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Abstract: In this paper, the maximum power point tracking (MPPT) and the load voltage control of a
Hybrid Power System (HPS) has been investigated. The underlying HPS consists of a boost converter, a
Bidirectional DC-DC converter (BDC), a photovoltaic (PV) panel, and a battery. The integral sliding
mode controller (ISMC) is proposed For MPPT. The load voltage control system is based on the use of a
double-loop controller, an inner one to control the current of the battery by the sliding mode control
(SMC) and the outer one to control the load voltage by a PI controller. Dynamic equations of the system
are derived from the “state-space averaging method”. Afterwards, a method for obtaining the load
resistance is presented to improve the dynamic response. Then, the results of the proposed controllers for
MPPT and the load voltage control by means of simulations using the Matlab/Simulink software are
discussed. The experimentally derived results, by implementation on SPARTAN XC3S400 chip, are also

given for justification.

Keywords: Maximum Power Point Tracking (MPPT), Hybrid Power System (HPS), Photovoltaic (PV),
Load resistance, Integral Sliding mode control (ISMC), Double-loop controller.

1. INTRODUCTION

Currently, renewable energy is receiving greater attention as
a sustainable alternative to more traditional energy sources.
One of these environmentally-friendly energy sources is solar
energy. The application of photovoltaic arrays in stand-alone
systems has become popular due to some advantages, as low
upkeep cost, low maintenance, no waste or byproducts, and
easy expansion by using multiple solar panels and batteries.
The problem of harnessing solar energy is that solar panels
cannot produce power steadily because their power output
rates change with days and hours (Thounthong, 2011; Sauer,
2015).

Hybrid power sources (HPSs) are designed to generate power
more efficiently (Mojallizadeh and Badamchizadeh, 2016).
DC-DC converters are one of the key elements in HPSs:
They interface between the power sources and other parts of
a hybrid system. Control of DC-DC converters is necessary
for HPS. There are two challenges to control the HPS system.
One, extracting the MPPT from PV module and the other, the
load voltage regulation. Several studies have been carried out
in the field of MPPT methods. Among these methods, perturb
and observe (P&O) (Elgendy et al., 2015; Killi and Samanta,
2015; Ahmed and Salam, 2016) and incremental conductance
(INC) (Xu et al., 2015; Bahmanpour et al., 2018) are widely
used in the literature, but they fail under fast varying climatic
conditions (Ghassami, 2013) and have no robustness
properties. There are also other techniques such as, adaptive
control (El Fadil and Giri, 2011; Koofigar, 2016), neural
networks (Syafaruddin et al., 2012), fuzzy logic (Algazar et al.,
2012), SMC (Belkaid et al., 2016; Mojallizadeh and Karimi,

2014), fractional short circuit current method (Sher et al.,
2015) which estimates the optimal current by short circuit
current and fractional open circuit voltage method (Murtaza
et al., 2012) which estimates the optimal voltage by open
circuit voltage. The last two methods are very simple, but
they have a weaker and less accurate performance. Recently,
the problem of controlling HPS has been studied and
researched. The APBC controller has designed by using
algebraic parameter identification (Mojallizadeh and
Badamchizadeh, 2016; Tofighi and Kalantar, 2011). In the
method introduced, regarding the algorithm, the control
signal cannot be followed by rapid changes, whole the
changes must be slow, so the dynamic response of the system
is slow and is accompanied by a large overshoot. The SMC is
used for this purpose (Mojallizadeh and Karimi, 2014a;
Mojallizadeh and Karimi, 2014b; Khabbazi et al., 2017), but
the problem that ensues is that power losses such as loss of
inductors and losses of power switches in the converters are
not considered; therefore, this causes undesirable control of
the system in operation.

The purpose of this paper is to design two control signals.
The first control signal is applied to the boost converter for
the MPPT of the PV array, and the second control signal is
applied to the BDC to guarantee the stability and adjust the
output voltage to the desired value. To this end, the boost
converter is driven with ISMC and BDC is driven with a two-
loop controller, an outer one to control the load voltage by a
PI controller and the inner one to control the current of the
battery by the SMC. Then, to improve the dynamic response
of the system, a method for obtaining the load resistance is
presented.
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Fig. 1. Circuit diagram of HPS.

This paper is organized as follows: The converters are
modeled in Section 2; The proposed controllers are designed
in Section-3; The results of the simulations and experiments
are given in Sections 4 and 5; and conclusions are presented
in Section 6, respectively.

2. HPS MODELING

The circuit modules of an HPS are schematically shown in
Fig. 1. It consists of a PV panel, a battery and interfacing DC-
DC converters, i.e., a BDC and a boost converter.

