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Abbreviations

MPPT: Maximum Power Point Tracking
FPI: Fuzzy Proportional Integral

TLBC: Three-Level Boost Converter
FLC: Fuzzy Logic Controller

PV: Photovoltaic

PFC: Power Factor Correction

PWM: Pulse Width Modulation

ESR: Equivalent Series Resistance
P&O: Perturb and Observe

INCond: Incremental Conductance Method
PI: Proportional Integral

Veont1: Control voltagel

Veont2: Control voltage2

Vri1: Triangular voltagel

Viriz: Triangular voltage2

VL. Inductor voltage

Vin: Input voltage

Vo: Output voltage

Ts: Switching time

Abstract— In this paper, MPPT control in PV systems is used by the FPI method which is an intelligent method. Further, the use of a
TLBC as an interface converter instead of a conventional boost converter is examined in the PV system and a new transfer function of
TLBC in terms of the mode of switching is verified. The main purpose of this paper is to balance voltage capacitors of TLBC by an
intelligent fuzzy method. The rules of this controller are adjusted such that, in case of any disturbance in daylight and solar radiation,
it can adjust the duty cycle TLBC, where voltage capacitors become well-adapted by being combined with MPPT controller. The
simulation results verify the good performance of the proposed controller. Uncertainty parameters include the surrounding
temperature, solar radiation, and output electric charge. The first two cannot be controlled by humans and may suddenly change by
atmospheric conditions, while the third may suddenly change by the user and can be controlled by the proposed controller under any
conditions. A dramatic change in the resistance electric charge is considered in this paper, where the voltage of capacitors does not
have any overshoot or fluctuation. The simulation results verify that the capacitor voltage balance in the region is acceptable.

Index Terms— Photovoltaic, Three-Level Boost Converter, FPI Controller, Intelligent Fuzzy Method.

. INTRODUCTION

Renewable energy sources such as PV power play a vital role in electric power generation and has become essential due to the
shortage and environmental impacts of conventional fuels.

Hence, researchers have focused on new energies, in particular photovoltaics which has replaced fossil fuels.

The research performed on converters in photovoltaic systems can be summarized as follows. Park and co-workers in [1]
presented a step-up DC/DC converter with a resonant double voltage. In Ref. [2], an interleaved multi-phase and multi-switch
boost converter has been used for fuel cell applications. A novel high-efficiency DC/DC boost converter has been proposed in
[3] to be used in photovoltaic systems. Other papers deal with the combinations of DC/DC converters, a high voltage step-up
integrated double boost-sepic converter for fuel-cell and photovoltaic applications is presented in [4]. In Ref. [5] single-switch
voltage equalizers using multi-stacked buck-boost converters have been proposed to settle the partial shading issues. The
proposed voltage equalizers can be derived by stacking capacitor-inductor-diode filters on traditional buck-boost converters,
such as SEPIC, Zeta, and Cuk converters. The optimum equalization strategy has also been proposed and discussed for
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equalizers to compensate the partially shaded PV modules efficiently. In Ref. [6], the Buck-Boost has been used as a second
converter after a Single-Ended Primary-Inductance Converter (SEPIC) which is controlled by a maximum power point tracking
technique (MPPT). They have also indicated the importance of the output voltage regulation of photovoltaic systems. This
method improves the efficiency of the photovoltaic system, ensures a good transfer of energy, and avoids the over-voltages risks
which can negatively affect the load. In [7], the two-input buck converter has been proposed as the DC/DC stage for photovoltaic
(PV) cascaded converters. This converter is attractive for this application because it is cost-effective and reliable and can achieve
dual MPPT with only one power transistor. However, due to the simplified and integrated structure, the nonlinear characteristics
of the converter and the two PV arrays complicate the control. Using a small-signal modeling, the control theme of the two PV
voltages is formulated, and the effect of the nonlinearities is presented.

