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Abstract- The paper studies the innovative control application of sliding mode control (SMC) for hybrid renewable energy 

system (HRES) in on-grid and off-grid operation modes. The proposed HRES contains a photovoltaic (PV) system as the 

principal energy source which is coupled to DC bus using DC-DC boost converter. This converter is controlled by MPPT 

algorithm depending to Perturb and Observe (P&O) method managed by SMC to extract MPP of PV modules. Therefore, the 

battery and supercapacitor are interfaced by a bidirectional DC-DC converters that can be charged and discharged depending on 

the energy production of the system. However, the voltage source converter (VSC) that is controlled by SMC was used for 

controlling the amplitude and the frequency of the output voltage delivered to the AC load and injected into the grid. To better 

appreciate the advantages of the proposed SMC approach, we have proposed a series of comparative tests with the conventional 

PI control in the operating grid modes (connected and standalone) under different scenarios. To conclude, the proposed control 

strategy for HRES have shown so many advantages such as the control effectiveness, performance and deliver low THD values 

compared with the conventional PI control. Besides that, it has shown an increase of the HRES stability and quality. 

Keywords photovoltaic system (PV), hybrid storage, battery, super-capacitor (SC), harmonics distortion (THD), power 

management, Sliding Mode Control (SMC).  

1. Introduction   

   Renewable energy sources have shown an interesting 

growth during the last years. The new energy sources are free, 

available, continuous and no-polluting. In our days, the PV 

and wind generators are used in different domains such as 

water pumping, lighting and electrification of remote areas 

and telecommunications [1]. The hybrid photovoltaic 

/battery/super-capacitor systems are becoming a very 

attractive cost-competitive solution used in both stand-alone 

and grid-connected applications [2]. The latest developed 

researches in this field about the optimization and control of 

hybrid photovoltaic/wind systems were conducted in [1][2]. 

The authors confirm that the performance of a hybrid PV 

system is better than PV system alone [2][3]. Besides that, 

they reported that the integration of two sources such as wind 

and photovoltaic with battery energy storage system makes it 

possible for more benefits from each one of the sources, which 

can offer better reliability and reduce greenhouse gas 

emissions [4]. In addition, the exploitation of renewable 

sources for energy generation has become increasingly 

important due to the availability of solar resource in different 

areas around the world besides the decreasing of the 

installation costs. In other hand, to reinforce these sources it is 

possible to use a diesel generator, fuel cells and super-

capacitors storage bank during bad weather and discharged 

battery time [4][5]. 

 The photovoltaic system is composed by different power 

components such as the PV generators connected to the DC 

bus using DC-DC boost converter controlled by a MPPT 

control. The main role of maximum power point tracking is to 

maximize the PV output power of the source under different 

climate conditions. There are many MPPT techniques 

developed in different researches which specify the maximum 

power points in two grid modes, the perturb and observe 

(P&O) and incremental conductance (IC) are the most used 

techniques because they present many advantages like having 

a simple structure for well understanding and easy to 

implement in practice [4]. But, the MPPT algorithms cannot 

follow the MPP under rapid variations of environmental 

climate conditions and also present oscillations at maximum 

power point under stable conditions. Furthermore, the best 

solution of this anomalies is based on P&O classic MPPT 

algorithm implemented in cascade with PV generator voltage 

or current regulator using PI regulator [2],[6],[7]. The 

performance of this systems depends on many electronic 

components like the MPPT parameters used, type of regulator 

and controllerôs stability. The developed application of the 

P&O MPPT control with an adaptive gain delivers an 

acceptable dynamic performance to extract the maximum of 

PV power during shading time and climatic variations [7]. In 

this paper we have applied this new method to the DC-DC 

boost to extract the maximum of power of the PV modules. 

We used a two-stage control structure depend on classic P&O 

and an adaptive gain cascade algorithm with a voltage 

regulator based on a sliding mode regulator [8]. 

The battery storage is coupled to the DC bus using DC-

DC bidirectional converter to ensure the charge and discharge 
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operations. The battery current regulation depends to PI and 

hysteresis regulators which are more detailed in [7][8], this 

method is very simple because it is based on generation of 

high amplitude oscillations which had an effect to the quality 

of the hybrid renewable system [4][9], the researches analyse 

a linear PI regulator for battery current regulation, which 

present a simple implementation and easy to realize in 

practice, but it can`t present a high guarantee stability during 

parameters variation under climatic conditions changing. 