2.1 Mathematical model of DC-DC converters

By utilizing the state-space averaging method (Emadi, 2004),
dynamic equati-ons of the system can be expressed as:

LpX1 - Vp Rlpxl - Vd — X2 — (stlxl - Vd — X2 )up
Cx, = —-24 x (1 up)+ XUy, (D)
LpXs = Vi, = (Rjp + Rgw3)X3 — Xpup

where L, and L, denote the inductances, Ry, and Ry, denote
the resistance of the inductors Ly, and L, respectively, C is
the capacitor, R is the load resistance, Ry, and Rgy; denote
the conductive resistances of the switches SW1 and SW3, V4
is forward voltage of the diode, V, denotes the battery
voltage and V, is the voltage of the PV panel. X =[xy, X,, X3]

T is the state Vector which includes current of the PV panel
(I), load voltage (V¢) and battery current (I,), respectively.
The control inputs 0< u, <1 and 0< u, <1 are the duty cycle
of the switches SW1 and SW2, respectively (SW3 acts in the
opposite direction of SW2).

2.2 Mathematical model of the battery

Storage devices are utilized for energy storage in HPS. The
battery store energy in the electrochemical form. The battery
is modelled based on the generic Thevenin model (Lin,
2000). Fig. 2 shows equivalent circuit of the battery, where
Vioe 1s the open circuit voltage and 7, is the equivalent
resistance.

AN ®
p +

Vboc Vp

Fig. 2. Equivalent circuit of the battery storage.

2.3 Mathematical model of the PV array

Different models based on the PV cell are used to explain this
effect. The one-diode model (Azzouzi, 2013; Ahmad, 2014) or
the two-diode model (Petcut, 2010; Dragomir et al., 2010) are
usually considered. The single diode model (fig. 3) is the most
classical model described in the literature, in which the
simplest model can be represented by a current source in
antiparallel with a diode and the non-idealities are represented
by the insertion of the resistances R, (series resistance) and R,
(parallel resistance).

Fig. 3. Equivalent model of the PV panel.

The PV panel simulation model is based on the output current
of one PV equivalent model, and its mathematical equation
(Park et al., 2016) is represented by:

(Vp+IpRs) Vp+IpR
Iy =1Ipn = Iis (e AkpT — — 1) — (ptlpRs) pRpp :) (2)
A
Iph = To00 [Iser + k(T — T)] (3)
9Bg 1 1.
les = Lop(G) e RoA T ™. 4)

Where V, and I, are the PV cell voltage and current,
respectively, [ is the diode reverse saturation current, q is
the electron charge (1.6x10™"? coulomb), A is the ideality
factor of the p-n junction (1.12), ky, is the Boltzmann constant
(1.3805 x 102 J/K), A is Solar irradiance level (0~1000
W/m2), k; is the temperature coefficient (12x10*A/K), T is
the cell temperatu-re, T, is the reference temperature (298°K),
E, is the bandgap energy (1.2ev), L, is the saturation current
at T, (5.98x10°* A), and I, is the short circuit current (1.45
A). In Figs. 4 and 5, the power characteristics of the analyzed
PV cell, considering solar irradiation and temperature
changes, are shown. The curves show clearly the nonlinear
characteristics, and they are strongly influenced by climate
changes. Thus, it becomes necessary to use techniques to
extract the maximum power from these panels. The
requirement for maximum power point tracking (MPPT) is
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raised by the fact that the MPP of the PV panel continuously
varies with temperature and illumination changes.

1000 W/m?

"
w

Power (W)

500 W/m?

M
e

250 W/ m?

u, = —Z—:+ksp+kifspdt 7

where k and k; are constant coefficients and are determined
by trial and error method by using computer simulations. The
block diagram of proposed method is shown in Fig. 6.
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Fig. 4. PV power characteristic for different irradiation levels.
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Fig. 5. PV power characteristic for different temperature levels.

3. CONTROLLER DESIGN

The goal of the controller is to produce two control signals
with a feasible amplitude, including u,, applied to the boost
converter for MPPT of the PV panel, and u,, applied to the
BDC to adjust the load voltage to the desired value, to face
rapid power vacillations.

3.1 MPPT Controller Designer

In the conventional SMC (Belkaid et al., 2016; Mojallizadeh
and Karimi, 2014; Khabbazi et al., 2017) by using Fig.4 under
uniform insolation conditions and selecting the PV sliding
surface as (5), it is guaranteed that the system state will hit the
surface and produce maximum power persistently.

dppv
=&=X1+vpd—xg=0 (5)

where p,, is the PV power. Finally, the conventional control
signal is obtained:

up =1—-22+ks,. (6)
2

MPPT is based on SMC, which was presented previously,
has the following advantages.

