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Abstract- Lithium-Ion (Li-Ion) batteries have been widely used in electric vehicle (EV) and several other applications for their 

lightness and high performance. However, they imply a strict charging procedure. When a photovoltaic (PV) energy source is 

used, the charging task becomes more sensitive and necessitates a robust control strategy. In fact, the photovoltaic generator 

(PVG) is a highly nonlinear current source and depends on climatic variations. 

In this paper, a sliding mode control (SMC) strategy for solar charging of a high energy Li-Ion battery is presented. The control 

scheme is based on a cascaded control of a current fed (CF) synchronous Buck converter powered with a PVG. It allows both 

maximum power point tracking (MPPT) and output voltage or current regulation of the converter. 

The regulation is principally done by using the PV voltage as a control parameter. A charging algorithm providing the suitable 

PV reference voltage to the SM controller was proposed. Study and stability analysis of the proposed SMC were also included. 

The main feature of the proposed SMC is to include the PV reference voltage information in both the sliding surface, and in the 

equivalent control expression using the integral function. The validity of the control strategy was demonstrated through 

simulations under different irradiation levels in both MPPT and constant current-constant voltage (CC-CV) charging modes. 

Keywords Sliding mode control; Photovoltaic generator; PV voltage control; Lithium-Ion battery; MPPT; CC-CV charging. 

 

1. Introduction 

During recent years, Li-Ion batteries have been widely used 

in electric vehicle (EV) and several other applications for 

many reasons. In turn, they are characterized with their high 

power and energy densities, extended lifetime and absence of 

memory effect [1]. In [2 and 3], the most substantial task in a 

battery charging system is the charging operation. When a 

photovoltaic (PV) energy source is used, the charging task 

becomes more sensitive and necessitates a robust control 

strategy against climatic variations [4-7]. 

   In the PV-standalone chargers, there are several possible 

structures depending on the possible alternative sources 

included [8]. When the PV generator (PVG) is the primary 

source, it is convenient to incorporate a DC Buck converter 

as an interface between the PV arrays and the battery. It is 

important to notice that the PVG has not to be analyzed as a 

voltage source, [9 and 14].  In fact, despite its constant 

current-constant voltage (CC-CV) behavior, the PVG is 

considered as a power limited non linear current source. It 

implies that the battery has to be interfaced with a voltage 

controlled instead of a current controlled converter since the 

PV current is uncontrollable.  

In practice, it is evident that inserting an input capacitor to a 

voltage fed (VF) converter changes it to a CF one, but it has 

been lately demonstrated in [9] that this action alters totally 

the converter properties and requires the inversion of the 
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switching control. Hence, the ideal duty cycle expression 

relating the input and the output voltages of the Buck 

converter will imply a conventional negative instead of a 

positive feedback when the input voltage is the controlled 

variable. 

In literature, several control types for DC-DC converters 

have been studied [10]. A widely used technique consists of 

directly controlling the duty cycle based on MPPT 

algorithms. The disadvantage of this approach is the increase 

of switching stress and losses. A more efficient control 

technique consists of integrating linear PI controllers, [9], 

[11-13]. However, it is limited to a special operating point.  

Sliding mode control SMC has been used in many researches 

in order to control output voltage or current of a Buck 

converter powered by a constant voltage source, [15- 17].  

In the most works related to the SMC of the PVG, the sliding 

surface is generally the difference between the PV voltage 

and the reference [18-20]. However, when the sliding surface 

is derived, the reference information will be lost. Then, the 

voltage control cannot be applied to achieve control 

objectives. When the reference is the MPP voltage, this issue 

can be solved by exploring MPPT algorithms like in [21-24]. 

However, operating at the MPP is not recommended for all 

battery types. In [25], the sliding surface was defined by a 

linear combination of the PVG voltage and current, but it is 

also limited to MPP operation.  

In this paper, we propose the design of a novel SM controller 

for PV voltage regulation in order to ensure solar charging of 

a high energy Li-Ion battery. The control scheme was 

inspired from a constant frequency SMC, applied previously 

in output voltage regulation of a Positive Output Elementary 

Luo (POEL) converter [26]. 

