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ABSTRACT Generating electric power from solar energy is a vastly growing technology worldwide. This

paper investigates and evaluates the performance of a solar power generation system utilizing variable struc-

ture control with sliding mode for maximum power point tracking (MPPT). This controller is implemented

on a buck–boost dc–dc power converter to track the maximum power point (MPP). The suggested controlled

solar energy system also includes a dc-link capacitance, a voltage-source inverter, and a grid filter. Energy-

based control is performed for the voltage of the dc-link capacitor. Space vector pulsewidth modulation

(SVPWM) with current control in dq rotating frame is utilized to govern the inverter. The suggested system

is simulated and subjected to various operating conditions. The results demonstrate the power captured from

photovoltaic (PV) panels and delivered to the grid while tracking theMPP. For more confidence on theMPPT

controller, practical experimentation is introduced using a real PV panel and power circuit with interfacing

to a personal computer (PC). The proposed design is subjected to various experimental tests to ensure its

validity.

INDEX TERMS DC-DC power converters, maximum power point trackers, sliding mode control, solar

energy, space vector pulse width modulation, variable structure systems.

I. INTRODUCTION

Solar energy is one of the vital renewable energy resources

that can provide energy to electrical networks with low envi-

ronmental cost compared with traditional ways of energy

production. Low proficiency and characteristics nonlinear-

ity of PV panels, together with continuous change in radi-

ations from sunlight and surrounding temperature make

it important to acquire a Maximum Power Point tracking

(MPPT) process [1]. That’s why research of the MPPT con-

trol methods has been paid extensive attention by many

researchers [2]–[10].

Photovoltaic (PV) energy modules are often linked to con-

verters in order to capture the maximum available amount

of power. For transferring the generated DC power to the

electrical network, inverters can provide many control acts

in conjunction with their main objectives such as dynamic
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controlling of active and reactive power and reactive current

injection during faults [6]–[9].

MPPT function is the key point of any photovoltaic power

processing system [10]. To track Maximum Power Point

(MPP), variable structure controlled via slidingmode (shortly

named Sliding Mode Control (SMC)) is employed in this

work on a DC-to-DC converter. SMC is a non-linear control

methodology that is convenient with this type of converters

realizing both robustness and stability [11]. SMC is a highly

active area of research [12]–[24]. Comparing SMC with the

other MPPT techniques for PV arrays, SMC is identified

by not being PV array dependent, needs no periodic tuning,

has fast convergence speed, and has medium implementation

complexity [25].

In this paper, a variable structure controller based on

sliding mode technique for maximum power point tracking

is implemented to a grid-connected photovoltaic generation

system. The suggested solar energy system includes buck-

boost DC-to-DC converters, DC-link capacitance, a voltage

source inverter, and a grid filter. The performance of the
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FIGURE 1. Block diagram of the solar generation system.

suggested controller is investigated. Furthermore, Practical

experiments on a real solar module interfaced to a PC are

performed.

II. THE SUGGESTED SOLAR ENERGY SYSTEM

The suggested controlled solar energy system includes

PV panels, DC-DC power converter, DC-link capacitor, volt-

age source inverter, and grid filter. Variable structure con-

trol based on SMC is utilized on the power converter for

maximumpower tracking. ForDC-link, energy-based voltage

control is utilized. For the inverter, Space Vector Pulse Width

Modulation (SVPWM) with current control in dq rotating

frame is applied to synthesize the switching signals for power

transistors. Synchronization between the grid voltage and

the frame of rotation is achieved via Phase Locked Loop

(PLL) methodology. Block diagram of the suggested system

is illustrated in Fig.1.

III. THE SUGGESTED SOLAR ENERGY SYSTEM

In this section, components of the grid-connected PV genera-

tion system are described with their parameters. This system

is simulated in PLECS Standalone Simulation Platform.

A. PHOTOVOLTAIC PANELS

PV cells are electrically connected to form PVmodules (pan-

els). To construct an energy generating set, PV-panels are

coordinated in arrays. Solar irradiation and cells temperature

are the factors that greatly affect the generated energy form

solar panels. According to these factors, each PV panel can

produce a certain amount of voltage that influences the gen-

erated maximum power as illustrated in Fig.2.

