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A Fast Battery Charger of Solar Vehicle with Maximum 

Power of Solar Cells Based on Sliding Mode Under 

 A. Masnabadi*, M. Asadi*(C.A.) 

Abstract: This paper proposed a control system for the battery charger of a solar vehicle. 

The battery charger has two parts, boost converter and isolated DC/AC/DC converter. The 

boost converter is controlled by a proposed control system based on sliding mode. In this 

controller, the MPPT is implemented by an extreme point of the solar cell P-V curve. 

Also, the control system of the DC/AC/DC converter is based on sliding mode with 

consideration of uncertainties of the output filter. A fast charging algorithm based on 

variable frequencies was carried out by the presented control system and charging of a 

Lithium-ion battery was done during 20 min from SOC 20% to SOC 80%. The simulation 

results show control system effectiveness. 

Keywords: Solar Vehicle, MPPT, Isolated DC/AC/DC Converter Sliding Mode Control, 

Uncertainties of the Filter. 

 

  

Nomnclature 

 

Symbol Description 

I𝑃ℎ 
composed of a photocurrent generator 

source 

R𝑆 series resistance 

R𝑆ℎ shunt resistance 

V𝑃𝑉 output voltage of solar 

q electron charge (1.602·10−19 C) 

γ ideality factor 

k Boltzmann constant (1.381·10−23 J/K) 

T Cell and reference temperatures (K) 

Ncell Number of cells in series 

K𝑖 temperature coefficient of Isc (A/K) 
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T𝑒𝑓 Cell and reference temperatures (K) 

𝛽, 𝛽𝑟𝑒𝑓 Solar and reference irradiances (W/m2) 

I𝑆𝐶 Short-circuit current (A) 

I𝑂𝑟 reverse current of the cell (A) 

𝐸𝐺 Band gap 

C𝑏 Output filter capacitor of boost converter 

𝐿𝑏 Output filter inductor of boost converter 

C Output filter capacitor of DC-DC converter 

L Output filter inductor of DC-DC converter 

Vdc Input voltage of DC-DC converters 

VOC Open circuit voltage of battery 

Ri: Internal resistance of the battery 

LL Transformer leakage inductor 

fsw Switching frequency 
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n Transformer ratio 

𝑉𝑐𝑏
∗  Reference voltage of boost converter 

𝑃𝑏  Power delivered to the battery 

𝑖𝐿
∗ Reference currents of DC-DC converter 

iL Actual currents of DC-DC converter 
 

 

1 Introduction 

HE solar vehicles can decrease city pollution [1]. Due 

to the use of solar systems in these devices, these 

systems have disadvantages such as low performance of 

the PV module and nonlinear behavior characteristic of 

PV cell voltage [2]. In order to solve these problems, 

different solutions have been proposed to improve the 

performance of PV. One of the most important solutions 

offered is MPPT techniques which can be referred to 

[3],[4]. The Perturb and Observer (P&O) method is used 

in many cases to obtain MPPT. The P&O method has a 

simple algorithm but has oscillation around the maximum 

power [5],[6]. 

In order to improve the MPPT algorithms, artificial 

genetic algorithms [7] and intelligence methods [8],[9] 

have been proposed too. These techniques are highly 

superior in terms of MPPT tracking because they 

immediately reach maximum power without considering 

sudden changes in weather conditions and without 

fluctuations in steady state [10]. But the mentioned 

methods have complexed calculations.  

Many control methods have been proposed for battery 

charging. One of these methods is sliding mode control 

method. Due to the advantages of Sliding Mode Control 

(SMC) such as fast response and simplicity, this 

controller has been used in most PV systems [11], [12]. In 

[13], the SMC is used to control the inverter to the 

measured current follow the reference current. 

One of the important parts of the solar vehicle is 

chargeable battery. So, the fast battery chargers are 

important in the electric transportation. Different states of 

charge are given in [14] Current Control (C-C) and 

Constant Voltage (C-V) charging method is very popular 

because of its simplicity and safety [15], [16]. The C-C 

and the C-V charging methods are not fast. For fast 

charging using C-C, the charging current amplitude must 

be around 1.8 times of battery rated current. This can 

increase battery life. Recently, the sinusoidal charging 

method has shown considerable performance. This 

method of charging increases the battery charging 

performance via minimizing battery impedance, and 

causes charging of battery in much shorter time than the 

constant current-constant voltage method [17], [18].  