  The novelties of the work are: 

 Designing a SM control loop allowing both MPPT and 

output voltage or current regulation, 

 Including the reference information of the SMC in both 

the sliding surface, and in the equivalent control 

expression,   

 Proposing a PV charging algorithm that provides the 

suitable PV voltage reference for SM controller. 

 Proving the reaching and existence conditions of the 

SMC, based on switching control inversion imposed by 

the CF transformation. 

The paper is organized in five sections. The section 2 gives 

an overview of the charging system as well as control 

purpose and system dynamics. Control scheme of the battery 

charge is included in section 3. It firstly introduces the Li-Ion 

technology charging procedure, secondly gives the PV 

charging algorithm and finally details the SMC of the PV 

voltage. Simulation results are included in section 4. We 

finish this work by some conclusions. 

 

2. Overview of the Charging System 

The charging system is illustrated in Fig.1. It is composed of 

a PV generator, a synchronous Buck converter, a Li-Ion 

battery and a charge controller. 

2.1. Control purpose 

The Buck converter aims to adapt the PV voltage to the 

desired battery voltage or current. This operation is achieved 

by controlling the switching state through The SM controller. 

The charge control algorithm provides the suitable PV 

reference voltage to the controller. Satisfying the battery 

power demand is then, the main control purpose.  

2.2. System dynamics 

Equivalent circuit of the charging system is given in fig.2. 

The PVG and the battery dynamics are described by the 

following average state equations:  

1

pv s pv
i r v




                                      (1)
 

bat o o lv E i R 
                                     (2)

 

Where: rs and Rl are respectively equivalent source and load 

resistances, 

ipv and Vpv are average PV current and voltage, 

Vbat and E0 are respectively average and rated battery 

voltages, 

io is the average output current of the Buck converter. 

The converter is composed of an input capacitor C1, two 

NPN Mosfets S1 and S2, an inductor L and an output 

capacitor C2. 
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Fig. 1: Bloc diagram of the charging system. 
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A switching cycle depends on the ‘ON/OFF’ state of the 

switch S1. Accordingly, dynamics of the converter are 

presented in the following average state equations system:  
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(3)

                                                                   

 

Where D is the duty cycle of the converter and iL is the 

average inductor current.  

3. Control Scheme of the Battery Charge 

 

3.1. Control scheme of  Lithium battery charging 

The batteries are considered as one of the most critical 

components in a photovoltaic system especially when it is 

the case of a Li-Ion battery. In fact these batteries lifetime is 

extended if they are charged with respect to CC-CV charging 

procedure. The voltage and current charging characteristic 

curves are illustrated in fig.3.  

The charging process is divided into three different regions: 

 Region1: a pre-charge operation, it is procured by injecting a 

constant trickle current to the battery until the battery voltage 

(Vbat) reaches a reference pre-charge value (Vprech).  

Region 1 Region 2 Region 3

CC

CVPre

Full 

charge

Vbat_max

I_charge

I_trickle
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Vrated

Time

Voltage curve Current curve  

Fig.3: Li-Ion battery charge characteristics 

It is generally preferred when the battery is deeply 

discharged and sometimes required for some Lithium battery 

technologies. 

Region2: a constant current charge operation is suggested 

until Vbat reaches its maximum allowed value Vbat_max, at this 

moment the charge operation switches from the CC to CV. 

Region3: constant voltage charging operation. In this region, 

Vbat has to be controlled until battery current (Ibat) shoots 

down to the end of charge current (Imin). 

Using this concept, the maximum current (Ibat_max) will be 

updated during a charging cycle following the flowchart 

given in fig.4. 

3.2. PV charging control algorithm 

In order to provide photovoltaic charging of the battery, a 

robust control strategy is proposed. The flowchart presented 

in fig.5 describes the adopted control scheme. 
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Fig.2: Equivalent circuit of the charging system. 
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Fig.4: Lithium battery current charging flowchart 
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Fig.5: flowchart of control strategy proposed for the 

photovoltaic battery charger. 
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The battery current and voltage regulation consider the 

output voltage of the PVG as a control parameter. The MPPT 

algorithm used is the “Perturb and Observe” (P&O) 

algorithm[27] [19].  