A PV panel model considering temperature, circuit ohmic

losses, semiconductor characteristics, and irradiation depen-

dencies is used [26]. The losses are represented by the resis-

tance Rs. the circuit diagram of the PV panel module is shown

in Fig. 3. The current voltage equation of the model of the

solar cell is given as follows:

Ipv = Ig − Isat (e
q

AKT (RsIpv+Upv) − 1) (1)

where

Isat : PV array reverse saturation current (of the diode)

q: Electron charge

A: P-N junction ideality constant

K : Boltzmann’s constant

T : PV array temperature

FIGURE 2. PV panels power curve.

FIGURE 3. Circuit diagram of the PV panel module.

FIGURE 4. PLECS implementation of PV panels module.

Upv: PV array output voltage

Ig: Current produced by the incident light (it is directly

proportional to the Sun irradiation G)

The studied current characteristics for PV panels are

modeled in PLECS platform software utilizing 3D look-up

tables [27]. The number of PV panels is chosen on the basis of

the required generated power and voltage as described in [28].

The PLECS PV panels’ model is shown in Fig. 4.

B. BUCK-BOOST POWER CONVERTER

A buck-boost converter is employed to transmit the energy

form PV panels. The PLECS scheme of the converter is illus-

trated in Fig. 5. Input ‘‘u’’ represents the modes of switching

for the converter transistor (SW). There are two modes of

operation; whenever u equals one, SW is switching ‘‘on’’

whereas u equals zero, indicates that SW is ‘‘off’’.

The DC link capacitor (CDC ) at the converter terminals

acts as the power resource to the inverter. The formula for

choosing CDC is as follows [29]:

CDC =
0.03E

(1.8Vmax)2 − (1.4Vmax)2
(2)
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FIGURE 5. PLECS circuit diagram of buck-boost power converter.

FIGURE 6. PLECS schematic diagram of VSI.

FIGURE 7. Example of inverter output: (a) Phase to neutral voltage.
(b) Phase to phase voltage.

where E is the full load energy of the network and Vmax is the

peak value of network phase voltage.

C. VOLTAGE SOURCE INVERTER

The inverter is utilized to transform the DC energy stored

in the DC link to the grid. Inverter output voltage is con-

trolled via Space Vector Pulse Width Modulation technique

(SVPWM). A three-phase, two-level Voltage Source Inverter

(VSI) is simulated [30]. PLECS circuit diagram of VSI, with

6 IGBTs is illustrated in Fig. 6. An example for the output

voltage of such inverter is illustrated in Fig. 7.

FIGURE 8. Complete PV power circuit.

FIGURE 9. Schematic diagram of the PV generation system.

D. LC FILTER FOR GRID CONNECTION

A Low-pass LC filter is implemented for reducing harmonics

that appear due to transistor switches operation [31], [32].

This LC filter is placed at the inverter’s terminals with pre-

determined values of inductance and capacitance calculated

as functions of rated power and nominal voltage [28], [32].

A complete PV power circuit diagram including the previ-

ously mentioned components is illustrated in Fig. 8.

IV. SYSTEM CONTROL

The grid-linked PV generation system utilizes several con-

trollers; the DC-to-DC converter is controlled via sliding

mode controller, another controller is employed for DC link

voltage level and energy extraction, control procedures for

VSI voltage is implemented, also current and power in dq

synchronous frame are controlled. Synchronization between

the grid voltages and rotating frame is accomplished through

Phase Locked Loop (PLL) methodology that calculates phase

angle. SVPWM is employed to deal with the switching sig-

nals for inverter transistors using calculated voltage and phase

angle as references. Fig. 9 illustrates the schematic diagram

of the simulated generation system with control.

A. SMC FOR MAXIMUM POWER POINT TRACKING

The output power (Ppv) of PV modules can be expressed

as a function of modules’ voltage (Upv) and current (ipv) as

follows:

Ppv = Upvipv (3)

From the PV power curve shown in Fig. 2, two regions with

different states could be distinguished: first region on the left

of the maximum power point (where dP/dV> 0) and the sec-

ond region on the right of maximum power point (where

dP/dV< 0) [33]. Based on these two regions, converter switch
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FIGURE 10. PLECS sub-system block of SMC.

control function u is expressed as follows:

u =

{

1, S < 0

0, S ≥ 0
(4)

The switching surface function S of the SMC is chosen as

follows [29]:

S =
dPpv

dUpv
=

dipv

dUpv
Upv + ipv (5)

A PLECS sub-system scheme is prepared to determine

u based on PV panels measurements (voltage and current)

as illustrated in Fig. 10. In order to decrease the distortion

from the measurements, a 5- point quadratic smoothing func-

tion based on discrete-time domain is employed [34]. Then,

the switching control and surface functions are calculated

utilizing PLECS relay-block [29].