In this paper, a TLBC is used instead of a conventional boost converter. The TLBC demonstrated in Fig. 1 has drawn much
attention to be used as an interface converter in PV systems. The TLBC has the advantages of low voltage stress, low inductor
current ripple, and low switching loss [8-9]. Therefore, TLBCs are widely used in power electronic applications such as AC/DC
PFC [8-9], DC/DC PV and control [10-12], fuel-cell [13-14], and wind energy [15].

For the conventional boost converter, the single switch needs to withstand the DC output voltage when the single switch is off.
As demonstrated in Fig. 1, two cascaded switches and two cascaded capacitors are connected in series which are charged and
discharged via switches. The blocking switch needs to withstand only half the DC output voltage if both capacitor voltages are
balanced. If they are not balanced, however, one of the capacitor voltages may be larger than the breakdown voltage of the
switch, which would damage the switch. Note that the inductor voltage in the TLBC has three levels, causing the TLBC to have
a smaller inductor current ripple than the boost converter under the same switching frequency [16]. TLBCs are often utilized in
high-voltage-ratio applications [11,14,17].

High-withstanding-voltage semiconductor switches often have higher costs and larger drain-source resistances than their low-
withstanding-voltage counterparts. Thus, the TLBC enjoys the extra advantages of low switching loss and high efficiency [11].
The balance between two capacitor voltages should also be noted. In practice, mismatched capacitances and ESR would result in
voltage imbalance.

The control of the TLBC should balance both capacitor voltages. The voltage-balancing control loop for TLBCs can be found in
the literature [9-10], [12-13], [18-21]. The other voltage-balancing control can be found in the controls of the half-bridge PFC
converter [22], [23] and the multilevel inverter [24],[25]. Fig. 1 illustrates a schematic representation of the proposed system
employing TLBC.

A proportional controller is usually utilized for balancing the voltage capacitors of TLBC in a PV system [26]. Use of the PI
controller alone cannot accurately trace capacitor voltage balance because of parametric uncertainty, disturbances, and noises.
Algorithms which can achieve an appropriate gain are usually connected to the Pl controller in series. This requires two
controllers, increasing the complexity of the circuit and failing to appropriately respond to uncertainty parameters. However, the
use of the proposed fuzzy controller is easier and more appropriate for non-linear systems, contributing to achieving a more
accurate tracing for uncertainty parameters without requiring other complex algorithms.

In this paper, an MPPT controller was proposed with an intelligent FPI method. The main purpose of the present study was to
balance voltage capacitors with minimal errors in different cases of sudden changes in the temperature of the sun, solar radiation,
and electric charge, using FLC. This controller is very simple, robust, and suitable for nonlinear systems. Nevertheless, FPI is a
knowledge-based controller which does not require any theoretical approach to design a control law and can balance capacitor
voltages well under different climatic conditions. Given the PV structure which is influenced by environmental conditions,
temperature fluctuations and solar radiation, as common uncertainty parameters, affect this system. To overcome these
uncertainties, the use of a fuzzy logic intelligent controller can be a good choice due to its internal structure. This controller
fulfills this by changing the duty cycle. It has a very minor error, which is below 0.2 V, and the capacitor voltage balance is
acceptable in the region.
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Fig. 1. Three-level boost-type converter with the MPPT control and voltage balancing control connected to PV



Il. PV PANEL MODELING

The equivalent circuitry of a PV cell is shown in Fig. 2 , in which the simplest model can be represented by a current source
antiparallel to a diode [27]. The non-idealities are represented by the insertion of resistances Rs (series resistance) and Rp
(Parallel resistance).

The PV panel simulation model is based on the output current of one PV equivalent model, and its mathematical equation is
represented by:

V41 .Rg
| = Iph _ |r{eq' n.kT _1:|_m (1)
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where V represents the output PV voltage of one PV panel, I is the photocurrent, I, is the saturation current, q denotes the
electrical charge (1.6x10° C), 5 indicates the P-N junction quality factor, k is the Boltzmann constant (1.38x10'% J/K), and T is
the temperature (in Kelvin). The PV electrical parameters are presented in Table I.

