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Sliding-Mode Control Based on Index control
Law for MPPT in Photovoltaic Systems

Zhigiang Meng, Wu Shao, Jie Tang, and Huaan Zhou

Abstract—A novel maximum power point tracking method
based on sliding mode control and average state model of PV
generation systems is developed. This method consists of two
parts: term of constant control and term of index control. It is
different from the conventional sliding mode control which uses
a constant speed control law. The developed method uses a
controllable sliding mode switching function which can
automatically adjust the approaching speed, so as to enable the
photovoltaic system to achieve fast dynamic response and stable
output power. System simulations using MATLAB are
performed. Compared with conventional methods, simulation
results show that maximum power point tracking times for the
novel method both in start-up phase and in cases of
environmental changes can be shorten by more than 50%. A
experimental platform of 150W PV system has been established
to conduct tests. Experimental results show that the maximum
power point tracking times both in start-up phase and in load
stepping phase including the illumination change phase, can be
significantly decreased. These results indicate that the developed
method owns better dynamic response than constant speed
control law. It can be used in photovoltaic generation system.

Index Terms—MPPT, PV, sliding-mode control.

I. INTRODUCTION

MUCH attention has been paid to the energy crisis due to the
increasing consumption of the limited fossil fuel

resources. Since solar energy is an ideal renewable
energy, which is pollution-free, noiseless and inexhaustible, the
utilization and conversion technologies of solar energy have
been widely developed over the last several decades. Usually,
photovoltaic power generation system (PPGS), which consists
of photovoltaic (PV) arrays and power electronic converters, is
the application equipment widely used to collect and convert
solar energy into electric power. However, the output
characteristics of PV cell, such as the power-voltage curve and
current-voltage curve, are nonlinear and are largely affected by
environmental changes. To maximize the output power of
PPGS, maximum power point tracking (MPPT) technology has
been widely applied [1-3].

Several MPPT Algorithms have been developed [4]. Among
the developed algorithms, the simple open circuit voltage
(OCV) method usually takes the position at the eighty percent
of the open voltage of PV cell as the maximum power point
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[5].This strategy is very simple. However, the method must
detect the PV output voltage periodically, so the
aforementioned maximum power point is not accurate enough.
A lot of versions based on perturbation and observation (P&O)
method which is widely adopted in MPPT have been presented
in several literatures [6- 8].The P&O method is widely used due
to its simple implementation. However, the P&O method keeps
on working even at the maximum power point. As a result, it
will decrease the efficiency of power generation. Moreover,
once the condition changes, P&O method still has the
possibility of errors in determining the maximum power point.
Another classical method is called the incremental conductance
(INC) [9] which uses the characteristics of the power-voltage
curve of the solar cell to find the maximum power point. The
maximum power point occurs when the slope of the
power-voltage curve becomes zero. The INC can improve the
tracking accuracy and dynamic performances under rapidly
varying conditions. However, perturbations still exist near the
maximum power point. Other tracking algorithms, such as
Particle swarm method [2], Fuzzy control method [10-12] and
Neural Network Control method [3] exhibit precise tracking
capability, but they are complicated to apply.

Sliding-mode control (SMC) [14-17] has powerful ability for
the control of uncertain systems, the system controlled by
sliding-mode control exhibits robustness properties with
respect to both internal parameter uncertainties and external
disturbances. Up to now, sliding-mode control has been widely
used in power electronic equipment, and many algorithms
based on sliding mode control have been developed for tracking
maximum power point of a solar cell. A well-known
application called terminal sliding mode control (TSMC) based
MPPT scheme, has been proposed by reference [18]. The
TSMC was developed [19-20] to improve the convergence of
the tracking error. Instead of using linear hyper-plane as the
sliding surfaces, the TSMC adopts nonlinear sliding surfaces
which allow tracking error convergences of TSMC to be
accomplished in finite time. In the TSMC based MPPT scheme,
the maximum power voltage (MPV) reference is obtained by
using an incremental conductance method, then the TMSC is
proposed to drive the system to the maximum power voltage
reference. TSMC is mainly used to optimize the steady-state
performance near the maximum power point, and effectively
reduce the chattering of the system in the vicinity of the
maximum power point. However, when the MPV reference is
obtained through the INC method, the MPPT will fail for real
MPP under partially shaded conditions because multiple local
maxima can be exhibited on the power-voltage characteristic
curve. The above MPPT algorithms presented in the literature
are voltage-based types. Reference [21] has proposed a
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current-based MPPT strategy, joining the benefits of a sliding
mode inner current loop with the well-known advantages of an
outer voltage-based control loop. The strategy allows to track
uncommonly fast irradiance variations and is able to reject the
low-frequency disturbances which affects the buck voltage in
grid-connected applications and propagates back toward the PV
generator. But the algorithm implementation is very
complicated and requires additional current sensors. Usually, a
fixed step control law [22] is applied to track the maximum
power point, so that the method is known as constant speed
sliding-mode MPPT (CSSM-MPPT). The use of a fixed step
approach law will cause some problems because the step cannot
be changed in the neighborhood of the maximum power point.
Although the MPP can be achieved, the system will cause
greater oscillation if a too large an approach law step is applied.
To achieve a stable output power in the neighborhood of the
MPP, a small approach step should be selected small, but it will
bring about a slow dynamic response.