Different controllers can be used in the battery charging 

system. One of the simplest controllers is the PI 

controller. This controller is suitable for charging the 

battery with the constant current method, but the ability 

of this controller to cover uncertainties is lower than other 

controllers. Also, in nonlinear system this controller is not 

capable of tracking at different frequencies due to 

constant coefficients [19]. Therefore, in [20], a state-

space based controller is designed in which the reference 

signal is tracked with acceptable accuracy at different 

frequencies. Also, in [21], an adaptive PI controller based 

on Model Reference Adaptive Control has been 

introduced to be able to adjust the variable frequency of 

the charging wave current and the problem of accurate 

current detection at different frequencies has been solved. 

In [22], [23], fuzzy controllers, neural networks, genetic 

algorithms and predictive models for battery charging are 

examined. But implementing of these controllers is highly 

complex and costly. 

In [20] a control system for charging the sinusoidal 

current of lithium-ion batteries is presented. In this 

method, a combination of DC current and sinusoidal 

current is injected into the battery. By selecting the 

optimal frequency, the AC impedance of the battery is 

minimized, which low impedance increases the battery 

charging speed. 

In this paper, in order to achieve maximum power from 

the solar cell by changing the weather to control, a sliding 

mode controller has been used. Climate changes is 

considered a disturbance. Since the sliding mode 

controller is robust, it can cover these disturbances. In 

order to design the proposed battery charger controller, in 

the trickle charging stage, the constant current-constant 

voltage charging steps are used, and for fast battery 

charging, a combination of DC current and sinusoidal 

charging method is applied to the battery. In the practice, 

Due to aging; there are changes in inductance and 

capacitance of output filter. The proposed sliding mode 

controller can solve this problem in this paper. 

This paper presents a control system to obtain maximum 

power under uncertainty of output filter inductor and 

capacitor. The references [14-16] present control system 

under modes CC and CV, and this paper completes these 

modes under uncertainty. In addition, this paper covers 

the CC and CV modes under sinusoidal injection to 

achieve fast charging in comparing with [17] and [18].     

The rest of the paper is organized as follows: Section 2 

presents the configuration and modelling of solar cell and 

battery charger, Section 3 deals with SMC design of boost 

converter, constant current and constant   voltage, 

uncertainty of inductor and capacitor parameters of output 

filter are given in Section 4. Simulation results of solar 

cell and battery charger and conclusions are provided in 

Section 5 and 6 respectively. 

T 
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2 Configuration and Modelling of Solar Cell and 

Battery Charger 

  Fig.1 shows a solar vehicle. This vehicle consists of a 

solar cell, MPPT, boost converter, and battery charger 

that consists of full-bridge DC-DC converter, a battery, 

Battery Management System (BMS) and control system. 

It also includes a SMC to control the boost converter and 

the full bridge DC-DC convertor, according to the current 

and voltage references provided by the BMS.1 shows a 

solar vehicle. This vehicle consists of a solar cell, MPPT, 

boost converter, and battery charger that consists of full-

bridge DC-DC converter, a Battery, a Battery 

Management System (BMS) and control system. It also 

includes a SMC to control the boost converter and the full 

bridge DC-DC convertor, according to the current and 

voltage references provided by the BMS. 

 

PHOTOVOLTAIC CELL

Low pass 
filter

Charging 
algorithm

SMC 
Control

Modulator

Parallel full 
bridge DC-DC 

converter 

Battery

BMS

Control system

MPPT

Boost 
Converter

 
Fig. 1 Schematic of solar vehicle. 

3 Mathematical Modelling of the Solar Cell 

Fig. 2 shows a popular model of a solar cell. This model 

is good performance in the presence of high changes of 

irradiance and temperature [24]. 
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-

VPV

IPV
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Fig. 2 Popular model of a solar cell. 