The power production of HRES is affected by harmonics 

generation caused by power devices and nonlinear loads, 

voltage, current and frequency fluctuations caused by the 

variation methodological conditions and grid problems 

[8][10]. So, according and basing on these problems, we take 

the challenge in this paper to construct a new control strategy 

adapted to the proposed of the PV/battery/super-capacitor 

hybrid system, we developed a control basing on SMC to 

present the effectiveness and performance of this method on 

our hybrid system. Besides that, the SMC is non-linear 

regulator used to control the variable design power systems. 

This regulator presents different proprieties such as the 

stability, robustness which has no influences on the parametric 

variation that can control the power converters of the HRES 

with high precision compared to conventional PI and 

hysteresis regulators presented in [8] and [9], also, it is 

remarqued in [8] and [10] a conventional PI controller was 

explored to control the VSC system operating in SAM with a 

reasonably adjusted load condition. However, this control 

technique cannot cover varieties of substantial load and its 

THD is not acceptable due to the precedence of nonlinear 

loads). 

This study treats a SMC for HERS under two different 

grid modes, the figure 1 illustrates the schematic of the PV, 

battery and supercapacitor hybrid system configuration that 

we have used in this work. The PV modules are connected to 

the system via DC-DC boost converter, the last one is 

controlled by MPPT basing P&O algorithm to extract the 

maximum of PV power under different conditions. The battery 

storage is coupled to the DC bus using bidirectional converter 

controlled by SMC controller, also the super-capacitor is 

interfaced by DC-DC bidirectional converter. This SC 

component is used to ensure the balance between power 

production and power consumption, absorb the system 

fluctuation to decrease the battery stress. The inverter is the 

link between DC bus and AC load and grid, ensure the power 

sharing under hybrid systems operations modes, it is the 

responsible of power conversion from DC to AC, it is 

controlled using SMC regulator. 

The paper organization starts with a deep study of PV 

system, battery and super-capacitor modelling. The second 

part treats the system control which includes the MPPT 

algorithm, battery and supercapacitor control and the VSC 

control. Then, the last part contains the simulation results and 

discussion on which we show the advantages and the 

importance of the proposed system. 

 

Figure (1): schematic of the proposed system 

2. Hybrid System Modelling:  

2.1 PV System Modelling: 

   Photovoltaic modules contain many solar cells, the last ones 

are the main components responsible about the conversion of 

sunlight to electrical energy.  Fig. 2 shows the electronic 

circuit of a PV solar cell. The circuit consists of photocurrent 

source, Iph, the series resistor, Rs, the parallel resistor, Rp, and 

a diode. With reference to Fig. 2, the output current, I can be 

expressed as below by applying Kirchhoffôs current law: 

[11][12]  

Ὅ Ὅ Ὅ         (1) 

where Id is the diode current and V is the voltage. The diode 

current can be calculated using the Shockley diode equation 

which it can be expressed by the following expression:  

Ὅ Ὅ Ὡὼὴ ρ       (2) 

 

 
         Figure 2: PV cell equivalent circuit 

Therefore, the mathematic model equivalent of the circuit in 

figure 2, for a current ï voltage characteristic is written with 

the following form eq. (3): [11] 

Ὅ  Ὅ Ὅ Ὡ ρ         (3) 

Where Iph: Generating current by solar radiation or 

photonique current. Io: the reverse saturation current, K: 

constant of Boltzmann K = 1.381 Ĭ 10ī23j/k, q: electron 

charge q = 1.6 Ĭ 10ī19C, T is the temperature and V: voltage. 