TABLE |
ELECTRICAL PARAMETERS OF THE PV MODULE
Maximum Power Pmax=83.05W
Voltage at MPP Vmpp=17.15V
Current at MPP Ivpp=4.85A
Open Circuit Voltage Voc=21.2V
Short Circuit Current 1sc=5.27A
Temperature Coefficient of I 0=0.65*10"°A/°C
Ry _ 1 _
Do o Ro v

Figure 2: Equivalent model of the PV cell

Il1l. THREE-LEVEL BOOST-TYPE CONVERTER

As depicted in Fig. 1, the switching signal G; is obtained from the comparison of the control signal veona With the triangular
signal viiz. Due to the low output voltage ripple, Vo is assumed constant. Vo is the TLBC output voltage which is assumed
constant due to using a constant resistance. Therefore, the sum of two capacitor voltages will be fixed vci + vez = Vo.

In addition, the other switching signal G; is obtained by comparing the control signal veonrz With the triangular signal viiz where
there is a phase difference of 180° between the two triangular signals.

Because of the presence of the input inductor L and two diodes D; and D; in the TLBC, both switches can be turned on at the
same time. There are four possible Switching States, as shown in Fig. 3.

Based on Fig. 3(a), both switches turn on when the control signal veon is larger than the signal veonts > Virir and the control signal
Veontz 1S larger than the signal Veontz > Viriz

Thus, the inductor voltage v, is equal to the PV voltage v =Vey > 0. The current rising rate in Switching State 1 is always
positive. For Switching State 2, as shown in Fig. 3(b), the upper switch Ty turns on and the lower switch T, turns off. The
inductor voltage v, is equal to the difference between the PV voltage veyv and the capacitor voltage vi= vpy — V2 . The current
rising rate may be either positive or negative. Additionally, the capacitor current ic, is equal to the inductor current ic; =i > 0.
Thus, capacitor C, is charging and the other capacitor C,

is discharging in Switching State 2.

Similarly, as shown in Fig. 3(c), when the upper switch T, turns off and the lower switch T, turns on, the inductor voltage v, is
equal to the voltage difference v = vpy — vc1 and the current rising rate may be either positive or negative. It is also noted that, in
Switching State 3, capacitor C; is charging and the other capacitor C; is discharging.

According to Fig. 3(d), when both switches turn off, the inductor voltage v, is equal to the PV voltage minus the output voltage
VL = Vpy — Vo = Vpy — Vci— Vez . Since the output voltage is higher than the input voltage in the boost-type converter, the current
rising rate is always negative in switching state 4.

All the capacitor currents in various switching states are tabulated in Table II.

In Fig. 1 is shown, PV is connected to Three-level boost-type converter with the MPPT control and voltage balancing control.
The aim of this controller based on MPPT is, maximum power tracking of PV. In Fig. 1 is depicted that Vci and V¢, are
compared of a comparator and voltage difference is obtained.

The voltage difference entered to FLC controller and the FLC output is added to Vo and generates Veonto.



The obtained signal is compared with signal viiz (there is a 180° phase difference between vyiz and viiz). The obtained signal G,
enters into the second switch. In this way, two rates of veon and Veonrz Will be created which have half the period of the phase
difference.

Veont2 denotes the control voltage resulting from the combination of MPPT and TLBC capacitor voltage balances. It creates the
duty cycle, ranging from 0 to 1, which is required for the second switch. By doing so, the three-level voltage is obtained in the
output converter which not only increases the input voltage, but also decreases the switch voltage stress. It can also decrease the
filter size by increasing frequency. In this paper, the balance of the capacitor voltage of TLBC is explained. Its single
disadvantage is imbalanced voltage capacitors which can be corrected and balanced by FLC.
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Fig. 3. Possible switching states in three-level boost-type converter: (a) state 1; (b) state 2; (c) state 3 and (d) state 4
TABLE Il
CAPACITOR CURRENTS IN EACH STATE
State 1 | State2 | State3 | State 4
ic1 *io < 7i0 < iL*io
1<Vc0ml+vcomz<2 (0) (O) > (0)
ic2 —ip < iL—io —ip <
Q) >(0) ()
i(;1 _io < iL_iO IL IO
O<Vc0ml+vcomz<l (0) > (0) > (0)
icz iLin 7i0 < iLii('.)
>(0) (0) >(0)




