
5=A1L/2=d(1 d)TV,, _d(1-d) R (37)
I, 4LI, 4 f.L
In Equation (38), ripple on capacitor voltage is mentioned.
_AV, /2 1-d (38)
v, 2RfC,
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6. Matlab /Simulink Model of Pl Controller

Figure 16 shows Simulink model of proposed boost converter with PI control. Equation (31) and
Figure 14 are utilized for the structure of PI controller. Reference and sampling voltages are
compared and a saw-tooth wave is used for duty cycle production. Then, PWM generated with Pl
control is transferred to MOSFET’s gate.

Figure 16. MATLAB/Simulink model of proposed boost converter with PI control.
7. Simulation Results

P1 and fuzzy logic control have compared with Matlab/Simulink software. Table 2 shows parameter
values of the boost converter used in the comparison.

Table 2. The element values of DC-DC converter circuit.

R(ohm) L(mH) Co (UF) C1, C, (UF) f(kHz)
Fuzzy 300 03 333 33 100
PI 300 3.3 333 3.3 100

The output voltage of a well-designed controller doesn't change with different input voltages and
remains constant. This situation has been exhibited in simulation. In Figure 15, the output voltage
was fixed at 200V and the input voltage was changed to 45V, 60V, and 54V in order to test the
ability of the controllers to fix the output voltage at the 200VDC and compare the reaction of the
investigated controllers. Simulations were carried out at 100 kHz frequency. According to Figure
17, the fuzzy controller has shorter settlement time and reaches stability faster. Fuzzy logic
controller gives much better results in changing conditions, because it depends on rule base and
ability to make decisions. But beside the damping problem for the PI controller, this figure shows
that the overshoot or undershoot values for this controller is less in comparison to the Fuzzy logic
controller for the larger change amplitudes. Also, the transient time for the controller are interesting
and where the PI controller increases the output voltage exponentially, the fuzzy controller
experiences quick under and overshoots with high amplitudes.
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Figure 17. Comparison of output voltage.

Figure 18 and Figure 19 shows a comparison of output power and current, respectively. Output
power is 130Watt. One of the features of a well-designed converter is to ensure the stability of the
output power and current in changing input voltages. The output current is very low for both
controllers. At the moments that the input voltage changes, Fuzzy controller has bigger ripple than
Pl controller but, the PI controller reacts slowly and more soft to prevent irregular changes.

Figure 20 shows inductor current fluctuations at different input voltages. Accordingly, the
transmission time of the switch increases at low input voltage, which leads to transmission losses
that occurs in transition to ON and OFF states and more inductor current fluctuations. High
transmission loss in fuzzy controller causes the increasing of inductor current fluctuation.
According to the simulation result, it is seen that the inductor current fluctuation is smaller at Pl
controller, since this approach is based on the pure and accurate mathematical model for the
examined converter. Also, Fuzzy controls make bigger ripple at the start time. On the other hand, PI
has smaller ripple and then immediately settles to the desired value at the moments that the input
voltage changes, the PI controller reacts more soft to prevent irregular changes.

e

n

=
T

100

Pout Fuzzy
Pout PI

Output Power{(\V)

n
=

Time(sec)

Figure 18. Comparison of output power.
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Figure 19. Comparison of output current.
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Figure 20. Comparison of inductor current for input voltage of 45V,60V,54V.

The output voltage of the recommended converter fixed at 200V and voltage on the switched
capacitor is half of the output voltage according to Figure 21. In SC cell boost converters, when the
switch is in the OFF mode, the sum of the C1 and C2 capacitor voltages is equal to the output
voltage due to the parallel connection. This means that the C1 capacitor voltage is doubled at the
output. Also, the proposed converter is obtained from the conventional boost converter by adding a
2-stage SC cell to increase the voltage to two times. Where SC cell provides to obtain higher output
voltage for the same duty cycle compared to the conventional boost converter. Figure 21 shows the
output voltage and capacitor voltages according to different input voltages. In a well-designed
controller, the SC capacitor voltages should not be affected by different input voltages. This
situation is shown in the simulation.

