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Abstract — A multilevel boost converter (MLBC) with fractional order- proportional integral (FO-PI)-based perturb
and observe (P&O) maximum power point tracking (MPPT) controller is proposed to enhance the performance of
photovoltaic (PV) systems. Two control schemes for the MLBC were investigated: i) MLBC with FO-PI-based P&O
MPPT controller and ii) MLBC with only P&O MPPT controller. The simulation results, carried out using
MATLAB/SIMULINK package, show that the performance of the MLBC with FO-PI-based P&O MPPT controller
much over weights that of the MLBC with only P&O MPPT controller in terms of rise time, peak overshoot and
settling time. These results indicate that the proposed system constitutes a good candidate for implementation in
PV applications, in order to extract maximum electric power and to supply high output voltage to the load.

Keywords— Multilevel boost converter; Fractional order controller; Maximum power point tracking; Solar
photovoltaic module; Small-signal model.

1. INTRODUCTION

As the world is facing environmental issues, climatic crises and depletion of fossil fuels,
solar energy becomes very attractive option for electricity generation by means of
photovoltaic (PV) systems. In recent years, these systems are getting progressively more
importance because they are pollutant free and require less maintenance [1]. However, the
output voltage of solar PV cells is significantly low and, hence, stepping it up is necessary to
utilize the electric power efficiently [2, 3]. This can be achieved by utilizing a boost converter.
But the voltage gain of ordinary boost converter is limited and it is not possible to obtain
high voltage gain without stressing the switch. To overcome the drawbacks of conventional
boost converters, a novel high step-up DC-DC multi-level boost converter (MLBC) is used
[4]. Compared to conventional boost converter, MLBC has many advantages such as low
switching frequency, low voltage stress, high voltage gain and efficiency [5, 6]. Since the
electric power output from PV modules changes due to intermittent weather conditions like
irradiance and temperature [7], various maximum power point tracking (MPPT) techniques
are utilized to extract maximum power from PV modules. Among these MPPT techniques,
perturb and observe (P&O) MPPT is the most popular due to its merits such as the good
performance and the ease of implementation [8, 9].

Conventional proportional integral (PI) controllers were used traditionally to control
power electronic converters under varying input/load conditions [10-12]. PI controllers are
not robust and have less degree of freedom [13]. Fractional order (FO) controllers, on the other
hand, are very efficient to achieve good transient and steady state response - compared to
conventional controllers - because they have additional tuning parameter, which provides
robustness under closed loop operation [14, 15].
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In this paper, a PV-fed MLBC with FO-PI-based P&O MPPT controller is proposed to
enhance the performance of PV electric power generation system by reducing the output
voltage ripples and accelerating transient and steady state responses and its performance is
compared with that of a MLBC with only P&O MPPT.

The rest of the paper is organized as follows: section 2 presents a description of the
solar PV scheme with high gain MLBC and FO-PI- based MPPT controller. Modeling of solar
PV cells is presented in Section 3. P&O MPPT algorithm is explained in Section 4. The MLBC
is presented in Section 5. A brief introduction about the FO controller is presented in Section
6. Simulation of MLBC with FO-PI-controlled MPPT is presented in Section 7. Conclusions

are given in Section 8.

2. SYSTEM DESCRIPTION

Fig. 1 shows the block diagram of the proposed control and regulation scheme of the PV
fed MLBC. The PV module contains PV cells which convert the solar energy into DC electric
energy. To step up the low voltage obtained from the PV module, a MLBC is used. To extract
maximum power and get better output performance from the system, FO-PI-based P&O
MPPT controller is used. Here the reference voltage (Vi) is obtained from P&O MPPT and
compared with the output voltage (Vo), or fraction of Vo, of the converter. The
difference/error value is sent to the FO-PI controller. The output of FO-PI controller is
compared with the repeating sequence to generate the pulses.
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Fig. 1. Block diagram of the proposed scheme.

3. MODEL OF SOLAR PV CELL

A solar PV cell is used to convert the energy of sunlight into DC current by
photovoltaic effect. In order to meet the energy requirements, a PV module is formed from
solar PV cells, connected either in parallel or in series. Performance of the PV module is
affected by many factors like temperature, irradiance, etc. The MATLAB/ Simulink model of
a solar PV cell is shown in Fig. 2.
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Fig. 2. Model of solar PV cell.