IV. NEW THREE-LEVEL BOOST CONVERTER VOLTAGE CONVERSION RATES

Obtaining the voltage conversion rate of TLBC, similar to obtaining the voltage conversion rate of the conventional boost
converter [28], is done using the average inductor voltage of the switching period.
The average inductor voltage is zero at the steady state. However, to study the TLBC, because the two switches are
simultaneously turned on or off for three voltage levels, there are two conditions: condition 0 <Vcont1 + Veontz <1 and the condition
1 < Veont1 + Veont2 <2.
Condition 1 < Veont + Veontz <2:
In condition 1 < Veon + Veonz <2, as already mentioned; only modes 1, 2, and 3 occur, as shown in Fig. 4(a). Control signals are
between 0 and 1 (0 <Vcon1 <1 and O< Veontz <1) according to PWM signal. In this conditions, Veont: + Veonz >1 and Veonts 0 and
Veontz 70 and it means that T1 and T, are not OFF. Modes 1, 2, and 3 occur, and there is not mode 4 as shown in Fig. 4(d).
In Fig. 4(a), switching signals of T; and T have equal width with a phase difference of 180°.
Fig. 4(a) illustrates the switching TLBC. By equating the Vcont1 = Veontz = D and D> 0.5, the above condition is met. Now, turn to
the proof of the relationship:
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In condition 0 < Veon + Veontz <1, @S mentioned before, only modes 2, 3, and 4 occur, as depicted in Fig. 4(b) and never will not
happen Veontr + Veontz >1 and Veon and Veonrz Will not equal 1.
Fig. 4(b) demonstrates the switching TLBC. By equating the Veont1 = Veontz = D and D< 0.5, the above condition is met. Following
equation shows the proof of the relationship:
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Therefore, Eq. 3 is achieved.
If Veonr and Veontz are equal, the duty cycle is constant. It is obvious that the three-level boost-type converter with constant duty
cycles has a voltage conversion rate similar to that of conventional boost-type converters (which is true based on Eq. 3).
In fact, the TLBC transfer function is exactly equivalent to that of the conventional boost converter. However, the overall
deductive voltage conversion rate for Veontt # veont2 iS reviewed.
In the case of 1 < Veonu + Veonz < 2 in Fig. 4(c), the conducting times of Switching State 2 and Switching State 3 are (1 — Vcont2
)Ts and (1 — Veont1) Ts, respectively. The remaining time for Switching State 1 is (Veont1 + Veonz —1)Ts. Every Switching States are
shown clearly in Fig. 4(d). The inductor average voltage in this case is calculated in following:
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Similarly, for the other case of 0 <Vcont1 + Veontz <1 in Fig. 4(d), the conducting times of Switching States 2 and 3 are Veon Ts and
Veont2 Ts , respectively. The remaining time for Switching State 4 is (1 — Veont1 — Veont2) TS. The average of inductor voltage in TLBC
is calculated in following:
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1 v, v,
Tf ((1_ Veont Vconlz)'TS '(Vin - ?) + Vcontl'TS '(Vin - ?)
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V
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We will precisely achieve Eq. 5.
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Fig. 4(a). Inductor voltage waveform and the switching of modes 1 <Vconu + Veontz <2
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Fig. 4(d). Behavior of the three-level boosting converter in 0 <Vcona + Veontz <1

V. MPPT ALGORITHMS

Numerous MPPT algorithms have been developed and implemented by researchers [29,30]. In general, the MPPT techniques
can be divided into two categories: direct and indirect methods [31]. The direct method of MPPT algorithms is independent of
prior knowledge of PV modules’ characteristics. MPPT algorithms included in this category are P&O, INCond, feedback voltage
or current, and FLC method. The indirect method, on the other hand, requires prior evaluation of the PV generator. It is based on
the mathematical relations obtained from empirical data. Methods such as look-up table, open-circuit PV voltage, short-circuit
PV current, and other MPPT algorithms are examples of the indirect method [31-33].