In this paper, a variable step of sliding-mode control method
for MPPT referred to as index of sliding-mode MPPT
(ISM-MPPT) is presented. The step size of this algorithm can
be adjusted automatically. If the operating point is far from
sliding surface, it increases the step size which enables a fast
tracking ability. If the operating point is near the sliding surface,
the step size becomes so small that the oscillation is well
reduced to contribute a higher efficiency. The PV system
configuration and control implementation for this proposed
algorithm have been given, and a lot of simulations and
experiments have been done. Meanwhile, the CSSM method
has been selected to serve as a contrast to study the rapidity and
dynamic response ability for MPP tracking .The results of
simulations and experiments show that the MPP tracking
performance can be greatly optimized by the proposed
algorithm.

II. PRINCIPLE OF PROPOSED SLIDE MODE CONTROL

A. Characteristics of solar cell

According to photovoltaic effect, solar energy can be
converted into direct current electric energy by the photovoltaic
cell. The characteristics of photovoltaic cell can be described as
follows.

o qv__
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The eqn. (1) and eqn. (2) are nonlinear. When S and T keep
stable, the p-v characteristic curve of PV cell is unique;
otherwise there will be different curves with various S and 7, as
shown in Fig 1.

Being connected to a load, a PV array has a unique operating
point, but not necessarily the maximum power point.
Furthermore, as the load or environmental conditions change,
the operating point will change. Therefore, a DC-DC converter
which is located between the PV array and load is needed to
make photovoltaic array to operate in maximum power point.

B. State-average Model of PPGS

The classical topology of PPGS with BUCK circuit is shown
in Fig. 2. The whole circuit works in inductive current
continuous mode (ICCM). The dynamic mathematical model
can be described as follows. Eqn. (3) 11016s the function of the
system when the switch Q turns on, and Eqn. (4) represents that
Q turns off.
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Fig.1. Curves of p-v for various S and T.
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Fig.2. Topology of DC PPGS with BUCK circuit.
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If PPGS works in the Pulse Wide Modulation (PWM) mode,
and the switching frequency is high enough (for example: more
than 10 kHz) [24], the states in Eqn. (3) and (4) can be equivalent
to the average states during a switching period :
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where V,L1;, Vg Ir represent the average of vi, i, vr , ir
respectively in a switching cycle and d is the duty ratio of switch
Q, and also the control variable of the system.

Suppose:
1 L
V Cl Cl
1 ) 4
x= [I/L J(x)= -ZVR g(v)= 7 (6)
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The state-average model of PPGS can be obtained:

x=f(X)+g(x)d 7

C. Design of Proposed slide-modeling controller

1. Sliding mode surface construction

As for the PPGS shown in Fig.1, the changes of variables are
quite small if the switching frequency is high enough. Therefore,
all variables can be replaced by the average value in a switching
period. Eqn. (2) can be transformed as follows

e (eXp( )— )] )

According to the photovoltaic propertles, if system works at
the MPP, then:

P=V[Ig —

opr 6p )
v ov

Where, P is the average value of p in a switching period, i.e.
the average power of the system.

Based on the sliding-mode control theory and photovoltaic p-v
curve, the switching function G(x) is chosen as follows in this
paper:
orP _ouvy _ar

== V41
oV oV ov

G(x) = (10)
2. Verifying of stability and convergence for the sliding mode
control method.