   In this paper, it chosen to work with Modules of ñSunPower 

SPR-X-20-445-COMò manufactured by polycrystalline 

silicon, which the PV array can produce under STC conditions 
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100 KW as maximum power. The following table 1 presents 

the technical and electrical informationôs of this module: 

Table 1: Module Parameters 

Parameters Values 

Open circuit voltage 

Short circuit current 

Voltage at maximum power point  

Current at maximum power point  

Cells per module 

90,5V 

6,21 A 

76,7V 

5,8 A 

128 cells 

   To expose the performance of the chosen PV module and 

using MATLAB Simulink program, the fig.3 shows the 

effects of solar radiation and temperature on the output power, 

current and voltage of PV module. Therefore, In the first steps, 

we fixed the temperature at 25ÁC and we varyed the solar 

irradiance following five successive levels 100, 500, 700 

and1000 w/m2, then in the second steps, we fixed the solar 

radiation at 1000 w/m2 and we varied the temperatures 25ÁC, 

35ÁC, 45ÁC and 55ÁC. The simulation allows having the curve 

P-V characteristics under varying climate conditions: 

 

 
Figure 3: the PV module P-V curve under varying: (a) solar 

irradiance (b) temperature. 

2.2 Battery Modelling:  

The modelling of this battery is enforced in [13] and [14]. 

This model consists of a source voltage E0 in series with a 

resistor Rb, where the voltage source is described by the 

following equation (4). [14] 

ὠ Ὁ  ὙὍ     (4) 

Where: 

E: open circuit voltage. 

Ib: battery current. 

Therefore, as detailed in [], the battery open circuit voltage 

strongly depends to the battery capacity, and  can be expressed 

using the following equation: 

Ὁ Ὁ ὑ
᷿

ὃὩὼὴὄ Ὅ᷿Ὠὸ    (5) 

where  

E0, the battery constant voltage 

K the polarization voltage 

Q the battery capacity. 

Ú Ibdt is the real battery charge 

A is the exponential zone amplitude 

B is the exponential zone time constant inverse. 

2.3 Super-capacitor Modelling: 

The supercapacitor is a new technology in energy storage 

field, which the energy storage technic is based of static 

charge, deferent to battery energy storage technic based on 

electro-chemical process [15]. The supercapacitor voltage can 

be developed:  

Ὗ ὔ ὠ Ὑ      (6) 

Where: 

USC: the SC voltage 

ISC: the SC current 

V1: the elementary supercapacitor voltage 

NP-sc and NS-sc are the number of parallel and series 

branches of the supercapacitors connections.  

2.4 DC Link Bus Modelling:  

The DC link capacitor is used to interface the PV system, 

it is link between sources components (PV panel and storage 

units) and it is occupying an important role, such as 

minimizing the ripple content from PV source as well as the 

power balancing, it can regulate the DC link voltage (constant) 

and minimize the voltage ripple in the DC bus point [16] and 

[17]. As proposed in [16], the designed DC link capacitor for 

this paper can be expressed following the next equation: 

ὅ     (7) 

Where: 

Pmax: PV maximum power (W) 

F: frequency (Hz), 

Vdc: DC bus voltage (V). 

3. System Control: 

3.1 Perturb and Observe MPPT boost control: 

 To follow the variation of climate condition with high 

precision and extract the max of PV power from the module 

[18], it chosen in this paper to work with modified P&O 

algorithm which it is based on a periodic measurement of PV 

output voltage and current, then calculate the power, also, it 

made comparison between this later and the pervious power. 

The power comparison involves different cases; If the power 

increase (ȹP>0), by increasing voltage and, in the same 

direction, the operating voltage is perturbed; If power decrease 

(ȹP<0) the system functioning point obtained moves away 

from maximum power point (MPP), the operating voltage is 

necessary to be developed in the inverse direction of the 

increment, besides that, the perturbation is necessary be 

inversed moving back towards the MPP. The flowchart 

detailed in fig. 4 propose the plan of the used Perturb and 

Observe MPPT. [19][20][21][22]. 
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Figure 4: flowchart of the proposed P&O  

3.2 Battery Storage Control: 

 

        Figure (5): battery control 

The figure bellow illustrates a deep detailing of the control 

of DC-DC bidirectional converter connected to the battery, 

which based on the sliding mode current SMC controller. To 

regulate the input current of this converter switches (Sb-1, Sb-

2), it is necessary to define the sliding surface using the 

following equation:  

Ὓ ώ ώ   ώ     (8) 

Where: 