A. MPPT with FPI controller

The reasons for using the FPI controller as compared with conventional controllers are mentioned as follows:

1) Utilizing two controllers instead of one controller increases the precision in a closed loop system. Due to its simplicity, fuzzy
controller is easier, compared with other complicated algorithms.

2) Compared to classic controllers, it is more intelligent, robust, and suitable for systems with model uncertainty, parametric
uncertainty, and disturbances.



3) Fuzzy controller is applicable to multi input- multi output (MIMO) systems, but conventional controllers like PID are not
applicable to MIMO systems and are used only for single input-single output (SISO) systems.

The FLC provides high performance even if the load as a disturbance and parameters of the model change [34]. The main
advantage of FLC methods compared with other classical control techniques is their lower dependency of the accurate
mathematical model and nominal parameters. In this regard, it was reportedly [35] more suitable for the MPPT process,
especially for rapidly changing atmospheric conditions.

However, FPI controller have also some disadvantages as follows:

1) needing trial and error to define the membership functions;

2) High implementation costs;

3) Complex calculation of the controller;

4) Use of two controllers enhances the precision, but the model makes the system more complex.

In this paper, for the MPPT with FPI, we have used Fig. 5 for simulation. As can be seen from the figure and similar to the
MPPT with fuzzy methods, FLC inputs are error E(k) and error changes CE(K) with their equations presented in (6) and (7). FLC
outputs are the values of Kp and K, which, after adjustment, enter the Pl controller. They exhibit maximum power, which is
oscillation-free and completely smooth, even better than the conventional fuzzy method.

The function of this FLC with PI adjustment can be classified into four elements: fuzzification, rule base, inference engine, and
defuzzification.

()= Pl =Pk =)
Vo (K) =V, (k-1)

CE(k)=E(k)-E(k-1 @)

A.1. Fuzzification

Membership function values are assigned to linguistic variables using seven fuzzy subsets: NB (negative big), NM (negative

medium), NS (negative small), ZO (zero), PS (positive small), PM (positive medium), and PB (positive big). The partition of
fuzzy subsets and the shape of membership functions, which can appropriately adjust the system, are demonstrated in Fig. 6.

(6)

A.2. Fuzzy Inference System

The inference engine mainly consists of a fuzzy rule base and fuzzy implication sub-blocks. The inputs which are now fuzzified
are fed to the inference engine and the rule base is then applied. The output fuzzy set is identified using the fuzzy implication
method. Here, we use the MIN-MAX fuzzy implication method [36]. Tables 111 and IV show the rule base of the FLC to adjust
the amount of Kp and K.

A.3. Defuzzification

For this system, the center-of-gravity method is selected to compute the output of this FLC which is the same as Pl value
changes.

By the changes of the value of PI in the output of FLC, the control signal is generated using PWM and enters the MOSFET
switch in TLBC.

Duty cycle changes occur according to Equation (8). Since AVcont1(K) = Veont1(K) - Veont1(kK-1) is. With the accumulation of signal
Aveont1(K) With veont1(K-1) of simulation, signal veonta(K) is given to the TLBC switch control.