For battery current regulation, a decrease in the converter 

output current is obtained from PV reference voltage 

increments. The MPPT algorithm procures the inverse 

operation. If the PVG is not able to provide the desired 

current, or in the end of charge, a disconnection relay is used. 

For battery voltage regulation, the same principle is 

followed. The limitation of the battery input voltage is 

provided by PV reference voltage increments. The inverse 

operation is not required. Once the PV reference voltage 

value is obtained, the duty cycle is directly adjusted using the 

SM controller, which will be detailed in the next part.  

3.3. Sliding mode control of the PV voltage 

SMC is based on the sliding surface S, which forces the 

system to stay on. In the SMC of DC converters, two 

implementation methods are commonly used based on the 

nature of the switching frequency. In the case of a variable 

switching frequency, a hysteresis is incorporated. 

In case of a constant switching frequency (CSF), the control 

output is compared with a saw tooth auxiliary signal. Our 

study concerns CSFSMC of a Buck converter to ensure PV 

voltage regulation.   

3.3.1. Introduction to the SMC 

Considering a Variable Structure System (VSS) described 

by:  

 
 ( , ) ( , )X A x t B x t U t 

                 (4)
 

Where U is the control vector, A and B are input and 

controlled matrices. 

As in [26][18], a sliding surface S is expressed by  

( , ) 0
T

S x t C X   
                             (5)

 

C is the vector containing sliding equation coefficients and 

  is a reference value.  

VSS follows the switching low given by: 

-

0

0

U if S
U

U if S











                                 (6)
 

Stability of the SMC is principally analyzed by checking the 

existence and reaching conditions. 

Existence condition is given by: 

 ( ) / ( ) 0x t x S x 
                        (7) 

Reaching condition can be checked if, from any starting 

operating point, the SMC satisfies 

( ) ( ) 0S x S x 
                                 (8)

 

The equivalent control (Ueq) is deduced from the invariance 

condition as follows:                                                                                            

( , ) 0

( , ) 0
T

S x t

S x t C X 



  



                         

(9)
 

Combining (4) and (9) gives:  

1
[ ] ( , )

eq
U CB CA x t


 

                    (10) 

As demonstrated in Eq.(10), the reference information is lost. 

This makes the system uncontrollable with the direct use of 

Ueq expression. 

In the most works related to PV voltage regulation, the 

sliding surface is given by: 

( , ) 0
pv ref

S x t v V  
                          (11)

 

Or by 

( , ) 0
pv

pv

dp
S x t

dv
 

                          
(12)

 

In Eq.(11), Ueq expression  is given by: 

pv

eq

s L

v
U

r i
                                    (13)

 

From the controller view, there is no information about the 

reference and the control objective will not be attended. Even 

when switching control function (Un), expressed by Eq.(14) 

is used, a variable reference information like MPP  will be 

always unknown from the voltage controller view. 

. ( )
n

U K sign S 
                              (14)

 

In Eq.(12), the “Incremental Conductance” algorithm is 

explored. However, it provides only MPPT, which is not 

suitable for all battery types.  

3.3.2. Proposed SMC 

In order to include the reference information in Ueq 

expression, the reference part is replaced with a function of 

an order greater than one. In this case, the derivative will 

maintain the reference value which facilitates the 

implementation of the SMC.  

By considering the state vector X given by: 
T

pv L batX v i v                              (15)
 

The VSS model is described by: 

 ( , ) ( , )X A x t B x t U t H  
             (16)                                                 

 

Where 
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A, B and C are respectively state, controlled and control 

vectors; H is a vector describing the battery characteristics. 

The proposed sliding equation is given by: 

1 0L pv refS µi v V                    (17)
 

Equivalent control Ueq is expressed by: 

( )pv refbat
eq

pv pv

L v Vv
U

v v


 

                (18)

 

This expression will be used to generate the converter 

driving pulses. 

Switching low definition and stability analysis are included 

in the next parts.  