The mathematical equation which describes the current-voltage (I-V) characteristic of
ideal solar PV cell is:

\Y%
I= Ipvcell — 1o, el [exp(%) —1] 1)

where k is Boltzmann constant, T is temperature of the p-n junction, Ipvcen is the generated
current by the incident light, & is diode ideality constant, I o.cell is reverse saturation current,
and q is the electron charge.

A modified form of Eq. (1) that includes additional parameters is given by:

VARI gy V4RI,

Vi R, ()

I = Ipv,cell - I0,ce|| [exp(

where Vi = kT/g - is thermal voltage of the solar PV cell, Rp and Rs are the equivalent shunt
and series resistances of the solar PV cell, respectively.

The saturation current of the solar PV cell is given by:
len + KiAT

Sc,n
Voen + K AT ®)
exp(+oen "R
t

where Isc is the nominal short-circuit current, Voc is the nominal open-circuit voltage, Ky

IO,cell =

and Kjare the coefficients of voltage and current.

G
Ipl) = (Ipv,n +K1AT)G—

n (4)
where Ipvn is the generated nominal current AT =T - Ty, G, and G are nominal and surface
irradiation, respectively.

IL= Ipy- I ()

4. MPPT TECHNIQUE

Since the performance of PV modules is dependent on atmospheric conditions like
temperature and irradiance, their characteristics are non-linear. Therefore, MPPT algorithms
are used to track the maximum operating point on I-V characteristic to extract the maximum
possible electric power from PV modules. Among different MPPT techniques, P&O MPPT is
widely used due to its good performance and ease of its implementation. So in the proposed
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- in this paper - system, P&O MPPT is designed and used to track the maximum power
point on the I-V characteristic of the solar PV cell’s model. Flow chart of the P&O algorithm
is given in Fig. 3.

In this algorithm, the PV power changes due to slight perturbation. Perturbation
continues in the same direction if the power increases, otherwise it would reverse. The
algorithm gives reference voltage of the module according to peak voltage. This reference
voltage is compared with the output voltage and difference/error voltage is generated. The
FO-PI controller along with PWM generation scheme produces pulses with required duty
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Fig. 3. Flow chart of P&O MPPT.

5. THE MULTILEVEL BOOST CONVERTER

DC-DC multilevel converters are very useful in high voltage applications and they are
a key part of renewable energy systems. The merits of multi-level DC-DC converter over
conventional ones are: 1) low voltage stress, 2) low switching frequency, 3) low electro-
magnetic interference noise, 4) less harmonic distortion, and 5) high efficiency [4]. MLBC is a
combination of boost converter and switched capacitor circuit. For a MLBC to generate N
levels in the yield voltage, it should have one switch, 2N-1 capacitors and 2N-1 diodes and
one inductor [16]. A circuit of two-level boost converter with N=2 is given in Fig. 4.
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Fig. 4. Circuit of Multilevel boost converter.

The output DC voltage of N level MLBC with duty ratio d and input voltage Vs is:

N xVs
Vo = 6
= ©

The capacitor and inductor values to reduce ripples at the output of MLBC, is given by
the following two equations:

Vo
Ci=Cr=Cq=——"—— 7
1 2 3 AVsx Fsx Ro ()
5% (Ro(1 -d)?)dTs
Linin = ( (NZ) ) (8)

where Ry is load resistance, F; is the switching frequency and Ts =1/Fs is switching period.
The operation of the circuit is similar to the conventional boost converter with extra
boosting of voltage by the multiplier circuit. During the ON state condition of the switch, the
inductor is connected to the input source voltage. If the voltage across capacitor C; is greater
than the voltage across Cz, then C; gets charged from C; through D, and switch S. During the
OFF state condition of the switch, the inductor voltage adds up with the source voltage to
charge the capacitor C; through Dj. If the voltage across Cyis more than the voltage across
capacitor C;, Dy conducts and the capacitors C3 and C; are charged. The output voltage of
two level boost converter is given by:
_2xVs

1-4d 9)

Vo

5.1. Reduced Order Model of Two Level Boost Converter

It is very complex to determine the small-signal model for the two level boost converter
as it has three capacitors and one inductor [17]. The number of states becomes four and the
modeling of the original system results in a fourth order system. Instead of considering all the
state variables for modeling, it is better to reduce the number of state variables under
consideration by combining the values of capacitors based on the operation of the circuit
during the ON and OFF conditions. So, the reduced order model is used for simplicity by
considering the equivalent capacitances during the ON and OFF states of the switches .The
equivalent circuit diagram of the reduced order models for the ON state of the switch is given
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in Fig. 5. During the ON state of the switch the equivalent circuit has capacitors C1 and Cs in

parallel and hence, they can be reduced into a single capacitance Cieq= C1+Cs.
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Fig. 5. Reduced order equivalent circuit of the two level converter (ON State).