_i’u(vcontl.j )'(Vcontlj)

j=1 8
Avconn: n ( )
Z(Vconﬂj)
j=1
Table 11
Fuzzy rule table for Kp
CE NB NM NS Z0 PS PM PB
E
NB PB PB PB PM PS Z0 Z0
NM PB PB PM PS PS Z0 NS
NS PM PM PM PS Z0 NS NS
Z0 PM PM PS Z0 NS NM NM
PS PS PS Z0 NS NS NM NM
PM PS Z0 NS NM NM NM NB
PB Z0 20 NM NM NM NB NB




Table IV
Fuzzy rule table for K,

CE | NB NM NS Z0 PS PM PB
E
NB NB NB NM NM NS Z0 Z0
NM NB NB NM NS NS 20 Z0
NS NB NM NS NS Z0 PS PS
Z0 NM NM NS Z0 PS PM PM
PS Z0 Z0 20 NS NS 20 Z0
PM NS NS NS NS Z0 Z0 Z0
PB Z0 Z0 20 Z0 Z0 Z0 Z0

Fuzzy Logic Controller
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VI. PROPOSED VOLTAGE BALANCING CONTROL

The voltage-balancing control loop is plotted in Fig. 7, where the difference between the two values is the input to a fuzzy logic
controller to obtain the signal Aveonrz . Then, the control signal veon is obtained by:

V Vcoml + AVcontz (9)

cont2 —

A. Fuzzy logic controller

The FLC inputs in this part of the controlled systems are the error voltage of capacitors E (K) and error changes CE (K). The
output of FLC includes Avconz Changes whose fuzzy rules act such that the voltage differences become zero with Aveonrz Changes.
The fuzzy logic controller, which is proposed in this paper, is the same as the MPPT controller for adjusting Kp quotient,
represented as Figs. 6(a)-6(c) with rule bases of Table 111 of the previous section. This controller well adjusts Avcontz and is added
to the veont1 Signal obtained from the MPPT controller. This controlling method appropriately balances voltage capacitors under
different conditions of radiation and ambient temperature. Fig. 8 demonstrates the proposed flowchart diagram of FLC.

VC2 F L C a Vcomz @ Vcontz

VCl Vcoml

Fig. 7. voltage balancing control loop
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VII. RESULTS AND DISCUSSION

The simulated parameters are listed in Table V. Two capacitors C1 = C, = 2000 uF were connected in series in the circuit to
induce voltage imbalance. The frequency of the voltage-balancing loop was 10 KHz. The output voltage of TLBC is displayed in
Fig. 9. The newly-designed TLBC increased the converter output voltage of the PV panels from 17.15 V to 126 V. According to
Equation (3), which was verified for TLBC, the output voltage was almost seven times larger than the input voltage. The
proposed controller maintained Veont1 and Veontz CONstant at about 6/7. This pulse width enhanced the output voltage by up to 7
times the input voltage.

Although this increase was significant, it did not damage TLBC switches. In what follows, the results of the design of the
proposed controller for balancing the voltage of TLBC capacitors will show that this value for voltage was exactly divided at the
beginning of the simulation and would branch into two TLBC switches, thereby decreasing switch life and seriously damaging
the switches.

If the input voltage of the conventional boost-type controller is increased by seven times, we will require a switch which can
resist a 7-fold input voltage, i.e. a switch with a higher nominal voltage, which reduces the switch life and raises the switch costs
due to the high voltage rate. Nevertheless, using TLBC, we can increase the input voltage by seven times. Then, with the help of
the proposed controller which is designed for balancing of voltage of capacitors, we can impose this voltage rise on two switches
with low voltage rates (lower nominal voltages) and lower costs which can resist half this voltage growth (i.e. 3.5 times) [14].
Thus, TLBC is far better for a high voltage rate and high power, where switches with a lower voltage capacity can be employed.
Fig. 10 illustrates the characteristics of the power of the photovoltaic panels with MPPT controller FPI. It can be observed that
this controller appropriately tracked the reference power, while its maximum error was 0.02 W. This type of tracking results in a
power transfer to the output with very little loss, while the value of the duty cycle is kept constant.

In order to check the accuracy of the proposed controller in balancing the voltage of TLBC capacitors in a PV system, it was
evaluated with a desired value and set point.

Fig. 11(a) presents the simulation of the voltage balancing of reference TLBC capacitors by the fuzzy controller method.

In Fig. 11(a), Vac1 and Ve, represent the voltage of capacitors in TLBC connected to a three-level inverter with different initial
voltages.