According to the p-v curve, if G(x)>0, the operating point is on
the left side of the MPP, where V<V, and I >I,,,. In order to make
the operating point move towards the MPP, the duty ratio d of the
switch Q should be decreased. The average voltage V will
increase and the average current I will decrease. On the contrary,
if G(x)<0, the operating point is on the right side of the MPP, and
the duty ratio d of switch Q should be increased to decrease the
average voltage V and increase the average current 1.

In order to make the PPGS to work at the maximum power
point (Vn, In), the sliding-mode control law must control the
system state x moves from one position to the sliding-mode
surface G(x)=0 within a limited time.

Sliding mode is a phase that the system state x operates on the
sliding surface, which meets the Lyapunov stability theorem.
Take the derivative of G(X):

aG(x) 0G(x)

G(x)= o T (11)
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where, d., is the equivalent control factor, i.e. the duty ratio of
BUCK switch when the system works on the MPP.

The process that the system state moves from the original
position to the sliding-mode surface is named approaching
process, which is also the process to control the photovoltaic
power generation system tracking the maximum power point
from any original state. In this process, the duty ratio d of the
BUCK switch Q is different from d.,, and could be expressed as:

d = deq + dsw (12)

where, ds, is the variation of duty ratio d, and used to control the
sliding-mode approaching process.

In the condition that the PWM frequency of BUCK switch is
given, if G(x)>0, the duty ratio d will decrease and dsw presents
negative. On the contrary, G(x)<0, d will increase and dsw
presents positive. While G(x)=0, d remain unchanged and ds=0.
Therefore, the sliding-mode control law d is designed as follows:

0 :G(x)=0

i - (13)
U l—asgn(G(X)-kG(x) ; G(x)#0

The farther G(x) deviates from the sliding-mode surface, and
the greater the absolute value of d, is, then the stronger the
regulating ability of the system is and the faster approaching
speed is. Compared with the constant speed approaching
control law that only has —asgn(G(x)), approaching time is
significantly improved by index sliding-mode control law.
Moreover, if the operating point of system is quite close to the
sliding-mode surface, i.e. G(x) is small enough, then d, is
equivalent to the constant speed approaching law with the
amplitude. Accordingly, the system state can run to the
sliding-mode surface within a limited time, and then the
photovoltaic cell will work at the maximum power point. In
order to minimize the approaching time and weaken the
chattering, k& should be set at a higher level and a at a lower
level.

According to Eqn. (6) and Eqn. (10), equations can be
established as follows:
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Plug Eqn. (14) and Eqn. (15) into Eqn. (11), the equivalent
control factor is:

I
d, =— (16)
q IL
Take Lyapunov function as follows:
W:%G%m (17)

Take the derivative of Eqn. (17), the differential
function must satisfy the formula (18) with the Lyapunov
stability conditions:

W =G(x)G(x)<0 (18)
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From the formulas Eqn. (6) and Eqn. (10), we can get:
Gy =223 = Z 1)+ D g a1

Substituting Eq.(8),(12),(13),(14),(15)1nt0 Eq.(19), we obta
in Eqn. (20) as follows:
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where, I; is the inductive current of BUCK circuit,
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I and F are all always greater than zero. According to Eqn.
(20),

when G(x)20, dy=-a - kG(x) <0, W <0 ;

when G(x)<0, dw=a-kG(x)>0, W <0.

Therefore, the Lyapunov stability conditions are satisfied
and stable sliding-mode control law is available.

According to the design theory above, the ISM-MPPT
sliding-mode control law is:

d= Ii — asgn(G(x)) - kG(x)

L

@n

D refers the duty cycle of switch Q. Since the range of duty
cycle must meet 0SD<1, the real control signal is proposed as:

1 d>1
D= Ii_a sen(G(x)—kG(x)  0<d<l (22)
L
0 d<o0

In the actual circuit, according to the comparison of a unit
amplitude triangle-carrier-wave and the signal of actual duty
ratio D, the PWM wave of BUCK switch with certain
frequency is obtained and the constant frequency sliding-mode
control for MPPT is realized.

D. Implementation of the ISM-MPPT Algorithm

It is unachievable to calculate the partial differential of I and
V, which is proposed in Eqn. (10) in an actual digital control
system. Also, it is difficult to ensure that G(x)=0. Therefore, in
the implementation of the ISM-MPPT algorithm, two measures
should be adopted:

Firstly, the calculation of partial differential can be replaced
by the calculation of finite-difference ratio, as long as the
switching frequency and the sampling frequency of the power
electronic circuit are high enough (for example =10kHZ)[24].