The voltage across each capacitor at the output will be considered as the output voltage

divided by the number of levels:

Vi
VCl = VCZ = Vc3 e = VCN = WO = VC (10)

From the equivalent circuit of Fig. 5, the input and the output loops are completely

separated. The KCL equations for these two loops are given in Egs. (11) and (12).

: 11

L%:n (11)
d& = — ﬂ X VC

VTR (12)

here N is the number of levels which is equal to 2.
During the OFF state of the switch, the equivalent circuit has the capacitors Cz and C3
in parallel, and hence they can be replaced by a single capacitance Czoq= C1+Ca. From the

equivalent circuit of Fig. 6, it is obvious that the input and output loops are connected.
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Fig. 6. Reduced order equivalent circuit of the two level converter (OFF state).
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The KCL equations for these two loops are given in Egs. (13) and (14).

di V.
Ly
dt N
Czeq%Ii—ﬂXVC
dt Ry
From Egs. (11 - 14)
di Ve
L—=—(1-d)~<+V,
o= A=)V
av,
ceq—cz(l—d)i—ﬁxw
dt Ry

here Ceq= CieqtCoeq
From Egs. (15) and (16), the state space matrix is formulated and is given as:

di A )
S 1
dt NxL |- . =
! L
= v }+ Vs
c
ave| |@=d) -N F
dt i Ceq RoCeq ]
The output equations are given in Eqgs. (18-20) as:
VO = Vc
Ig=1i
Yo

i

5.2. Small-Signal Modeling of The Two Level Boost Converter

lg

160

(13)

(14)

(15)

(16)

To derive the small-signal model of the two level boost converter, the following small-

signal components are added: d = d+d, Vo =Vo +0¢, i=I + i , Ve=Ve+9,, Vg = vg +0, and

ig = Ig +i ¢ - Substituting these components in Egs. (17) and (20) and separating the steady

state, the small-signal quantities are derived and given in the following two equations:

: i 1-d)7 I AT
ai o LD, d 1 0
dt NxL 1 0 - . — | A
NxL |1 L
- + A vt v+ 1 [(ig)
" (1-d -N |~| |_d o e, o
dZ; | Cy  RCy | | Cy | 7
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Combining the above matrices yields:
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The transfer function between the output voltage and duty ratio can be determined by:

A
20 (st - A) "By (25)
d
(1-D) Ve
- NxL NXL
where C=[0 1] , A= (1-D) N © Bs=| g
Cop  RoCy Ceq

After substituting the matrix values of A, B3 (third column in Eq. (23) and C in Eq. (25),
we get the small-signal transfer function model of the high gain boost converter that is given

in the following equation:

(1-dVy sxi
A _
o _ NxL Ceq
- 12
A 52+ sx N 4 (1 d) (26)
d RCe; NxLxCy

6. FRACTIONAL PI CONTROLLER

In process control applications, proportional-integral-derivative (PID) controllers are
extensively used because of their low percentage of overshoot, design simplicity and low
settling time. PID controllers can be enhanced by using suitable settings for the fractional-I
and fractional-D actions. A PID controller, comprised of an integrator of order A and a
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differentiator of order p, is known as fractional order PID (FO-PID) controller ( P I'D¥) . The
block diagram of FO-PID controller is shown in Fig. 7.
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Fig. 7. FO-PID controller.

The transfer function of the FO-PID controller can be written as follows:
K
Ge(s)=Kp + = +Kps” 27)
5

where A and p > 0.

FO-PID controllers have additional tuning parameters like A and p. This provides
robustness under closed loop operation. To obtain a FO-PI controller from the FO-PID, K4
and p are considered to be zero [18].