As the figure shows, the voltage of the two capacitors has a high voltage overshoot for reaching a certain voltage in the
beginning of simulation until reaching that point, which can interrupt power switches. It is not clear how much overshoot it
produces for higher voltages. This growth of error hinders the system and increases the risk.

Fig. 11(b) displays the TLBC voltage capacitor based on PI controller of Ref. [38]. It is clear that the existence of any
disturbance in the system causes Vc1 and V¢, imbalance, and there are differences between V1 and Vc,. Furthermore, there is no
undershoot and overshoot in the transient time with PI controller.



12

Fig. 11(c) exhibits the TLBC voltage capacitor based on self-tuning fuzzy PI controller of Ref. [39]. It is clear that there are great
fluctuations on the V¢; and Vc,. These fluctuations act as impulses with high amplitude which is a major issue for this controller.
As reveal in Fig. 12(a) to Fig. 12(d), the capacitor voltage balancing based on the proposed FLC controller has been regulated
suitably and more robust than P1 and self-tuning fuzzy PI controller.

Fig. 12(a) depicts the simulation of voltage balancing of TLBC controllers with the proposed controller. As can be seen, from the
start of simulation, the two voltage capacitors tracked each other and were equal in terms of voltage value. Tracking was highly
precise and accurate, and errors observed in the magnified section did not exceed 0.2 V.

To check the accuracy of the proposed controller, we simulated it under abrupt solar radiation. Based on Fig. 12(b), when solar
radiation varied abruptly from 1000 W/m? to 500 W/m? (as uncertainties which are possible in environmental settings), the
proposed controller worked well and no problems were detected in setting up and tracking. Fig. 12(c) reveals the case when both
solar radiation and temperature changed abruptly as two uncertainties. In the simulation test, although solar radiation suddenly
changed from 1000 W/m? to 700 W/m? in 0.4 seconds and temperature from 45 °C to 15 °C in 0.7 seconds, the voltage of
capacitors was highly intelligent and no problems occurred.

Fig. 12(d) illustrates the voltage balancing of TLBC capacitors at the sudden change in resistance electric charge as another
uncertain parameter. Based on this figure, at the sudden change of resistance charge from 200 Q to 50 Q within 0.3 seconds, the
voltage of capacitors did not have any overshoot or fluctuation, reacted immediately, and had an accurate tracking. Accordingly,
the proposed controller ensures that no overshoot occurs in the worst uncertainties and tracking is absolutely perfect.

Table V
PARAMETERS OF PV-FED THREE-LEVEL CONVERTER
Output Voltage 126V
Inductor L 0.75mH
Capacitor C,=C, 2000pF
Switching period T 100ps
Controller parameter K, 0.155

140

120
>
<100 //
g /
S 80
S/
2 60
2w/
5 40
S ./

20

=

0.1 0 3 0.4 05

2 0.
Time [S]
Fig. 9. Output Voltage of TLBC

&

Module Power[wW]

‘ :
:

|

i

|

|

|

I

|

|

i

|

i

|

1

W89 05 O O 0B 0404 O O 04T 04
0 005 01 015 02 0% 03 035 04 045 05 L
Time[S]

Fig. 10. PV power curves generated by FPI controller



400
3501 Vel
- N
SA—
g N /e
%250 ," VOCZ
3
3200 [31]
2
8150
Q
@
0100
50
00 001 002 003 004 005 006 007 008 009 01
Time 3]
Fig. 11(a). Capacitor voltages with FLC [37]
15
==\/cl
—\c2
i /
%]
% 10 /
S
—
g 5
Q
©
0
0
0 1 2 3 4 5 6 7 8
Time [S]
Fig. 11(b). Capacitor voltages with PI[38]
20
==\/c1
I I =
g | |
o419
g | | | I | I |
o
>
210
Q
®
Q
o]
0
55
Q
5
0]
GO 5 10 15 20

Time [S]
Fig. 11(c). Capacitor voltages with self-tuning fuzzy PI [39]

70

\

/ r Yo
—Vc2

2
Q 50 / / 4
S0 - .
g / %631
530 £ N N
= >
§20 / ’%"Z ANAR \J'\v v \ ‘\Jl\f
T g
6] / V62

10 H

62 i 0462 04625 0. )3 04635 0.464 (1)4645 0.465
0
0 0.1 0.2 Time [9] 03 0.4 0.5

Fig. 12(a). Capacitor voltages by FLC in 25°%,1000W/m?