Secondly, the bandwidth of G(x) should be limited. If -¢ <
G(x) < &, set G(x)=0. Where, ¢ is a positive number with a
small value.

In consequence, the system structure of the ISM-MPPT is
illustrated in Fig.3(a), and the algorithm flow chart of the
ISM-MPPT is shown in Fig.3(b).
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(a) System structure of the ISM-MPPT
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(b) Algorithm flow chart of the ISM-MPPT
Fig. 3. System structure and Algorithm flow chart.

III. ANALYSIS OF THE SIMULATION AND EXPERIMENT
RESULTS

The simulation software MATLAB/Simulink is used to
simulate the solar generation system. Based on
MATLAB/simulink the complete simulation system
architecture is built.

To test the feasibility and availability of the MPPT control
strategy, by using MATLAB/Simulink tool, PV generation
system is built to conduct experiments as shown in Fig.1.
Where PV cell model is built by Simulink according to Eqn. (1);
both inductance and capacitors of buck DC/DC converter are
ideal components; The parameters of the solar cell under the
temperature of 25 ‘C and the irradiation of 1000 W/m? are listed
in Table 1, The parameters of the buck circuit are presented in
Table 2.
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TABLE [
Parameters of the pv cell
Open voltage 64.5V
Short current 331A
Current (maximum power point) 2.86 A
Voltage (maximum power point) 525V
Rated power 151 W
TABLE II
Parameters of the buck inverter
Cl1 1000 pF
Cc2 1000 pF
L 1 mH
R 30Q
Switching frequency 20 kHZ

A. Maximum Power point Tracking Features During the
System Startup Process

When the load keeps constant, to study the rapidity
performance of the proposed strategy, an experiment under a
given weather condition is first done. Here, assume that
standard weather conditions are given. Finally, with regard to
the conventional P&O (AD=0.02), CSSM-MPPT (¢=0.2) and
proposed ISM-MPPT (a=0.2, k=1) methods, their compared
output power curves and PV array voltages are shown in Figs.4

160
§1M~
= 120
£ 100]
T 8o
3 60
fo
20
g 0
0 10 20 30 40 50
t(ms)
(a)Curves of P&O (AD=0.02)
160
§140~
g 1(2)3 51,00
o 80< 15095
2 e FAMAVARL VAVAWLS)
% 60 150.90
3 i
% 401 150.85 /
E 204 150.80. I 7
g o S —
0 2 4 6 8 10
t (ms)
(b)Curves of CSSM-MPPT (a=0.2, k=0)
160
140
S 120
] 100 151.00
S gol 150,95 L
3 150.90 /
z o0 150.85 /
40] )
g 20 15089, 35 20
2 ] Y ¥ Y
0 t(ms)
0 2 4 6 8 10
t (ms)

(c)Curves of ISSM-MPPT (a=0.2, k=1)
Fig.4. Curves of PV array voltage and output power.

It is shown in Fig. 4 that, when the conventional P&O and
CSSM-MPPT is used, the settling time of output power is 20ms
and 7ms; relatively, the settling time of ISM-MPPT which is
shown in Fig.4 (b) is 3.2ms. It is obvious that the rapidity of
tracking the MPP is greatly improved by the ISM optimization
strategy under given weather conditions. In addition, it can be
seen from the Fig.4 (a) that conventional P&O leads to an
obvious chattering when the system is working. On the contrary,
CSSM-MPPT and ISM-MPPT generate little chattering as
shown in the subgraph of Fig.4 (b) and (c) when the system is
working at the MPP. Obviously, the ISM-MPPT owns better
stability.

To sum up, the maximum power point can be tracked quickly
and accurately by ISM-MPPT method, and system possesses a
perfect stability after moving to the MPP.

B.  Simulation under Varying Weather Conditions

The stability and rapidity of conventional P&O, ISM-MPPT
and CSSM-MPPT to realize MPPT have been studied under
standard weather conditions by experiments. Here, to compare
the transient-state performances among these three algorithms,
these simulations are done under corresponding weather
conditions: (1) S: constant, T: varying; (2) T: constant, S:
varying.

Under condition (1), assume that S keeps at 1000W/m? and T
corresponding to three temperature value are 25°C, 60°C, 25°C,
respectively, the results of simulation are shown in Fig. 5.