By applying KVL and KCL laws, the output current Ipv 

is expressed by the following equation [24]: 

 

𝐼𝑃𝑉 = I𝑃ℎ − I𝑂𝑆[exp(𝐴𝐶(V𝑃𝑉 + R𝑆I𝑃𝑉) − 1)] 

−
V𝑃𝑉 + R𝑆I𝑃𝑉

R𝑆ℎ

 (1) 

Where: 𝐴𝐶 = 
q

γkTNcell
 . 

The measured current 𝐼𝑃𝑉  depends on temperature and 

radiation by the following equation [24]: 

𝐼𝑃𝑉 = K𝑖(𝑇 − T𝑟𝑒𝑓)
𝛽

𝛽𝑟𝑒𝑓

+ I𝑆𝐶  (2) 

I𝑂𝑆 is saturated current and is defined as (3) [24]. 

 

𝐼𝑂𝑆 = I𝑂𝑟(
𝑇

T𝑟𝑒𝑓

)3 + exp (
𝑞𝐸𝐺

𝐾𝛾
[
1

𝑇
−

1

T𝑟𝑒𝑓

]) (3) 

4  Control System Design  

Fig.  3 shows the power system of the boost converter, 

and battery charger. In this figure (Fig. 3), there are four 

state variables 𝑥1 = 𝑖𝐿𝑏 = 𝑖𝑃𝑉  , 𝑥2 = 𝑉𝐶𝑏 = 𝑉𝑑𝑐, 𝑥3 = 𝑖𝐿 

and 𝑥4 = 𝑉𝐶. After simplification, the state-space 

equation of boost converter and full-bridge DC-DC 

converter can be obtained as (4) and (5) respectively. 

 

[
𝑥1̇

𝑥2̇
] = [

0 −
(1−𝛼)

𝐿𝑏

(1−𝛼)

𝐶𝑏
−

1

𝑅𝑡ℎ𝐶𝑏

] [
𝑥1

𝑥2
] + [

1

𝐿𝑏

0
] 𝑉𝑃𝑉.  (4) 

 

[
𝑥3̇

𝑥4̇
] = [

−
𝑅𝑒𝑞

𝐿
−

1

𝐿
1

𝐶
−

1

𝑅𝑖𝐶

] [
𝑥3

𝑥4
] + [

2𝑛𝑉𝑑𝑐

𝐿

0
] 𝑑 + [

0
1

𝑅𝑖𝐶

] 𝑉𝑂𝐶   (5) 

 

𝑅𝑒𝑞 is calculated according to (6) [25] and 𝑅𝑡ℎ is 

calculated by (7) too. 

 

𝑅𝑒𝑞 = 2𝐿𝐿𝑛
2𝑓𝑠𝑤 (6) 

 

𝑅𝑡ℎ =
𝑉𝑐𝑏

∗

𝑃𝑏

 (7) 

4.1  Control system of boost converter 

  In order to achieve high power of the solar cell at low 

temperatures and low radiation, the control system is 

designed to receive high power from the cell in these 

conditions. 

  For this purpose, in the sliding mode controller, the 

surface is defined as the following equation: 

 

𝑆𝑏 = e𝑏 + λ𝑏 ∫e𝑏 dt 
(8) 

   Where λ𝑏 is coefficients of sliding mode surface of 

boost converter and e𝑏 is the ratio of the rate of change of 

power to the change in voltage of the solar cell is defined 

as (9). 
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e𝑏 =
d𝑃𝑃𝑉

dV𝑃𝑉

 (9) 

where 𝑃𝑃𝑉 = V𝑃𝑉𝑥1 (10) 

By substitution of (9) in (10) can be written: 
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Fig. 3 The power system of the boost converter and battery charger 

e𝑏 =
d𝑃𝑃𝑉

dV𝑃𝑉

= 𝑥1 + V𝑃𝑉

dx1

dV𝑃𝑉

 (11) 

By derivation of the equations (8), it can be expressed 

as: 

 

𝑆�̇� = 𝑒�̇� + λ𝑏𝑒𝑏 (12) 

Where: 

𝑒�̇� =
𝑑e𝑏

𝑑𝑡
=

𝑑𝑥1

𝑑𝑡
+

𝑑

𝑑𝑡
(V𝑃𝑉

dx1

dV𝑃𝑉

) (13) 

And: 
dx1

dV𝑃𝑉
=

−𝐴𝐶𝐼𝑂𝑆 exp[𝐴𝐶(V𝑃𝑉 + R𝑆I𝑃𝑉) − 1] − 1 R𝑆ℎ⁄

R𝑆𝐴𝐶𝐼𝑂𝑆 exp[𝐴𝐶(V𝑃𝑉 + R𝑆I𝑃𝑉) − 1] + R𝑆 R𝑆ℎ⁄ + 1
 (14) 

 

The definite positive potential functions can be defined 

as: 

𝑊𝑏 =
1

2
𝑆𝑏

2  (15) 

In order for asymptotic stability, the derivation of  𝑊𝑏 

must be negative. 