B. ENERGY-BASED DC LINK VOLTAGE CONTROL

At the terminals of the converter where DC link capacitor is

set, a controlling process for the voltage of CDC is accom-

plished in order to control the power (PDC ) available for the

VSI taking into consideration the harmonics influence [29].

This power can be expressed as follows:

PDC =
EDC

TH
(6)

where TH is the harmonic periodic time of the capacitor

voltage and EDC is the amount of energy available in CDC
which can be expressed as follows:

EDC =
1

2
CDC (V

2
DC − V 2

ref ) (7)

where VDC is the measured capacitor voltage and Vref is the

base voltage.

The control process of DC link capacitor voltage is

achieved by selecting properly the controller gains Kpe and

Kie in order to determine the base DC-power (Pref ) [29]. Pref
can be formulated as follows:

Pref = Kpe(V
2
DC − V 2

ref ) + Kie

∫

(V 2
DC − V 2

ref )dt (8)

C. CURRENT CONTROL OF VOLTAGE SOURCE INVERTER

In order to submit the maximum allowable energy to the grid,

with unity power factor, a controlling process for 3-phase

currents of VSI has to be done [28], [35]. At the beginning,

FIGURE 11. PLECS sub-system block of a PLL.

FIGURE 12. Grid current control including cross-coupling terms.

3-phase output voltages and currents are transformed into d-

components and q-components via ‘‘dq’’ transformation as

follows [36], [37]:

(

Vd
Vq

)

= k





Va
Vb
Vc



 (9)

(

Id
Iq

)

= k





Ia
Ib
Ic



 (10)

where k is denoted as the transformation matrix. Then, volt-

age phase angle is extracted by employing Phase Locked

Loop methodology (PLL) as illustrated in Fig. 11 [32].

In the stage when the inverter is connected to the grid, the

inverter voltages in dq frame are formulated as follows [36]:
(

Ud
Uq

)

= Lf
d

dt

(

Id
Iq

)

+ Rf

(

Id
Iq

)

+ ωL

(

−Iq
Id

)

+
(

Vd
Vq

)

(11)

where Lf is the inductance between the inverter and the grid,

Rf is the resistance between the inverter and the grid.

The following equations are used in order to determine

reference voltages at inverter’s terminals:

Udref =
d(Idref −Id )

dt
Lf +(Idref −Id )Rf +Vd−ωLf Iq (12)

Uqref =
d(Iqref −Iq)

dt
Lf +(Iqref −Iq)Rf +Vq+ωLf Id (13)

where Idref , Iqref are the required currents for transfer-

ring Pref to the grid [32]. Grid-filter components values

(Rf & Lf ) are used as controller gains that are imple-

mented to the control scheme as shown in Fig. 12 [38].
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FIGURE 13. Voltage Space Vectors in SV-PWM.

This actually means the required voltage at inverter output

is higher than the grid voltage with the value that causes the

required current to flow from the inverter to the grid through

the

filter.

D. SPACE VECTOR PULSE WIDTH MODULATION

SVPWM technique is used to produce the switching control

signals that are applied to the three-phase inverter shown

in Fig. 6. SVPWM as a digital modulating technique has

eight switching patterns (vectors). The combination of these

vectors is used to approximate the reference voltageUref . The

plane of SVPWM is illustrated in Fig. 13.

This plane is divided into 6 sectors separated by 6 active

vectors (U1 to U6). Uref is produced via 2 adjacent

non-zero vectors and 2 zero-vectors (U0 and U7). The

implementation of SVPWM is explained in the following

steps [28], [39]–[43]:

1) DETERMINATION OF REFERENCE VOLTAGE

Reference voltage and its reference angle are determined

based on mapping the reference voltages at inverter’s ter-

minals into (α − β) plane. These values are shown in the

following equations:

Uref =
√

U2
α + U2

β (14)

θref = tan−1 Uβ

Uα

(15)

2) DESIGNING OF SWITCHING CONFIGURATION

Three ON intervals Ta, Tb and Tc of the three upper inverter

switches SW1, SW3, SW5 can be generated for each switch-

ing interval Tsw using the following switching time inter-

vals; T0, T1 and T2. These intervals can be demonstrated

FIGURE 14. PLECS subsystem block for sector identification.