14

70
, —Vel
60 1000w/, —Ve2
g ~ N soowin?
1%
@
= 40,
o
S/
530
£ /
220 /
O
10
0
0 01 02 05 06 07

0.3 0.4
Time [S]
Fig. 12(b) Capacitor voltages in the presence of radiation sudden change, as uncertainty by FLC.

70

T
1000Win, 45°C

15°C
/ V——
700W/m

=2}
S

22
S
~

~
S

—
7\\

Capacitor Voltage [V]

VeL Ve

—
o

=

01 02 03 04 _05 06 07 08 09 1
Time [9]

Fig. 12(c). Capacitor voltages in the presence of radiation and temperature sudden change, as uncertainty by FLC.

80 ¢ f\ ‘*\/rl V 1
XE i " v |—Ve

s i e N
2 o0 ahm Sy AR AT I\ V2
%60 200 0nMm - 31_:\J M | \‘r '
g g f
E / \ 3L T 0% 037 088 08 0% 088!
o K 50 ohm
0

0

Time [S]

Fig. 12(d). Capacitor voltages in the sudden change resistive load as uncertainty by FLC.

VIIl. CONCLUSIONS

In this paper, a new transfer function of TLBC was verified in terms of the mode of switching. MPPT control was performed
by an intelligent FPI. The main objective was to balance the voltage of capacitors of the TLBC in the PV system in which FLC
was utilized. This controller written by appropriate changes in duty cycle rate by rules and by being combined with signals
obtained from MPPT acted in a way that, in case of sudden changes in daylight, solar radiation, and output resistance charge, the
balancing of voltage capacitors of TLBC would occur appropriately and the error would be below 0.2 V. The proposed FLC
controller was compared to Pl and self-tuning fuzzy PI for capacitor voltage balancing of TLBC. It was observed that the PI
controller has a voltage difference of about 5 V within between 6 and 7 s. Also, there was an overshoot of about 1 V in the start
of simulation. For self-tuning fuzzy PI, there is some variation in results which is a major issue.

In this paper, balance voltage capacitors of TLBC were considered in four scenarios by an intelligent fuzzy method under
uncertainty parameters such as the surrounding temperature, solar radiation, and output electric charge. The scenarios include:
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A. Comparison between different controllers:

In the first scenario, the proposed controller was compared to Pl and self-tuning fuzzy PI for capacitor voltage balancing of
TLBC. It was found that the last studies have some problem such as overshoot and undershoot of about 1 V and there is some
variation in results which is a major issue.

However, balancing of the voltage capacitors with minimal errors in different cases was done by the proposed intelligent
controller.

B. Sudden changes in the solar radiation:

The atmospheric conditions suddenly change as disturbances. This problem can be controlled by the proposed controller under
any conditions. The capacitor voltage balancing is managed with minimal errors in this case of dramatic changes and there is not
any overshoot and undershoot between the capacitor voltages of TLBC.

C. Changes in the temperature and solar radiation:

The temperature and solar radiation fluctuations are common uncertainty parameters. To resolve these uncertainties, the
intelligent controller overcame these problems.

D. Changes in the load disturbance:

The sudden change in the resistance electric charge was considered as the load disturbance, where the capacitor voltage did not
have any overshoot fluctuation. The results in figures verify the acceptable range of capacitor voltage balance.

The simulation results clearly suggested better performance of the proposed controller. The controller can also be used for
systems with an unstable voltage. So, further studies are warranted to confirm the applicability of the results to practical
implementation in a closed loop system.
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