𝑊𝑏
̇ = 𝑆�̇�𝑆𝑏 < 0 (16) 

Where in: 

𝑆�̇� = − 𝐾𝑏𝑠𝑖𝑔𝑛(𝑆𝑏)  (17) 

𝐾𝑏 should be positive. 

Also, in order to control the voltage in the boost 

converter, the voltage error is defined as follows: 

e𝑏𝑉 = 𝑥2
∗ − 𝑥2  (18) 

By derivation of (17), can be written as:  

e𝑏𝑉̇ = 𝑥2
∗̇ − 𝑥2̇  (19) 

By substitution of (18) and (19) in (4), can be written as:  

 e𝑏𝑉̇ + (
1

𝑅𝑡ℎ𝐶𝑏
+ k𝐶) e𝑏𝑉 = 0  (20) 

In (20) must: k𝐶 > −
1

𝑅𝑡ℎ𝐶𝑏
 

 

Where: 

k𝐶e𝑏𝑉 = −𝑥2
∗̇ +

(1−𝛼)

𝐶𝑏
𝑥1 −

1

𝑅𝑡ℎ𝐶𝑏
𝑥2

∗  (21) 

Because the reference voltage (𝑥2
∗) is a constant value, 

then 𝑥2
∗̇ = 0. 

After simplification, the  𝑥1 can be obtained as (21): 

𝑥1 =
𝐶𝑏k𝐶e𝑏𝑉 + 𝑥2

∗/𝑅𝑡ℎ

1 − 𝛼
 (22) 

By substitution of (11),  (13) and (22) in (12), after 

simplification can written as: 

𝛼 = 1 −
𝐶𝑏k𝐶e𝑏𝑉 + 𝑥2

∗/𝑅𝑡ℎ

𝐵
 (23) 

Where: 

𝐵 = −∫( 𝐾𝑏𝑠𝑖𝑔𝑛(𝑆𝑏) +
𝑑

𝑑𝑡
(V𝑃𝑉

dx1

dV𝑃𝑉
) + λ𝑏𝑒𝑏)𝑑𝑡 (24) 

The block diagram of this control system Shown 

in Fig. 4. 
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Fig. 4 The control system of the boost converter 

4.2 Control system of battery charger  

The proposed control system for battery charging has 

two stages: C-C mode and  C-V mode.  The current control 

mode consists of two stages: trickle mode with 0.1Cbatt 

(𝐶𝑏𝑎𝑡𝑡 is Battery capacity) and sinusoidal mode with 

1Cbatt offset.  In order to prevent overcharging of the 

battery and to limit the charging current is used the 
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constant voltage mode. Algorithm of charging battery is 

shown in Fig. 7 [20]. It has two steps.  In the first step, 

voltage and temperature of battery are measured 

respectively. In the second step, there are three charge 

modes according to the battery voltage. If battery voltage 

is between 36V to 43.5V, trickle charging is selected, it 

means, the battery is charging with 0.1Cbatt. If voltage is 

between 40 V to 43.5V, sinusoidal charging is applied  to 

the battery. If battery voltage equals to 43.2 V, battery is 

charged with constant voltage algorithm.  

This paper uses the sliding mode control for control of 

C-C and C-V mode of battery charger. 

4.3 Control system of C-C mode 

In C-C mode of charge to minimize the steady state 

error chattering and to improve the transient response is 

employed for sliding surface as (25). 