ȟȟ)  are the principal parameters of the SMC control, 

which used as sliding coefficients to desire the state feedback 

of ώȟώ ὥὲὨ ώ variables. They have a positive value 

obtained as solutions of the differential equation using 

location root [23]. The expression of the previous variables is: 

- Variable ώ: 

ώ Ὅ Ὅ     (9) 

- Variable ώ: 

ώ     (10) 

- Variable ώ: 

ώ  ᷿ Ὅ Ὅ  Ὠὸ     (11) 

Where: )  ÁÎÄ )  are respectively the reference battery 

current and the battery current.[24] 

3.3 Supercapacitor Storage Control: 

 

Figure (6): Supercapacitor Control 

The figure bellow illustrates a deep detailing of the control 

of DC-DC bidirectional converter connected to the 

supercapacitor, which based on the sliding mode current 

controller [24]. To regulate the input current of this converter 

switches (Ssc-1, Ssc-2), it is necessary to define the sliding 

surface using the following equation:  

Ὓ —ὼ  —ὼ  —ὼ      (12) 

Where: 

(—ȟ—ȟ—  are the principal parameters of the SMC control, 

which used as sliding coefficients to desire the state feedback 

of ὼȟὼ ὥὲὨ ὼ variables. They have a positive value 

obtained as solutions of the differential equation using 

location root. 

The expression of the previous variables is: 

- Variable ὼ: 

ὼ Ὅ Ὅ     (13) 

- Variable ὼ: 

ὼ        (14) 

- Variable ὼ: 

ὼ  ᷿ Ὅ Ὅ Ὠὸ     (15) 

Where: )  ÁÎÄ ) are respectively the reference 

supercapacitor current and the supercapacitor current.[24][25] 

3.4 VSC Control:  

The proposed voltage source inverter control based on the 

sliding mode current control as detailed in fig. (7). The control 

depends to deferent electric components, such as the PV active 

and reactive power, the three-phase grid side current and 

voltage. The operation mode of this control starts with deep 

comparison between grid side current and reference current, 

then the obtained error is corrected using two principal SMC 

controllers. Finally, the produced signals of the 2 SMC 

controllers deliver the voltage components to the SVPWM in 

the reference Ŭ-ɓ using the inverse transformation of Park. 

[26][27]. 
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Figure (7): Inverter control 

The obtained direct reference current )  is based on the 

active power injected into the grid 0 , which: 

Ὅ       (16) 

Then, the obtained reference current )  is based on the 

reactive power injected into the grid 1 , which: 

Ὅ     (17) 

The three-phase grid current is transformed to dq components, 

and the sliding surface is calculated using the following 

equation: 

Ὓ Ὅ Ὅ          ρψ

Ὓ Ὅ Ὅ          ρω
 

The structure of the input control is expressed by: 

Ὗ Ὗ ὑ ȿὛȿίὫὲὛ Ȣ       ςπ

Ὗ Ὗ ὑ Ὓ ίὫὲὛ Ȣ        ςρ
 

Which, the elementary control terms 5 ÁÎÄ 5 , the 

ranges of switching gain can be calculated using the next 

equations: 

Ὗ  ὙὍ ὒὍ ὠ     (22) 

And  

Ὗ  ὙὍ ὒὍ ὠ      (23) 

And  

ὑ ὒЎὪ       (24) 

And  

ὑ ὒЎὪ      (25) 

It is necessary to choose the correct and sufficient gain values 

to precise the convergence of Ssi to zero.[28][29][30] 

4. Power Flow Control: 

The proposed control in this work of the power flow is 

based on dif ferent sources and components, itôs start by 

sensing the battery state of charge and the power of PV 

system, battery, supercapacitor and grid. The algorithm 

detailing involves two grid modes operations depending to the 

output of PV power, AC load demand, SOC of battery and grid 

utility. 

a) Case of isolated mode (grid-off):  

To minimize the dependence to the grid utility; and 

according to the normal climate condition, the PV array can 

produce sufficient energy to the system which can fed the AC 

load and charge the storage bank at time (SOC < SOCmax), 

the maximum of SOC is considered at 100%, this case explain 

the scenario 2 in figure (8). Therefore, at time of low PV 

power production causing by the climate conditions, the 

hybrid storage system can share power with PV system to fed 

sufficiently the AC load which explain the third scenario in 

fig. 8. 