3.3.3. Switching low definition 

In our study, the pulse width Ueq is the SMC output. The 

general discrete switching low for a Buck converter is given 

by:  

1 0

0 0

pv ref

pv ref

v V
U

v V

 


 



                    

(19)
 

With the proposed SMC, during PWM, the switch position 

will be governed by the discrete switch low presented by: 

1

1

1 0

0 0
s

if S
U

if S


 

                   
(20)

 

For this purpose, µ has to be chosen so that Eq.(20) would be 

guaranteed. 

When Us=1:   

 
0

L pv ref
i v V                             (21)

 

So every positive value of µ can satisfy Eq.(20). 

When Us=0, µ must satisfy:  

pv ref

L

v V

i






                          
 (22)

                                                 

 

During steady state, the current margins are defined by: 

arg
in CC

in CV or in precharge

L ch e

L trickle

I I

I I









 

The maximum voltage error is assumed to 

be
max pv ref oc

v V V    .For a sampling period (Te): 

max max

arg

min( , )
2 2

e e

ch e trickle

T T

I I

 
 

                          
(23)

 

By ensuring Eq.(23), the switching low will be defined. 

The control scheme inversion imposed by CF transformation 

leads to  

1

1

0 0

1 0
s

if S
U

if S










                        (24)
 

3.3.4. Stability analysis of the SMC 

 

 Existence condition 

In order to prove existence condition of the SMC, the value 

of Ueq must be limited to the following inequality:  

0 1
eq

U 
                                     (25) 

By replacing Ueq with its expression in Eq.(16), we obtain: 

1

1
(( 1) ) ( )

s pv L bat

µ
U v S µ i v

L L
         (26)

 

If the inversion of the switches control is taken into account, 

1
s s

U U    and Eq.(26) becomes: 

1

1
( ) ( )

s pv L bat

µ
U v S µ i v

L L
              (27) 

Hence, every positive value of µ can satisfy the existence 

condition. 
 

 Reaching condition 

By considering (8), reaching condition will be met as 

follows: 

If
s

U = 0 , then 
1

S < 0  and   0
pv ref

v V   , so 

1
( )

bat pv ref
S v v V

L


                     (28)

 

In order to obtain 1
S < 0  , the constant µ must fulfill the 

next condition:  

min

0

L

E


 

                                    (29)
 

Where min  is the minimum allowed value of  pv refv V . 

If
s

U = 1 , then 
1

S > 0
 
and   0

pv ref
v V  , so: 

1
( ) ( )

pv bat pv ref
S v v v V

L


                   (30)

 

To obtain
1

S > 0 , µ has to meet the following condition: 

min

0OC

L

V E


 

                              (31)
 

Finally, µ must satisfy: 
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min min

0 0

max( , )
OC

L L

V E E

 
 

                   (32)
 

Ensuring Eq.(23) and Eq.(32) will guarantee the stability of 

the SMC. 

 

The performance comparison of the literature works and the proposed SMC is included in the tab.1.

 

 

 

 

 

 

 

 

 

 

 

4. Simulation Results  

The Control strategy was tested in both MPPT and CC-CV 

regulation modes. The simulations were effectuated within a 

sampling period Te=10µs and a converter switching period 

Ts= 50µs. The battery was initially charged to 8%. By 

considering Eq.(23) and Eq.(32), the SM coefficient used in 

simulation was µ=2.3e-5. The simulink model of the 

charging system is presented in fig.6. 

4.1. Simulation in MPPT mode 

The MPPT algorithm used in this model is the P&O 

algorithm. Simulation parameters are included in tab.2.  The 

irradiation profile used for this test is presented in Fig.7. 

Duty cycle variations are presented in fig.8. It shows that the 

controller tracks effectively the MPP. Its value is comprised 

between ‘0’ and ‘1’; this proves the stability of the SM 

controller. The PV voltage versus the reference voltage 

variations are shown in fig.9. The reference values are lower 

than those of the controlled variable. This is explained by to 

the use of the negative voltage feedback implied by the 

switching control inversion. A very short time response 

t=15ms is also ensured as it is zoomed out in this figure.9. 