𝑆1 = e1 + λ1 ∫e1 dt + λ2 ∫∫e1 dt (25) 

Where 𝑆1 is sliding mode surface of C-C mode and 

𝑒1 are error between reference current and the actual 

current of converter.  λ1 and λ2 are coefficients of sliding 

mode surface of C-C mode. 
The errors can be written as: 

𝑒1 = 𝑖L
∗ − 𝑖𝐿 (26) 

By derivation of the equations (25) and (26), they can 

be expressed as: 

𝑆1̇ = 𝑒1̇ + λ1𝑒1 + λ2 ∫e1 dt (27) 

𝑒1̇ = 𝑖L
∗̇ − 𝑖�̇� (28) 
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Fig. 5 The power system of the boost converter and battery 

charger 

By substitution of (28) and Eq. (5) in (27), can be 

written: 

 

𝑆1̇ = [
𝑖𝐿
∗̇ − (

2𝑑𝑛

𝐿
𝑉𝑑𝑐 −

1

𝐿
𝑉𝑐 −

𝑅𝑒𝑞

𝐿
𝑖𝐿)

+𝜆1(𝑖𝐿
∗ − 𝑖𝐿) + λ2 ∫(𝑖𝐿

∗ − 𝑖𝐿) dt
]  (29) 

The Lyapunov theorem can be employed for extracting 

of duty cycle 𝑑. The definite positive potential functions 

can be defined as: 

𝑊1 =
1

2
𝑆1

2  (30) 

In order for asymptotic stability, the derivation of 𝑊1 

must be negative. 

𝑊1
̇ = 𝑆1̇𝑆1 < 0 (31) 

Where in: 

𝑆1̇ = − 𝐾𝑠𝑖𝑔𝑛(𝑆1)  (32) 

𝐾 is coefficient of Lyapunov theorem in C-C mode. 
𝐾 should be positive. 

By substituting (32) in (29) and simplifying the 

equations, 𝑑  can be calculated as: 

𝑑 =
𝐿

2𝑛𝑉𝑑𝑐
[

𝑅𝑒𝑞

𝐿
𝑖𝐿 + 𝜆1(𝑖𝐿

∗ − 𝑖𝐿) + λ2 ∫(𝑖𝐿
∗ − 𝑖𝐿) dt

+𝑖𝐿
∗̇ +

1

𝐿
𝑉𝑐 + 𝐾𝑠𝑖𝑔𝑛(𝑆1)

]  (33) 

Where d is duty cycle of DC-DC converter and 𝑉C 

is Actual voltage of DC-DC converters. 
 

4.4 Uncertainty of The Output Filter in C-C mode  

In this section, the changes of the parameters of the full 

bridge DC-DC converter, such as inductor and capacitor 

of output filter, are considered. The changes in the 

parameters can be increased or decreased during the 

work. The control system should compensate these 

changes. The changes of inductor and capacitor of output 

filter can be modeled as (34) and (35) respectively. 

𝐿 ± ∆𝐿  (34) 

𝐶 ± ∆𝐶 (35) 

Where ∆Lis changes of output filter inductor and ∆C is 

changes of output filter capacitor. 

After substitution of (34) and (35) in (33) and 

simplification, (36) can be approximated as follows: 

2𝑛𝑉𝑑𝑐𝑑 =

[
 
 
 
 
 
 
 
[
𝐿𝜆1(𝑖𝐿

∗ − 𝑖𝐿) + 𝐿λ2 ∫(𝑖𝐿
∗ − 𝑖𝐿) dt

𝑅𝑒𝑞𝑖𝐿 + 𝐿𝑖𝐿
∗̇ + 𝑉𝑐 + 𝐾𝐿𝑠𝑖𝑔𝑛(𝑆1)

]

±∆𝐿𝜆1(𝑖𝐿
∗ − 𝑖𝐿)

±∆𝐿λ2 ∫(𝑖𝐿
∗ − 𝑖𝐿) dt

±∆𝐿𝑖𝐿
∗̇ ± 𝐾∆𝐿𝑠𝑖𝑔𝑛(𝑆1) ]

 
 
 
 
 
 
 

 (36) 

Considering (31), the changes can be defined as: 
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𝐻1 = [
±∆𝐿𝜆1(𝑖𝐿

∗ − 𝑖𝐿) ± ∆𝐿λ2 ∫(𝑖𝐿
∗ − 𝑖𝐿) dt

±∆𝐿𝑖𝐿
∗̇ ± 𝐾∆𝐿𝑠𝑖𝑔𝑛(𝑆1)

] (37) 

For the system robustness, the (37) must be satisfied: 

max (𝐻1) ≪ 𝐾𝐿𝑠𝑖𝑔𝑛(𝑆1) (38) 

Sign (𝑆1) can be +1 or -1. So can be written: 

max(𝐻1) /𝐿 ≪ |𝐾|  (39) 

Fig. 6-a shows the block diagram of duty cycle 

extraction in C-C mode. 