FIGURE 15. Transistors switching signals generation.

as follows:

T1 =
√
3Tsw

Uref

VDC
sin(

π

3
− θ ) (16)

T1 =
√
3Tsw

Uref

VDC
sin(θ ) (17)

T0 = Tsw − T1 − T2 (18)

where θ is the angle of reference voltage based on sector

number determination which is predetermined on the PLECS

platform as illustrated in Fig. 14.

Zero-vectors are used to govern the boundaries of the

switching intervals. These boundaries are used to construct

a table of the 6 sectors based on the switching signals. This

table is executed by PLECS in order to produce the 3 ON

intervals Ta, Tb and Tc.

3) PRODUCING SWITCHING SIGNALS

In order to generate the switching signals, a comparison has

been made between a triangular-wave and (Ta, Tb , Tc).
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FIGURE 16. Simulation result of the PV generation system: (a) Irradiation
ramp input. (b) Current at phase a. (c) PV Power.

TABLE 1. PV network simulating parameters.

This comparison is simulated through the design illustrated

in Fig. 15.

V. SIMULATION OF PV GENERATION SYSTEM

A 6 kW network including BP365-65Wmodules is simulated

utilizing PLECS platform to confirm the validity of the sug-

gested control design.

A. SIMULATION PARAMETERS

Table 1 shows the parameters for the simulated network.

FIGURE 17. Simulation result of the PV generation system: (a) Irradiation
input varying between 1 and 0. (b) Current output at phase a. (c) PV
power.

B. SIMULATION RESULTS

Various conditions of solar radiation are used as inputs to

the PV panels. The modules signals (voltage, current and

power) are monitored at the terminals of the PV panels. For

1000 W/m2 (1 Sun) of solar radiation at 25 ◦C, the gross

power measured form the modules is 5720W. The results are

presented in Fig. 16 and Fig. 17 for two types of inputs.

Fig. 16 shows system response to a ramp irradiation input

with maximum limit of 1000W/m2. PV Power rapidly tracks

irradiation level and reaches its expected rated value cor-

responding to 1000W/m2. Fig. 17 shows system response

to irradiation input varying from 1000 to 0 W/m2 at 4 Hz.

Power at PV terminals reaches its maximum in few tens

of a milli-seconds at startup then fastly tracks input power

variation.

Moreover, in order to investigate the robustness of the

suggested controller in trackingMPP; two systems are imple-

mented in simulation. One of the two systems is controlled

by SMC and the other one is uncontrolled. Each of the two

systems is subjected to the same circumstances of operation.

The results are illustrated in Fig. 18 and Fig. 19.

Fig. 18 shows the controlled and uncontrolled sys-

tems response when subjected to a step irradiation input.

Fig. 19 shows controlled and uncontrolled systems response

when subjected to an alternating irradiation inputs fluctuat-

ing between five irradiation levels. Power at PV terminals

shows higher current and power levels achieved in case of

SMC compared to uncontrolled system.
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FIGURE 18. Simulation result of controlled and uncontrolled systems:
(a) Irradiation input. (b) PV voltage. (c) PV current. (d) PV power.

VI. EXPERIMENTAL SETUP AND RESULTS

This section describes practical development of a photo-

voltaic power generation system based on interfacing an

experimental prototype to a personal computer (PC). The

constructed PV conversion system consists of a PV panel,

a power converter, measuring circuits, controller, and load.

The block diagram of the suggested PV conversion system

is illustrated in Fig. 20. Also, the set of the experimental test

is illustrated in Fig. 21. The controller generates base pulses

for the power transistor. Software routines are developed to

measure the different variables and to achieve an efficient

control process. The optimum tilt angle and orientation of

the PV modules for Cairo-Egypt were considered during the

experiment [44].

A. PHOTOVOLTAIC PANEL

In the experimental work, a PV-panel is connected to a

DC-DC converter controlled by a SMC. The specifications

of the PV-panel from its nameplate are as follows:

Module Type: AP 60 – 250

Maximum Power : 254 W

Open-circuit voltage : 37.42 VDC

FIGURE 19. Simulation result of controlled and uncontrolled systems:
(a) Irradiation input. (b) PV voltage. (c) PV current. (d) PV power.

FIGURE 20. Block diagram of PV conversion system.

Short-circuit current : 8.97 A

Voltage at maximum power : 30.01 VDC

Current at maximum power : 8.45 A

Maximum system voltage: 1000 VDC

Power is measured in standard condition (STC) of

1000 W/m2 irradiation and cell temperature of 25 ◦C

B. INTERFACING MODULE

Digital control system is facilitated to operate and control the

PV energy conversion system. Suitable interfacing module
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FIGURE 21. The experimental test set.