b) Case of PV hybrid system connected to the grid: 

Under high climate conditions, the PV system can feed 

successfully the load and inject another part of produced 

energy into the grid utility  because the battery and 

supercapacitor storage system is achieved the maximum of 

state of charge of, thatôs treats the first scenario in fig. (8). The 

last scenario is the only ones whose impose the dependence of 

grid utility to supply the AC load because the PV system and 

hybrid storage system (SOC<SOCmin,which the SOCmin is 

considered at 20%) are unable to deliver a sufficient energy to 

the load (scenario 4).  

 
Figure (8): Power Flow 

5. Results and Discussion: 

 Different simulations results are used to analyze the 

dynamic performance HRES under connected grid mode and 

standalone mode are represented in this paper. The overall 

system configuration of HRES were simulated by using the 

Matlab/Simulink Program. The proposed solar irradiation 

profile increased from 500 w/m2 to 1000 w/m2 and decreased 

from 1000 w/m2 to 800 w/m2, also the temperature is fixed at 

25ÁC. Therefore, the uncertainties are formalized and included 

in the model because the SMC is necessary be robust against 

uncertain parameters. The values of parametric variations (R1, 

L1) and LCL filter components (L and C) are choosing at 5% 

of its nominal value. The convergence condition of SMC only 

gives the range of k; the last oneôs values are adjusted by 

simulation considering uncertain parameters and the 
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following performance criteria, for examples the speed of 

response without significant overshoot, reduction of the 

amplitude of oscillations and reduction of static error.  

a) Case of Standalone mode operation: 

In the first cases, the simulation realized under mode off-

grid, we carried out two scenarios of this case. The fig. (9) 

illustrates the PV output current, voltage and power under 

varying climate conditions. they demonstrate the capability of 

the proposed MPPT control, itôs can follow the MPP under the 

cited climate conditions and load demand, also make the PV 

modules work at high performance and deliver the max of 

energy under deferent climate conditions. It is remarked using 

the fig. 9 that the PV system controller tracks the MPPs of 

solar energy regardless of the rapidly changing of irradiation 

and load condition. Besides that, it is clearly that the proposed 

P&O algorithm is highly effective during changing weather 

conditions because itôs work at point of the system oscillates 

weakly around the maximum power point. 

 

Fig. (9): PV Performance 

The fig. (10) presents the battery storage response which 

includes the battery voltage, battery current, battery power and 

state of charge of battery (SOC%). Itôs remarqued, during the 

period [0;5] s, the PV produce insufficient power which 

involves that the battery and super-capacitor share the 

necessary power to feed the AC load (scenario 3). Also, during 

the period from the 5s to 10s, the source creates an important 

power that can feed the load and charge the Hybrid storage 

system (especially the battery charging) (scenario2) which itôs 

mentioned in fig. (10) (a), that the battery accused a negative 

current which indicate the charging operation. 

 

Figure (10): Battery Performance 

The fig. (11) shows the super-capacitor current and power 

variations, the SC current profile explain the important rule of 

this component to preserve and protect the battery, which it 

can absorb the system fluctuation such as load and grid 

demand and climate conditions variations.  

 

Figure (11): SC performance 

The fig. (12) illustrates the obtained simulation results of 

the proposed control technique under varying conditions, we 

find respectively the load 3-phase voltage, the load 3-phases 

current, load active and reactive power, and the DC bus 

voltage fig. (13). That it is mentioned in the fig. (12) (a) and 

(b) that the load voltage and current are in phase with low 

harmonics, it is explain that the SMC is capable to minimize 

the THD. Then, the fig. (12)(c) shows that the system (PV, 

Battery and SC) produce the necessary power needed by the 

load (60KW) which confirm the proposed power flow control, 

the fig. (12)(d) presents the fable injected reactive power (= 

0Kvar). However, the fig. (13) compares between measured 

DC bus voltage and reference DC bus voltage which it is 

remarqued that they have a similar values (400V). All these 

results demonstrate the effectiveness of the proposed control 

system. It can be observed from the simulation results that the 

proposed SMC based control strategy affirms the fast-

dynamic response and voltage tracking performance (small 

steady-state error and lower part) under different load types 

(balanced load, unbalanced load and nonlinear load). 
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Figure (12): AC Load performance 

 

Figure (13): DC bus Voltage 

To present a high appreciation of the proposed control, we 

add a comparative test between the traditional Proportional-

Integrator (PI) controller and Sliding Mode Current (SMC) 

controller basing on the delivered THD of the load voltage, 

Table 2 confirm the capability and effectiveness of the 

proposed control which has more interesting advantages such 

as low harmonics distortion, voltage regulation and fast 

steady-state error. 