4.5 Controller system of C-V mode 

In this mode, the voltage must be controlled, so the 

sliding surfaces of this mode can be defined as (40). 

𝑆2 = 𝑒2̇ + 𝛾1𝑒2 + 𝛾2 ∫e2 dt (40) 

Where 𝑆2 is sliding mode surface of C-V mode, 𝛾1, 𝛾2 

are coefficients of sliding mode surface of C-V mode and   

𝑒2, 𝑖𝑠 defined as (41). 

𝑒2 = 𝑉𝐶
∗ − 𝑉𝐶  (41) 

Where 𝑉𝐶
∗ is reference voltage of DC-DC converter 

and 𝑉𝐶  Actual voltage of DC-DC converters. By 

derivation of (40) and substituting (41), in them, can be 

written as:  

𝑆2̇ = −𝑉�̈� − 𝛾1𝑉�̇� + 𝛾2(𝑉𝐶
∗ − 𝑉𝐶) (42) 

In order for asymptotic stability, the derivation of 𝑊2 

must be negative: 

𝑊2
̇ = 𝑆2̇𝑆2 < 0 (43) 

𝑆2̇ = − 𝐾′𝑠𝑖𝑔𝑛(𝑆2)  (44) 

𝐾′is coefficient of Lyapunov theorem in C-V mode. 
𝐾′ should be positive. 

By substituting (5) in (42) and simplifying the 

equations, the duty cycle can be obtained as: 

𝑑 =
𝐿

2𝑛𝑉𝑑𝑐

[
 
 
 
 
 
 𝛾2𝑉𝐶

∗ + (
𝑅𝑒𝑞

𝐿𝐶
+

(1 − 𝛾1𝑅𝑖)

𝑅𝑖𝐶
) 𝑖𝐿

+(
1

𝐿𝐶
−

(1 − 𝛾1𝑅𝑖)

𝑅𝑖
2𝐶

− 𝛾2)𝑉𝑐

+
(1 − 𝛾1𝑅𝑖)

𝑅𝑖
2𝐶

𝑉𝑂𝐶 + 𝑘′𝑠𝑖𝑔𝑛(𝑆2)
]
 
 
 
 
 
 

 (45) 

4.6 Uncertainty of The Output Filter in C-V Mode 

 

At this stage, uncertainties are considered as in Section 

3-4.  Substituting of (34) and (35) in (45), it can be written 

as (46). 

  

2𝑛𝑉𝑑𝑐𝑑 =

[
 
 
 
 
 
 
 
 
 
 
 
 

[
 
 
 
 𝛾2𝑉𝐶

∗ + (
𝑅𝑒𝑞

𝐿𝐶
+

(1−𝛾1𝑅𝑖)

𝑅𝑖𝐶
) 𝑖𝐿

+(
1

𝐿𝐶
−

(1−𝛾1𝑅𝑖)

𝑅𝑖
2𝐶

− 𝛾2) 𝑉𝑐

(1−𝛾1𝑅𝑖)

𝑅𝑖
2𝐶

𝑉𝑂𝐶 + 𝑘′𝑠𝑖𝑔𝑛(𝑆2)]
 
 
 
 

(±∆𝐶, 𝐿 ± ∆𝐿, 𝐶)𝛾2𝑉𝐶
∗

±∆𝐿, 𝑖𝐿 (
1−𝛾1𝑅𝑖

𝑅𝑖
)

±∆𝐿(𝑉𝑂𝐶 + 𝑉𝑐) (
1−𝛾1𝑅𝑖

𝑅𝑖
2 )

±∆𝐶, 𝛾2, 𝑉𝑐  

𝑘′(±∆𝐶, 𝐿 ± ∆𝐿, 𝐶)𝑠𝑖𝑔𝑛(𝑆2)]
 
 
 
 
 
 
 
 
 
 
 
 

    (46) 

The changes part of (46) can be approximated as 
(47). 