FIGURE 22. PV system circuit diagram.

is used to convert the measured signals of the PV panel to

the computer. The interfacing module used is USB-6001 by

National Instruments characterized by 8 analog inputs and

2 analog outputs with 14-bit resolution.

C. MEASUREMENTS CIRCUIT

A measuring module is prepared to process two ana-

log signals; the PV panel terminals voltage and current.

Complete circuit diagram of the PV module network is

illustrated in Fig. 22. The measuring module includes a

voltage measuring circuit based on voltage-divider concept

which is designed to measure a voltage up to 50 VDC.

Also, a current measuring circuit with range (0-10 A) is

included.

D. SOFTWARE AND PROGRAMMING

MPPT technique based on SMC is programmed and exe-

cuted using LabVIEW software and MATLAB toolbox. The

MATLAB script is illustrated in a flow chart as shown

in Fig. 23. The program is initialized by producing the sam-

pling time (T) and number of total samples (n). For each

sample, the voltage and current of the panel are measured.

Consequently, the panel power is calculated. According to

the rate of change of power to voltage (dp/dv), the switching

state of the converter condition (u) is decided. At the end,

PC stores the panel voltage, current, power, dp/dv and tran-

sistor switching condition.

FIGURE 23. Flow chart of MATLAB script.

E. EXPERIMENTAL RESULTS OF PV ENERGY

CONVERSION UNIT

Several experiments are carried out to ensure the valid-

ity and stability of the suggested controller. Experimen-

tal test results of the solar unit are plotted to investigate

the effectiveness of using the sliding mode controller. The

control is performed for different periods of time with a

sampling interval of 25 ms. The system is interrupted by

changing the irradiation using manual shading above the

PV panel. System response is evaluated by observing dP/dV.

Fig. 24 through Fig. 26 show the test results of the real system

with SMC.

Fig. 24 shows system response of voltage, current, power,

dP/dV and switching signal for fixed irradiation of 5 seconds

without disturbance. Fig. 25 shows system response for

irradiation of 5 seconds with 3 shading disturbances.
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FIGURE 24. Experimental result of the PV generation system: (a) PV-panel
voltage. (b) PV-panel current. (c) PV-panel power. (d) dP/dV. (e) Transistor
switching signal.

FIGURE 25. Experimental result of the PV generation system: (a) PV-panel
voltage. (b) PV-panel current. (c) PV-panel power. (d) dP/dV. (e) Transistor
switching signal.

Fig. 26 shows system response to irradiation for 15 seconds

with one long shading disturbance.

The experimental results demonstrate that the suggested

SMC always govern the system to the state where dP/dV

tends to zero, and PV panel power stabilizes fast following

every disturbance indicating fast convergence to MPP.

FIGURE 26. Experimental result of the PV generation system: (a) PV-panel
voltage. (b) PV-panel current. (c) PV-panel power. (d) dP/dV. (e) Transistor
switching signal.

VII. CONCLUSION

In this paper, a grid-connected photovoltaic generation sys-

tem utilizing variable structure control with sliding mode for

maximum power point tracking is investigated. The paper

presents integrated multi controller architecture for energy

flow in the system. The main components of the suggested

system are: buck-boost DC-DC power converter, DC-link

capacitor, and a voltage source inverter. Energy-based control

is performed for the voltage of DC-link capacitor. Space

Vector Pulse Width Modulation (SVPWM) with current con-

trol in dq-synchronous frame for power inverter is selected

and executed for delivering the power to the grid. The sug-

gested system is simulated in PLECS Simulation Platform

and subjected to various inputs. Simulation results prove the

robustness of the controllers. Results show that at system

startup, output power takes time in order of few tens of milli-

seconds to stabilize. After startup, results demonstrated that

the suggested design captures PV power with high tracking

speed. The robustness of utilizing SMC is clear when com-

pared with an uncontrolled system.

Furthermore, practical experiments are performed on a real

solar module that interfaced to a PC. Several experiments

are accomplished to ensure the validity and stability of the

suggested controller. The practical results showed that the

suggested SMC always drive the system towards MPP at

several conditions.

It would be beneficial, in the authors’ opinion; to study the

following in future research: Extend practical experiments to

include irradiation measurement and grid connection, Study

the effect of faults, Study transient and dynamic stability

requirements.
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