Fig.5 (a) shows that, for P&O strategy, the settling times of
output powers corresponding to two time intervals are 28ms
and 5ms. Fig.5 (b) shows that, for CSSM-MPPT strategy, the
settling times of output powers corresponding to two time
intervals are 3.3ms and 5.2ms. On the contrast, Fig.5(c) shows
that, when the ISM-MPPT method is used, the settling times are
1.5ms and 3.5ms, respectively.
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(c) ISM-MPPT curve with constant S, T varying.

Fig.5. PV array output curve with constant S, 7 varying.

Under condition (2), assume that T keeps at 25°C, and S
corresponding to three illumination intensity are 1000W/m?,
800W/m? and 1000W/m?, the results of simulation are shown in
Fig. 6.

160 S=T000W/ niF
E 140+ $=1000W/ ]
S
g 120 S=800WinT"
& 100
=
8 60 1
g ol W/
< 20 [T [[]] L
E 0 %5 3 % 4 45 4 4 4 50
0 10 20 30 40 50 60
t(ms)
(a) P&O curve with constant 7, S varying.
150+ e
g \'s:momunf
L
3 ] 151 1
g 150
% 504 115] 149
2 Yy e 4T 2 45 4 15 16 7 17
R 0 __tms) i t(rr‘tS) |
0 5 10 15 20 25
t (ms)
(b) CSSM-MPPT curve with constant 7, S varying.
150+ [ pereeram|
_ $=1000Wint* ~1-{" s=1000Win?
z JERE
% 100{ p7 VAT
o
o 16 151
o 150
E 501 (115 149
< 14 148
> 0 1 12 A 14 1 16 17 18
& 0
0 5 10 15 20 25

t(ms)
(c) ISM-MPPT curve with constant 7, varying S.

Fig.6. PV array output curve with constant 7, varying S.

Fig. 6(a) shows that, with regard to P&O strategy, the
settling times of output power corresponding to two time
intervals are 30ms and 4ms, Fig. 6(b) shows that, with regard to
CSSM-MPPT strategy, the settling times of output power
corresponding to two time intervals are 1.3ms and 2.0ms. On
the contrast, Fig.6(c) shows that, when the ISM-MPPT method
is used, the settling times are 0.7ms and 1.2ms, respectively.
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It can be seen from above that ISM-MPPT method can
reduce the settling time of output power. The simulation results
show that, when the weather parameter varies, the MPPT
rapidity can be greatly improved by ISM-MPPT strategy, that is,
when the weather varies, ISM-MPPT has better dynamic
response speed than P&O and CSSM-MPPT.

The experimental platform is shown in Fig.7.
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Fig.7. Experiment System.

Fig.7 (a) is the schematic diagram of the experiment system,
and Fig.7 (b) is the physical photo of experiment system. PV
module is composed of three MN- 50 solar cells connected in
series. The parameters of the PV cell under the temperature of
25°C and the irradiation of 1000 W/m? are listed in Table 1. The
parameters of the experiment system are presented in Table 3.
Measuring instruments used are listed in Table 4. Switch S is in
series with Ry, and these two elements are connected in
parallel with Rq;.The switch S is added to simulate the variation
of'load. When switch S is open, the load is 30 Q, when switch S
is closed, and the load turns into 15 Q.

TABLE III
PARAMETERS OF THE EXPERIMENTS SYSTEM
Cl1 1000uF
Cc2 1000uF
L 1mH
Rdl 30Q
Rd2 30Q
Switching frequency 20kHZ
TABLE IV
TEST INSTRUMENTS
Current sensor ACS712
Voltage sensor ZMPT107
Driver EXB841
Oscilloscope Tektrolic DPO2012B

The coefficients of P&O is AD=0.02 and sliding mode
control law used in the experiment are a=1, k=5 for ISM-MPPT
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and a=1, k=0 for CSSM-MPPT and &=5.

In this paper, two experiments were conducted, firstly,
control switch S to simulate the variation of load, and secondly,
a device is used to shield the photovoltaic panels so as to
simulate illumination variation.

Moreover, the light is adequate and environment temperature
is above 25°C during the experiment. However, quantity of
illumination is vacant owning to the absent of illumination
intensity test instrument, and the actual power of photovoltaic
cell is lower than the nominal power because of aging
phenomenon.

C. Maximum power Point Tracking Features During the
System Startup Process

Fig. 8 shows the MPPT waveforms during the system startup
process. Fig. 8(a) shows the waveforms of P&O Fig. 8(b)
shows the waveforms of CSSM-MPPT, and Fig. 8(c) is for
ISM-MPPT. The initial conditions of state variables are (V, [, I,
Vr) = (61V, 0A, 0A, 0V), which is a point that is far away
from the sliding surface corresponding to MPP (V,, ).
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(c) Startup Waveform of ISM-MPPT
Fig.8. MPPT start waveform.