𝐻2 =

[
 
 
 
 
 
 
 

(±∆𝐶, 𝐿 ± ∆𝐿, 𝐶)𝛾2𝑉𝐶
∗

±∆𝐿, 𝑖𝐿 (
1 − 𝛾1𝑅𝑖

𝑅𝑖

)

±∆𝐿(𝑉𝑂𝐶 + 𝑉𝑐) (
1 − 𝛾1𝑅𝑖

𝑅𝑖
2 )

±∆𝐶, 𝛾2, 𝑉𝑐
𝑘′(±∆𝐶, 𝐿 ± ∆𝐿, 𝐶)𝑠𝑖𝑔𝑛(𝑆2)]

 
 
 
 
 
 
 

 (47) 

  

For the system robustness, the (47) must be 
satisfied. 
max (𝐻2) ≪ 𝑘′𝐿𝑠𝑖𝑔𝑛(𝑆2) (48) 

Sign  (𝑆2) can be +1 or -1. So can be written: 
max(𝐻2) /𝐿 ≪ |𝑘′|  (49) 

In Fig. 6 has been shown the block diagram of duty 
cycle extraction in C-V mode. 
 

+

− 

CV
 

*

CV

CV
 

+

−
 

d

dt

𝛾2 ∫. 

𝑉𝑂𝐶  𝑖𝐿  

*

CV

𝑖𝐿  

𝑖𝐿
∗ 

𝑖𝐿
∗ 

𝑑 

λ1 ∫. 

λ2 ∫∫. 


S1 Eq. (28)

𝑖𝐿  

S2 Eq. (40)

CV
 

𝑑 

a) Control system of C-C mode 

b) Control system of C-V mode 

𝛾1  

 
Fig. 6 The control system of the boost converter 

5 Structure of control system  

Complete schematic diagram of the solar Vehicle is  
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Fig. 7 The control system of the boost converter 

shown in Fig. 8. In this figure, the output voltage of boost 

converter, the voltage and current of PV after measuring 

are sent to the control system according equations section 

3.1. After calculating the duty cycle (𝛼), to generate the 

converter pulse, duty cycle is provided for the 
modulator unit.   

 The situation is the same in the converter of battery 
charger. In this converter, the parameter of battery 
such as 𝑉𝑜𝑐  and 𝑇𝑏𝑎𝑡𝑡  are transmitted from BMS to the 
charging algorithm. After measuring the terminal 
voltage, the  algorithm selects one of the two charging 
processes and two reference are calculated. This 
reference values including inductor current (𝑖𝐿

∗), 
capacitor voltage (𝑉𝐶

∗).  To calculate the converter 
duty cycle (𝑑), reference and measured values are 
used in the sliding mode control according to the 
equations in section 3-3 and 3-5. In order to make the 
converter switching pulse, duty cycle is provided for 
the phase shifting modulator unit. Finally,  the PWM 
pulses are applied to the converter. 

6 Simulation Results 

The parameters of solar cells and converters are 
given in Table 1 and simulations are performed in 
Simulink / MATLAB. The simulation files can be found 
through 
"https://drive.google.com/file/d/1lrrq87oWxhYBfN
9OBql__7Hc_QipfChc/view?usp=sharing". 

6.1 Results of solar cell and boost converter 

The value of the converter output voltage is 
considered as the reference voltage, 600v (Fig.8-c). As 
shown in Fig.8-a when the amount of radiation on the 
solar cell decreases, also the power of solar cell 
decreases (Fig.8-b), but the control system increases 

the duty cycle applied to the boost converter to 
counteract this reduction (Fig.8-d), as a result, after 
power reduction, it quickly reaches its maximum 
value. By increasing the amount of radiation, the 
results will be the opposite. 

With increasing ambient temperature, unlike the 
previous case, the output power should decrease, in 
which case the duty cycle increases. 