1) Unlike SMC, the conventional algorithms have
complicated mathematical relationships and if-then
conditions, so it is difficult to implement them.

2) Unlike SMC, common control methods like the
APBC required reference current (x;4) for control
law synthesis.

But the problem that can be taken with the conventional SMC
is that the boost converter elements such as the inductor (L,)
are ideally considered; Consequently, the controller cannot
tracking MPP in reality. To solve this problem, ISMC is
proposed:

Divisor Sub
J_ﬁJ it AN
X
1 g di/dt 5um_>_/_i,
Vo dv/dt Sum——» PI| —/

Fig. 6. Implementation of ISMC method.
3.2 PI-SMC Design

Two PI control loops to control the hybrid system is used and
then the double-loop controller, an inner one to control the
current of the battery by the SMC and the outer one to control
the load voltage: by a PI controller, are used for the same
system (Etxeberria, 2011). This structure can be named as PI-
SMC and shown in Fig. 7. The results show that the PI based
control system is not able to maintain its good response when
the operation point is not inside a limited range around the
operating point selected to design the controllers. Due to the
characteristics of the HPS and the microgrid operation, the PI
based controller cannot assure the stability of the system in
the entire operation range. The PI-SMC shows a higher
robustness and it is able to operate correctly at the different
cases that have been analyzed.

A PI controller has been used to adjust the load voltage to the
desired value. Control law is shown below (8). Its values K
and K, are shown in table 1.

(Kp1 (X2 — X24) + Kig [ (x; — Xpq)dt). )

A nonlinear controller has been designed in order to analyze
its advantages compared to the linear controller. The SMC
has been selected due to its ability to guarantee stability and
robustness against uncertainties (Tan et al., 2008).

X3d = —

Voltage regulation sliding surface (s) is selected as:
S = X3 - X3d (9)

in order to get the equivalent control (ueq), the equivalent
control is determined from the following condition:

ds ds ds
S—a—X1X1 0—X2X2 +0—X3 = (10)
The equivalent control is then derived:
vp—(Rp+Rsw3)Xx
eq — b lbXZ sw3)43 ) (11)

The step for obtaining (Ry,+Ryy3)x;3 is described in Section 3.
3. If u, = 1 as a result (R, + Rgw3)x3 can not be obtained.
The real control signal is proposed as:
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0 Ueq + ks < 0
0 < ueq +kgs <095
0.95 < ugq +Kkss

up = ueq + kSS
0.95

(12)

where k; is a constant coefficient and is determined by trial
and error methods using computer simulations.

Vp , X4 Up

m»?»; F—"—m—’x” 3 -

Fig. 7. Structure of PI-SMC.

The existence of the approaching mode of the proposed
sliding function is provided. A Lyapunov function is a
positive definite term and is defined here as:

V= 1;'352. (13)
The time derivative of V can be written as:
V = 1,s5. (14)

The achievability of s = 0 will be obtained by V < 0. V can be
written as follows:

V=5V, — (Rip + Rswz)X3 — XpUp) (15)
assumptions: X, > vy, > 0, ks > 0.
Three cases should be examined for the fulfillment of V <0.

Case I: whenu, = 0

V=5V — (Rpp + Rsw3)X3) (16)

in this case x; is rising, as a result Lyx; > 0, by replacing it
into (1) we have V,, — (R}, + Rgw3)x3) > 0 and according to
Ugq + Kss <0, by replacing (11) it into and with
assumptions, the sign of (s) is negative, as a result, V is
negative definite.

Case II: when 0 < u, < 0.95

by finding u, from (12) and replacing (11) and (15), we have:

V = —kgx,s? (17)
by assumptions, V is negative definite.

Case III: when uy, = 0.95

V =5(Vy, — (Rp + Rews)x3 — 0.95x;) (18)

in this case x; is falling, as a result L3 < 0, by replacing it
into (1) we have V, — (R)p + Rgw3)x3 — 0.95(%;,) < 0 and
according to Ueq + Kgs = 0.95, by replacing (11) it into and
assumptions, the sign of (s) is positive, as a result, V is
negative definite. From the discussion above, the stability of
the system can be guaranteed using the proposed control law
(12).

3.3 PI (propose)-SMC Design

According to the HPS, we have:

(19)
(20)

Pb + Ppv = PL T Dioss

1 (x5? ) Ploss
X3 =—|—"——VpX1 )+
3 Vb(R P&l A4

b
where py, Ppv, PL and piess are battery power, PV power, load
power, and power losses respectively.To improve the
dynamic response of the system, the PI control law is shown
below (21).