According to Fig. 8(a), the tracking time of P&O is about
180ms, and the steady-state power is S6W .According to Fig.
8(b), the tracking time of CSSM-MPPT is about 120ms, and the
steady-state power is S6W. The tracking time of ISM-MPPT is
about 20ms, and the steady-state power is 60W. Moreover, the

waveform of ISM-MPPT is smoother than the other two
algorithms after hitting the maximum power point. As a
consequence, ISM-MPPT has possess better rapidity and
steady-state performance.

D. Dynamic Performance With Load Stepping

In this experiment, the load resistance suddenly changes
from 30 Q to 15Q at tl, and increases back to 30 Q at t;. The
waveforms of P&O, CSSM-MPPT and ISM-MPPT are shown
in Fig. 9(a), 9(b) and Fig. 9(c), respectively. Both t; and t, are
labeled in Fig.9.
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Fig.9. Dynamic Waveform with Load Stepping.

According to Fig. 9(a), the response time of CSSM-MPPT is
about 850ms when the load changes. According to Fig. 9(b), the
response time of CSSM-MPPT is about 350ms when the load
changes. Based on Fig. 9(c), the response time of ISM-MPPT is
close to 70ms when the load changes. Because the illumination
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and temperature remain the same during the experiment, the
maximum power point does not change, and the system moves
back to the MPP status after 70ms.

As a result, ISM-MPPT algorithm possesses faster response
speed and stronger adjusting performance than P&O and
CSSM-MPPT.

E. Dynamic Performance With lllumination Stepping

In this experiment, the PPGS is already running on the MPP,
one of the three photovoltaic cell panels is shorted by a switch
to change the illumination intensity. Fig. 10 describes the
dynamic performance of the three methods respectively.
According to the figures, t; is the moment that PV arrays are
shorted by the switch; t; is the moments that the system moves
back to the steady state.

According to Fig. 10(a), the tracking time of P&O is about
800ms when the PV arrays are partially shorted .According to
Fig. 10(b), the tracking time of CSSM-MPPT is about 560ms
when the PV arrays are partially shorted. Based on Fig. 10(c),
the tracking time of ISM-MPPT is about 180ms when the PV
arrays are partially shorted. Therefore, the tracking velocity of

ISM-MPPT is faster than that of CSSM-MPPT with
illumination intensity mutation.
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Fig 10. Tracking Waves of algorithm with Illumination Intensity Stepping.

IV. CONCLUSION

Aiming at the obvious chattering and unsatisfied response

speed of maximum power point tracking of constant speed
sliding mode, an index sliding mode maximum power point
tracking (ISM-MPPT) algorithm is proposed based on BUCK
circuit. The analytical process of new algorithm was described
in detail. In order to demonstrate the availability and superiority
of ISM-MPPT, contrast simulations and experiments were
conducted in three aspects: the tracking features during the
system’s startup process; the tracking performance with sudden
changes of the load and the tracking performance with
mutational illumination intensity. According to the results
above, the algorithm proposed in this paper showed excellent
MPPT tracking performance with a significant decrease
buffeting, the output power of PV arrays was well controlled
and the algorithm possessed better rapidity and stability
concerning P&O and CSSM-MPPT.

APPENDIX

Nomenclature

A The diode quality factor

R Load resistance

g The electrical charge 1.6 X10°C

V' Average PV cell voltage

K The Boltzmann’s constant 1.3 X 1023J/K
v PV cell voltage

k Index sliding mode controller gain

Vr Average voltage on the resistance R

t The ambient temperature, in Kelvin

vg Voltage on the resistance R

i PV cell current

S(x) Sliding surface on the sliding mode control
I Average PV cell current

T PV array cell temperature (K)

isc The photo generated current

ueq Equivalent input

ip The dark saturation current

¢ Error allowed for the sliding face S(x)
i; Current on the inductance L

d Duty cycle of switch Q

I Average current on the inductance L
deq Equivalent control quality

iz Current on the resistance R

dyw Transition control volume

Iz Average current on the resistance R

a Constant sliding mode controller gain
T1 PV array cell temperature 25°C

T2 PV array cell temperature 50°C

D Effective duty cycle to drive the transistor
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