6.2 Results of charging the Li-ion battery 

Output current of the battery during complete 
charge shown in Fig. 9. This figure shows the three 
steps of battery charging. In the first step, the battery 
is charging with trickle charge and current value is 
0.25 Cbatt. This step is slow and that has increased the 
charging time. In the second step, a combination of DC 
current and sinusoidal current is injected into the 
battery. In this step, Lithium-ion battery is charged by 
a sinusoidal current with 10+4sin(2πf). The method 
of calculating the sinusoidal current frequency is given 
in [18]. Finally, in the third step, the battery is charging 
with C-V mode. In this step, battery voltage reach to 
43.5v and battery current decreased to 0.1 Cbatt. 

In these three steps, the Battery voltage increase 
from 36 v to nominal value 43.5 that is shown in Fig. 
10. 

The State of Charge (SOC) of the battery as shown in 
Fig. 11.  It has been increased from 5% to 20% in about 
35 min but that has been increased from 20% to 80% 
in about 26 minutes. Due to the charging time and the 
amount of SOC, the charging speed is much higher in 
the sinusoidal stage. The calculation of SOC is given in 
[26]. 
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Table 1 The parameter of the converter, battery and sliding mode controller coefficients 

 Symbol and 

unit Parameters Values 

The parameters of solar cell   𝑁𝐶𝑒𝑙𝑙 Number of cells in series 36 

 𝑃𝑚𝑝𝑝(𝑊) Power 55 

 𝑉𝑚𝑝𝑝(𝑉) Voltage 27.32 

 𝐼𝑚𝑝𝑝(𝐴) Current  9.15 

 𝑉𝑂𝐶(𝑉) Open circuit voltage 34.19 

 𝐼𝑠𝑐(𝐴) Short circuit current  10 

 𝐾𝑖(𝐴/𝐾) Temperature coefficient of Isc 0.0004 

The parameters of the boost 
Converter 

𝑓𝑠𝑤𝑏(𝐾𝐻𝑧) 
Switching frequency 

15 

 𝐶𝑏(𝜇𝐹) Capacitor 1.8 

 𝐿𝑏(𝑚𝐻) Inductor 1.65 

The parameters of the Full 
Bridge DC-DC Converter 

𝑓𝑠𝑤(𝐾𝐻𝑧) Switching frequency 15 

 𝐿(𝑚𝐻) Output filter inductor 2.77 

 C(μF) Output filter capacitor 2.5 

 𝐿𝐿(𝜇𝐻) 
Transformer leakage 
inductor 

20 

 𝑛1: 𝑛2 Transformer ratio 3:1 

The parameters of the Li-ion 
battery 

𝐶𝑏𝑎𝑡𝑡(𝐴. ℎ) Battery capacity 10 

 𝑖(𝐴) Maximum charge current 10 

 𝑉(𝑣) Full charge voltage 43.5 

 𝑉(𝑣) Full discharge voltage 36 

 𝑅𝑖(𝑚Ω) Electrolyte resistance 183.6 

6.3 Uncertainty of C-C and C-V modes simulations 

In inductor and capacitor are changed because of a 
fault or temperature changes. These changes shown in 
battery voltage and battery current. These changes 
are shown in Fig. 12 and 13 as a 20% increase or 
decrease in the voltage and current of the full bridge 
DC-DC converter. For example, when the capacitor 
increases, the current passing through the inductor 
increases, in which case the control system reduces 
the amount of duty cycle(d) applied to the full bridge 
DC-DC converter to prevent the inductor current from 
increasing. 

 
 
 

7  Conclusion 

A control system for the battery charger of a solar 
vehicle was presented in this paper. A state-space 
equation of boost converter and charger were 
extracted in this paper too. The simulation result of 
the presented control method shows that the 
reference signals tracking was effectively done under 
changing of the amount of radiation and temperature 
on the solar cell and uncertainties of output filter of 
the charger in current control and voltage control 
modes. Also, a fast charging algorithm based on 
variable frequencies was carried out by the presented 
control system and charging of a Lithium-ion battery 
was done during 20 min from SOC 20% to SOC 80%. 
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Fig. 9 Li-ion battery charging current in complete charge 
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Fig. 10 Li-ion battery charging voltage in complete charge 
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Fig. 11 Li-ion battery charging SOC in complete charge 
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Fig. 13 a) Capacitor voltage, b) Duty cycle 
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