2
X3q = _(X;{j - Vpxl) —kp1 (X2 — Xaq) — Kig [ (X2 —

2]

In fact, with this choice, the current designed for the battery
can be changed faster with power variations. The PWM
signals SW1 and SW2, load voltage (x,) and battery current
(x3) in all of the possible modes of operation HPS (mode a:
SWI1= open and SW2= close, mode b: SWI= open and
SW2=open, mode ¢: SWl=close and SW2= close, mode d:
SWl=close and SW2=open) are shown in Fig. 8. In the mode
(d) where SWl=close and SW2=open, capacitor (C) is
discharged through the load resistor and the value of R can be
measured. We have the capacitance discharge equation:

trR
R=—————— 22
C(Inx3(tr)—Inx,(0)) ( )
A -~
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Fig. 8. Key operation waveforms of the proposed HPS when
operating in (I) u, < uy, x3> 0, (II) uy,>uy, x3> 0, (I1I) vy, < u,
x3<0, (IV) u,>uy, x3<0.

where x,(tr) is the Capacitor voltage at time tg, X,(0) denotes
the initial voltage of the capacitor and t is the time at which
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the capacitor voltage ranged verb from x,(0) to x,(tg). This
mode is shown in Fig. 9.

To calculate R, it is necessary to create a delay of t; size
between the two PWM signals SW1 and SW2. If there is no
delay, R may not be calculated. For example, in Fig. 8. (I)
and 8. (II), if not delayed (t3), R cannot be calculated
because SWl=close and SW2=open, does not occur. tg < t4
shown in Fig. 9, because there will be a small spark in the
load voltage and current on the rising and falling edge of the
pulses.

. Vas(swa)

Vas(swz2)

X(0)

b X, |

tr
tq

Mode: @)

Fig. 9. Demonstration of mode (d) for R calculating.

In the mode (d) or (b) where sw2=open, for calculating
(Rip+Rgw3)x3, we have:

(tr)—x3(0)
(Rip + Rgw3)x3 =V, — Ly, [%]-

R

(23)

The SMC design steps are the same as in the previous section.
This structure can be named as PI(propose)-SMC and shown in
Fig . 10.

R Calculator

R ><1 Vp V Us, up$

m Pl(propose) _
+T
Z

Fig. 10. Structure of PI (propose)-SMC.

4. SIMULATION RESULTS

MATLAB environment is used to simulations. The HPS
parameters are in accordance with Table 1 and 2. The MPPT
and the performance of the proposed controller for the load
voltage tracking are examined in two simulations.

4.1 MPPT Simulations

In this case, the simulation investigates two PV
characteristics: irradiance and temperature changes. The
profile of solar irradiance and temperature are shown in Fig.
11.
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Fig. 11. Variation profile of solar temperature and irradiance.

Initially, the Boost converter elements are considered ideal, and
the performance of the proposed controller and conventional
controller are compared. Then, the resistance of an inductor (Ry,)
is 1.5 ohms and repeats the simulation.

Table 1. Parameters description.

Symbol Value Symbol Value
Vb 12V-7Ah K 0.4
Ly SmH Ko 0.8
stitcmg 31.25kHz Kil 0.005
SW1,2,3 IRF540 K 0.02
L, SmH K; 0.0002
C 470 pf tr 1 usec
t4 1.4 psec
Table 2. PV Parameters.
Symbol Value Description
Voe 19.7V
I 1.45A
Vupp 16.2V A=1000 W/m2 & T=298°K
Ivipp 1A A=1000 W/m2 & T=298°K
K, 0.3

20
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I I I I I
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Fig. 12. The time response of PV when the boost converter is
ideal.
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Fig. 13. The time response of PV when Ry, =1.5 Q.

Due to Fig.12, the results show that the proposed ISMC and
the conventional SMC are able to track MPP when the boost
converter elements are considered ideal, but when these
elements are considered reality, according to Fig. 13, the
conventional SMC is not able to track MPP, while the
extraction of the maximum power can be achieved robustly
even can in the presence of climate (temperature or
irradiance) or load changes by the proposed controller.

4.2 Load Voltage Tracking Simulations

In this case, the desired output voltage (x»4) is 35 V and the
PV irradiance is 1000 W/m2 and the temperature is 298°K
and at MPPT, V,=162v, x,=1A. To illustrates the
improvement of the dynamic response, the PI(propose)-SMC
controller is compared with the PI-SMC controller. The
response of both structures with the same control coefficients
are compared as the sudden changes in the load at 0.11
seconds when the load resistance varies from 100 ohms to 40
ohms and at 0.15 seconds when the load resistance varies
from 40 ohms to 100 ohms are shown in Fig. 14. Simulation
results show that both approaches have zero steady state
error. The SMC is able to react maintaining the design
specifications in both cases.
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Fig. 14. The time response of load resistance variation.