PV power characteristics are included in fig. 10. It shows the 

high tracking capability and the robustness under climatic 

variations. The efficiency of the SM controller was evaluated 

by the PV power transfer ratio. As shown in fig11, the 

efficiency attains 99% in irradiation less than 1000wm2 and 

is around 95% for higher levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tab.2: Simulation parameters 

Characteristics of the PVG under standard conditions 

Parameter Value 

Maximum power current Impp(A) 8.02 

Maximum power voltage Vmpp(V) 35.5 

Short circuit current Isc(A) 8.51 

Open circuit voltage Voc(V) 43.6 

Maximum power Pmax(W) 270 

Number of cells in series 72 

Design characteristics of the converter 

Parameter Value 

Input capacitor C1 (F) 100µ 

Output capacitor C2(F) 1.6m 

Inductor L (H) 6m 

Switchers S1 and S2 2 NPN Mosfets 

Switching Frequency fs(Hz) 20000 

Lithium-Ion battery module specifications 

Parameter Value 

Type of cells Li-FeS2 

Nominal voltage (V) 1.2*Ns 

Series cells number Ns 23 

Parallel cells number Np 10 

Rated capacity (Ah) 1.5*Np 

Initial state of charge (%) 8 

Maximum capacity (Ah) 16.154 

Fully charged voltage (V) 32.51 

 

Tab.1: Performance comparison of the literature works and the proposed SMC equations 

Sliding equation Related works Reference information 
Maximum power 

point tracking 

CC-CV 

regulation 

0
pv ref

S v V    [18-20] Constant and will be lost after 

derivation. 

yes not 

0
pv

pv

dp
S

dv
 

 
[21-24] 

No reference information. 
yes not 

0L pvS ai bv ref   

 

[25] 
A constant and dimension-less 

reference part. yes 
not 

0L pv refS µi v V   
 

Proposed sliding 

mode controller 

Dynamic reference that will be 

kept in the equivalent control 

expression. 

yes 
yes 
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4.2. Simulation in CC-CV charging modes  

In order to show up the different charging modes, the 

maximum battery voltage was set to 30V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The test was achieved during a Tcharge=1000s charging 

period. Simulation was done according to the irradiation 

profile included in fig.12. It was chosen so that the PVG 

satisfies the power needed. 

As shown in fig.13, negative battery current is occurred. 

When the converter is connected to the system, the output 

capacitor C2 is charged up by the battery. The negative sign 

is explained by the current flow from the battery to C2. 

Simultaneously, battery voltage increases from zero to its 

rated value as illustrated in fig.15. After the capacitor is 

charged up, the converter begins operating and the battery 

current and voltage become stabilized. The CC charge 

operation is shown in fig.13. The battery is firstly pre-

charged with a trickle current of 0.6A until Vbat reaches 

27.6V as illustrated in fig.14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7: Irradiation profile used in MPPT test 

 
 

 

Fig.8: Duty cycle variations during MPPT 

 

 

Fig. 6: Simulink model of the charging system 

 

 

Fig.9: PV voltage versus reference voltage 

 During MPPT 
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Secondly, it is charged with a fast current of 6A until Vbat 

reaches 30V. Thirdly, the charge switches from CC to CV 

stage like shown in fig.15. At the end of charge, battery 

current drops from 6A to less than 2A. The charging 

operation was not completely terminated due to limited 

processor load memory, but this period was enough to show 

all regulation modes and prove the effectiveness of the 

control algorithm. State of charge variations are also 

included in fig.17.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12: Irradiation profile used for CC-CV regulation 

modes  

 

 

Fig.13: battery current characteristics during the charging 

period 

 

 

Fig.11: Efficiency of the SMC  

 

 

Fig.14: battery current characteristics during the pre-charge 

operation 

 

 

  Fig.15: battery voltage characteristics during the charging 

period 

 

Fig.16: PV voltage characteristics during the charging 

period 

 

 

Fig.10: PV power variation during MPPT 
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5. Conclusion 

In this paper, a SMC control strategy for Li-Ion battery 

charging using PV energy has been introduced. Theoretical 

analysis of the proposed sliding surface equation has been 

developed in order to design the charge controller. The main 

feature of this SMC is including the reference voltage 

information in the control expression. A charging algorithm 

has been proposed in order to provide the suitable reference 

value. Simulation results under MPPT and CC-CV regulation 

modes confirm the effectiveness of the control strategy 

proposed in this paper.  
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