Table 2.THD values comparison between PI and SMC. 
Test Parameter PI 

controller  

SMC 

controller  

1 

2 

3 

THD (0s;5s) 

THD (5s;8s) 

THD (8s;10s) 

4,75 % 

6,88 % 

5,56 % 

0,1 % 

1,74 % 

5,04 % 

 

b) Case of HERS connected to the grid: 

The second parts of simulation executes the proposed 

HERS connected to the grid under varying climate conditions 

and load demand, which show the dependence of the grid 

during fabless HRES production. The fig. (14) discuss the 

MPPT control effectiveness of PV system with variable solar 

irradiance, it explain that the PV modules work at high 

performance and all time extract the MPP under different solar 

irradiance and grid fault. 

 

Figure (14): PV performance 

   The fig. (15) presents the battery energy storage response, 

which includes the battery voltage, battery current, battery 

power and state of charge of battery (SOC%). Itôs remarqued, 

during the period [0;5] s, the PV produce insufficient power 

which involves that the grid network share the necessary of 

power to feed the AC load (scenario 4). Also, during the 

period from the 5s to 10s, the source creates an important 

power that can feed the load and charge the battery or inject 

the rest of power into the network (scenario1) which itôs 

showed in fig. (15) b, that the battery accused a negative 

current which indicate the charging operation mode. 

 

Figure (15): Battery Performance 

   The fig. (16) shows the grid active power, reactive power, 

grid current and voltage. The grid delivers the power to the 

system during the period 0s to 5s when the PV and HESS are 

unable to supply the AC load, the negative value of power 

confirm that the network deliver energy. In the other part, the 

current and voltage 3-phases form are in phase with low 
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harmonic distortion. The obtained results in this cases validate 

the performance of the proposed system control. 

 

Figure (16): SC performance 

 

Figure (17): Grid Performance 

    Therefore, the stability of load power presented in fig. 18 

explain that the proposed control able to manage the system in 

case ON-grid and deliver the necessary energy to the AC load 

(60KW). Also, the similarity between the reference DC bus 

voltage and the measured DC bus voltage (400V) 

demonstrates the performance of our control fig. 19. 

 

Figure (18): Load active Power 

 

Figure (19): DC bus voltage performance  

However, to validate the performance of the SMC 

method, we realized comparative simulations test between the 

used SMC control technique and the traditional PI controller. 

The table 3 resume the delivered harmonics distortion for each 

control. It is remarqued that the average of THD values 

measured of the inverter output voltage in this case using the 

SMC methods are lower 5% than the other controller. To 

conclude, the proposed SMC controller of this work has a 

great effect of power quality of the PV hybrid system 

compared to the Proportional-Integrator controller. 

Table 3.THD values comparison between PI and SMC. 
Test Parameter PI 

controller  

SMC 

controller  

1 

2 

3 

THD (0s;5s) 

THD (5s;8s) 

THD (8s;10s) 

12,75 % 

9,98 % 

13,76% 

4,97 % 

1,94 % 

5,88 % 

6. Conclusion: 

    This work treats a new contribution of SMC control of 

hybrid PV system composed of dif ferent components such as 

PV generator, battery and super-capacitor for working under 

stand-alone and grid connected modes using a SMC to manage 

the power in the several system. The obtained results using 

Matlab/Simulink confirm the adequacy of the proposed 

control of the power converters under varying climate 

conditions, load demand and grid problems. Depending to this 

results the proposed technique delivers more advantages 

compared to the PI controller, like robustness, fast-steady state 

and low THD. The next work will more investigate this new 

technique. 
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