80

60
|

Voltage(V)

40 -

20 - VC1,2(P1)
Win
VCA,2(fuzzy)
o 1 1 ]
0 0.5 1 15

Time(sec)

Figure 21. Voltage of switched capacitor (C1, C2) for input voltage of 45V, 60V, 54V.
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Figure 22 illustrates pulses which produce by a controller for various input voltages. A lower duty
cycle is preferred to reduce switching losses in applications and according to the figure, the Fuzzy
controller has a lower pulse width. At different input voltages and 200V constant output voltage,
pulses with different duty cycles produced with the controller are applied to MOSFET by the power
switch. So, the output voltage remains constant by producing large pulse width at low input voltage
and small pulse width at large input voltage. According to simulation results, it is seen that the pulse
width is also long at low input voltage. Where, the switched capacitors are charged as parallel by
the inductor and discharged as series for high voltage gain and provides to overcome the problem of
sudden voltage emergent because of leakage inductance. So, the drop rate of the current on output
diode decreases, and then switching loss on diodes is reduced. Also, conduction losses can be
decreased by using small values of semiconductor elements. Here, the inductor value of PI is 3.3
mH, and the inductor value of Fuzzy control is 0.3 mH.

Figure 23 presents the average level of the implemented duty cycles by both controllers. This figure
shows that the Fuzzy Logic Controller can drive the power switch under less duty cycle to fix the
output voltage. But at the moments that the input voltage changes, the P1 controller reacts softer and
prevent irregular changes. This controller changes the duty cycle exponentially. Also, by this figure
one can see the approaches of the controllers are completely different for the start time and where
the Fuzzy controller changes from zero to the desired duty cycle value, the PI controller increases
the duty ratio to one and, then decreases to the related value. In DC-DC converters, the control is
provided by changing the transmission time with PWM (Pulse Width Modulation) method. D (duty
cycle) takes a value between 0-1. If D is low, the power received from the converter is low, when D
is high, the received power also increases. Switching is important in PWM. For this, increasing the

frequency provides more efficiency.

Figure 24 exhibits a comparison of voltage gain for different input voltages. When Figure 24 is
examined, the fuzzy logic indicates that the controller provides a lower voltage gain to achieve
constant output voltage. However, to prevent sudden changes, the Pl controller responds more
softly when the input voltage changes, and but the parasitic effect of elements has caused the
desired and obtained voltage gain values are different. Also, both Pl and Fuzzy controllers behave
differently at the beginning times. The PI controller increases the voltage gain by 35 times and then
decreases to the desired value while the Fuzzy controller places to the desired value.
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Figure 23. Comparison of duty for input voltage of 45V, 60V, 54V.
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Figure 24. Comparison of gain for input voltage of 45V, 60V, 54V.

Figures 25, 26, and 27 show the efficiency waveform according to output power for 45,54 and
60VDC of the input voltages, respectively. When the efficiency change graph is examined, fuzzy
controller performance changes slightly in variable power values. According to the figure, the fuzzy
control is more suitable than PI1 for both low and high powers. Because PV panels provide limited
power, the power must be transferred to the consumer via an efficient converter. Although the
proposed converter is costlier than the conventional converter, the balance between efficiency and
voltage gain is reasonable and the structure has become more efficient with fuzzy control. However,
efficiency decreases with the increasing input voltages in the PI controller. The main reason for the
decrease of efficiency in the PI control is that the power loss on the output diode is related to
current. Diode losses are observably noticeable at high current. The fuzzy controller has more
performances until 130W as power loss on the diode is smaller.
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Figure 25. Comparison of efficiency and output power for input voltage of 45V.
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Figure 26. Comparison of efficiency and output power for input voltage of 54V.
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Figure 27. Comparison of efficiency and output power for input voltage of 60V.

8. Conclusions

In this study, a 2-stage SC cell-based boost converter with Pl and Fuzzy Logic controllers has been
compared in terms of efficiency and voltage gain. The controller construction is used to raise the
stability and efficiency of the distinct input voltages. Since the tested converter consists of fewer
components, it is a low cost, and being the only switch in its structure provides ease of control.
Using a single MOSFET provides that control is needed and therefore system clutter is prevented.
Also, since fuzzy logic control depends on the rule base and fast system response in changing
conditions, it is important for applications. In this way, the fuzzy logic controller is more
appropriate than the PI controller for converters with the complex mathematical model, because the
Pl controllers need a comprehensive mathematical model and also need a transfer function between
the output voltage and duty cycle of the switch.

On the other hand, although the fuzzy boost converter's voltage gain is lower, it provides the same
voltage gain at a lower pulse width compared to the PI controller, so efficiency is balanced. At the
same time, this converter has the characteristics of a well-controlled converter, as it ensures the
stability of the output voltage in sudden changes in output load, and input voltage.

As can be seen from the studies performed with the MATLAB simulation program, Fuzzy Logic
control can be selected for such converters since the approach of this controller is based on fuzzy
rules and does not need a model of the converter. The disadvantage of the proposed converter is the
fluctuations in the input current, but due to converter performance, this situation can be neglected.

All these reasons allow the 2-stage SC cell boost based fuzzy logic control converter to be preferred
instead of many boost converters for high-performance applications.
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