The transfer function of the FO-PI controller (PI") is:

Ge(s) = Kp+ Ky/s? (28)
Parameters of the high gain MLBC are given in Table 1. The transfer function of two

level boost converter after substituting the parameters of the system, presented by Eq. (26) is
expressed as:

Vo 480—-466-67s

d - s2+444s5+1111e11 (29)

The FO-PI controller can be designed for the above transfer function using FOMCON
toolbox of MATLAB. The tuning parameters of FO-PI controller obtained by the FOMCON
toolbox are Kp=0.8 , Ki=8 , A =0.6. FOMCON toolbox is used to calculate and optimize the
parameters of the FO-PID controller. The target here is to minimize the performance metric,
i.e. integral of square error (ISE). The minimization of ISE will result in reduced rise time and
decrease in settling time. The transfer function of the FO-PI controller which is going to be

used for the control of the two level boost converter is given in Eq. (30):

TF(FO - PI)=08+ > (30)
0
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The simulation is carried out using MATLAB/SIMULINK and the performance of the
two level converter is analyzed with the designed fractional order controller.

7. SIMULATION RESULTS

Parameters of the MLBC (N=2) and the PV module used in the present investigation
are given in Tables 1 and 2, respectively. Simulation of the circuit with the controller is
carried out in MATLAB/SIMULINK.

Table 1. MLBC (N=2) specifications.

Parameter Value
Switching frequency 25 KHz
Inductor 25 mH
Capacitors 1500 pF
Load resistance 100 Q

Table 2. PV module parameters.

Parameter Value
Open-circuit voltage 24V
Short-circuit current 3.87 A

Temperature 298 K
Solar irradiance 1000 W/ m2

Performance (in terms of output voltage, current and power) of MLBC with FO-PI-
based P&O MPPT controller is compared to that of MLBC with only P&O MPPT controller.
The results, depicted in Figs. 8-10, prove that the response of the MLBC with P&O MPPT
controller has less overshoot but still takes more time to reach steady state value. But the
time response of MLBC with FO-PI-based P&O MPPT controller is much better, i.e., the
overshoot is lower and the response settles much faster.
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Fig .8. Output voltage of the MLBC with the two investigated control schemes.
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Fig .10. The output power of the MLBC with the two investigated control schemes.

Table 3 gives the output values of the MLBC with P&O MPPT and with FO-PI-based
P&O MPPT techniques. It shows that the MLBC with FO-PI-based MPPT controller gives
higher output voltage and power. Table 4 gives the results of time domain specifications of
the outputs of MLBC with P&O MPPT technique and with FO-Pl-based P&O MPPT
technique. It reveals that the output response of the MLBC with FO-PI-based P&O MPPT
technique has faster rise and settling times. Ripple factor for the P&O MPPT technique is
0.096% and for the proposed FO-PI-based P&O MPPT is 0.387%, meaning that the output
waveform of the proposed system has more ripples. Hence, the proposed system derives
more output power from the PV modules. The response of the system is very fast and steady
state is achieved in less time. But the ripples in the output are more in the present case.
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Table 3. Output of MLBC with different techniques.

Input voltage Output voltage Output current Output power

Techni
echnique v v v "
P&O MPPT 24 78.04 0.69 53.94
FO-PI-controlled P&O o4 849 0.74 62.92
MPPT

Table 4. Performance parameters for output voltage with different techniques.

Parameter P&O MPPT FO-PI-controlled MPPT
Maximum overshoot 0 0
Settling time [s] 0.85 0.25
Rise time [s] 0.35 0.2
Ripple factor [%] 0.096 0.387

8. CONCLUSIONS

In this paper, a MLBC with FO-PI-based P&O MPPT controller is proposed for PV
applications. The performance of the proposed system is compared with that of MLBC with
only P&O MPPT controller. The MLBC with FO-PI-based MPPT controller gives desired
output voltage and power with reduced distortions. The power output from the proposed
MLBC with the FO-PI- based P&O MPPT controller is much better than that obtained from
the MLBC with only P&O MPPT controller. The output response of the proposed system is
much faster (i.e settling time is 0.25 sec) than that of the MLBC with only P&O MPPT
controller (i.e. settling time is 0.85 sec). Hence, the proposed FO-PI-based P&O MPPT
controller is much better than the conventional P&O MPPT controller for MLBC circuit. The
proposed system will be very useful for implementation in PV applications in order to
extract maximum power and to supply constant high output voltage to the load. However,
ripple factor for the converter with only P&O MPPT technique is 0.096% and for the
proposed converter with FO-PI-based P&O MPPT is 0.387%. Indicating that the proposed
system has more ripples in the output waveform. This is a drawback that will be further
investigated in future research works.
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