However, the proposed control approach has better transient
response.

5. EXPERIMENTAL VALIDATION

To verify the robustness of the proposed controller, the
experimental configuration is set up as shown in Fig. 15,
where specifications of the system are shown in Table 1 and
2. The proposed controller is implemented on SPARTAN
XC38400 chip. The PV voltage (V,) and current (x;), battery
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voltage (Vy) and current (x;) and load voltage (x,) are sent to
the A/D pins of the chip. Afterward, the control signals (u,
and u,) are calculated and then, a PWM signal in 31250 Hz is
directly generated to control the switches of the HPS. The
control objectives are: load voltage regulation to 35 V; the
PV irradiance is 1000 W/m2 and the temperature is 298°K
witch in MPPT, V,=16.2v, x,=1A. The resistance of the load
varies directly from 50 to 100 Q, and vice versa. Fig. 16
shows the voltage and current of the load unit. The first
transient corresponds to load variation from 50 to 100 Q, and
the last transient corresponds to load variation from 100 to 50
Q. It can be seen that the PI(propose)-SMC is able to track
the reference voltage of the load with a reasonable
performance, regardless of the load variation. The load
disturbance produces a maximum transient deviation of the
load voltage below 4%, which is rejected in less than 25 ms.
The load voltage returns to 35 V after a fast transient state.

Fig. 15. Implementation of the closed-loop system.

P Pos: —34.00ms
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CH2
P Fean

Tek e & Stop

3 350

CHZ
Pk—Pk
2,204

CH2 5.00% 41 50.0ms CHA 7 250

31.2431kHz

Fig. 16. Transient response with the load resistor (R) varying
periodically stepwise between 50 and 100 Q. CH1 (Bottom)
load current (200 mA/div). CH2 (Top) load voltage (5V/div).

Fig. 17 shows the battery current. It can be realize that when
the load resistance is increased from 50 to 100 Q, the
required power is lower than the PV power. In this condition,
the sign of the battery current is negative. Fig. 18 presents the
PV current (x3). It can be observed that the proposed ISMC
regulates the PV current to I, without steady-state error.
The settling time of the PV current (x;) is about 25 ms. This
tracking performance can maximize the extracted PV power.
Experimental waveforms of the PV and battery voltages are
shown in Fig. 19. It can be seen that the PV voltage is nearly

constant, while the battery voltage exhibits high variation due
to the internal resistance. In the charge state, the battery
voltage is higher than the nominal voltage. It can be
concluded that the proposed system is robust with respect to
PV voltage variation. Moreover, since the voltage of the
battery changes due to the internal resistance, the proposed
system is also robust toward battery voltage variations.

Telk A & Stop M Pos: —34,00ms
OC
aff
24 i ]
CH2 200rn% B 50.0ms CH4 250
31.2431kHz

Fig. 17. Transient response with the load resistor (R) varying
periodically stepwise between 50 and 100 Q. CHI: battery
current (x3) (500 mA/div).
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Fig. 18. Transient response with the load resistor (R) varying
periodically stepwise between 50 and 100 Q. CH1: Pv current
(x1) (200 mA/div).
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Fig. 19. Transient response with the load resistor (R) varying
periodically stepwise between 50 and 100 Q. CH1 (Top)
battery voltage (V) (5 V/div). CH2 (Bottom) PV voltage
(V) (5 V/div).



CONTROL ENGINEERING AND APPLIED INFORMATICS

77

6. CONCLUSIONS

The nonlinear control of a HPS system and the improvement
of the dynamic response have been analyzed in this study.
The comparison between the responses of the conventional
SMC and the proposed ISMC are shows that the conventional
controller is not able to track MPP when the boost converter
elements are considered reality, while the proposed controller
can accurately track the MPP and therefore the conventional
SMC is not an acceptable choice for MPPT. To adjust the
load voltage to the desired value, BDC is driven with a
double-loop controller. Asymptotic stability of the proposed
controller system is ensured via Lyapunov theory. To
improve the dynamic response of the system, the load
resistance is calculated and placed in the outer loop, which is
a PI (proposed) controller. The comparison between the
responses of the PI-SMC and PI(proposed)-SMC shows that
the proposed controller exhibits fast transient that
corresponds to step changes in load resistance.
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