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Abstract: In this paper, a robust Maximum Power Point Tracking (MPPT) for PV array has
been proposed using sliding mode control by defining a new formulation for sliding surface
which is based on increment conductance (INC) method. The stability and robustness of the
proposed controller are investigated to load variations and environment changes. Three
different types of DC-DC converter are used in Maximum Power Point (MPP) system and
the results obtained are given. The simulation results confirm the effectiveness of the
proposed method in the presence of load variations and environment changes for different
types of DC-DC converter topologies. In addition, a Model Predictive Control (MPC) is
adopted from the literature to show the effectiveness of the proposed controller.
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1 Introduction

Photovoltaic generators have a nonlinear voltage-
current characteristic with a unique Maximum Power
Point (MPP), which depends on the temperature and
irradiance condition. When these conditions are
changed, the operating point and MPP will be changed.
Therefore, MPPT control method is required to ensure
that the maximum available power is obtained from the
panel. A review on maximum power point tracking
control techniques is given in [1].

Different approaches have been reported in literature
such as look up table method [2, 3], hill-climbing [4-6],
Perturb & Observe (P&O) method [7, 8], improved
P&O [9, 10], increment conductance (INC) method [11-
13], fuzzy based method [14, 15] proportional open-
circuit voltage (or short-circuit current) [16], near-MPP
operation [17], Neural-network [18], Model Predictive
Control (MPC) [19], fractional order incremental
conductance method [20] and heuristic algorithm by
applying ant colony [21].

Also, the concept of sliding mode control is used to
track the MPP in [22-25] where in some of these
approaches the reference current is used for control law
synthesis which may lead to a lack of robustness to
operation conditions.

In this paper, a different sliding surface is defined
and used for MPPT control. This surface is based on
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INC method. INC method consists in using the slope of
the derivative of the voltage with respect to the current
in order to reach the maximum power point. Therefore,
there is no need to use the current reference directly in
the formulation. Also, the mathematical modeling is
developed for different DC-DC converter topologies
such as buck converter, boost converter and buck-boost
converter.

By defining this sliding surface a robust approach is
proposed in this paper. The robustness of the proposed
approach is investigated in the presence of load
variations and environment changes. Also, a Model
Predictive Control (MPC) is adopted from the literature
to show the effectiveness of the proposed controller.
The obtained results show that the proposed controller
performs better. The paper is organized as follow: the
explanation about MPP system is given in section 2.
The proposed sliding mode control approach for MPPT
is described in section 3. The implementation and
results are presented in section 4. The comparison of the
proposed sliding model control (SMC) and the adopted
MPC is made in section 5 and finally conclusion is
drawn in section 6.

2 The PV System Configuration

The MPP system block diagram is shown in Fig. 1
which consists of PV array, DC/DC converter, the load
such as battery array and controller where in this paper
sliding mod controller based on INC method is used as a
controller. More details about the characteristic of PV
array, DC/DC converter and the sliding mod controller
are given below.
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2.1 The Characteristics of PV Array I\/\/\,_’_

The double-diode model of PV cell is shown in Fig.
2. This model is commonly accepted as reflecting the
behavior of polycrystalline silicon power cells [26]. One
of the two diodes represents the diffusion current in the
PN junction where as the other is added to take the
space charge recombination effect into account. The
mathematical expression of the equivalent model is
given by the following Eq. (1).

V.,.+R 1
I=I -1 Jexp| ———2V |1\
pV ph sl{ p( nlch/q j }

L {exp(vPV+RSIpV j_l}_(vwﬂzslpv ] (1)
) n,kT, /q R,

where Ipy and Vpy are the solar cell output current and
voltage respectively, Is;& Is; are the dark saturation
current, q is the charge of an electron, n; and n, are the
diode quality (ideality) factor, K is the Boltzmann
constant, T, is the absolute temperature and Rs & Rp
are the series and shunt resistances of the solar cell. Rg
is the resistance offered by the contacts and the bulk
semiconductor material of the solar cell. Rp is related to
the non-ideal nature of the p—n junction and the presence
of impurities near the edges of the cell that provide a
short-circuit path around the junction [26]. Therefore, the
output current-voltage characteristic of a PV panel can
be expressed by Eq. (2), where np and ng are the number
of solar cells in parallel and series respectively [11].

Vpy Mg +R 1 /m,
Loy Npl ¢ expl ——————|-1-..
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Fig. 2 Equivalent circuit model of PV.

The irradiation and the temperature are two
important factors that strongly affect the characteristics
of solar modules. The electrical parameters (Is;, Is, Ipn,

n;, ny. Rg. Rp) change if temperature and solar irradiance
9 2 b

change. The mathematical expression of the dependent
the electrical parameters on the temperature (T.) and
solar radiation (S) can be written as follows [27]:

I, (S)=Iphx<si>

ref (3)
Iph (T, ):Iph { 1+Tlpl (T,-T,)}

T T
R (T, )=RSX<T—°)T'« ,RP(TC>=RPX(T—°>TRP

4
T T
I, (T,)=1, (=) xexp{E,(==-1)/n,V,}
T, T, (5)
C=T,/n, =12

Fig. 3 shows the I-V and P-V characteristic curve of
a solar array for different irradiance (600, 800 and 1000
W/m?) at a fixed array temperature (25°C). As it is
evident in Fig. 3, the irradiation and the temperature are
two important factors that highly affect the
characteristics of solar modules. Therefore, MPP must
constantly be tracked to ensure that the PV generation
system achieves the maximum power output in real
time.
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level.

2.2 Converters Topology
DC/DC Converters are most widely applied in
photovoltaic systems as an intermediate between the
solar cells and the load to pursue the maximum power
point (MPPT). Different topologies and different design
approaches could be used for DC/DC converters. In this
study three different models of converters such as buck,
boost and buck-boost converters are used. The diagrams
in Figs. 4-6 show the structure of these converters with
the switching period of T and duty cycle d.
For each converter, state equation of voltage results
in the Eqs. (6)-(8).

SwW

; ;|
| +
v, sW\ c_— v, R
Fig. 5 DC/DC boost converter.
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L cC__ Vv, R

Fig. 6 DC/DC buck-boost converter.

dI L 1 d

o T Vo + T Vpv Buck converter (6)

dl -

—L__ uVo L Vpv Boost converter @)
dt L L

d1 -

—L - —EVO + ngv Buck-boost converter (8)
dt L L

Also, the relation between I} and Loy for each type

of converter is as follows:

I =K.Ip, ©)
in which, K is given as follows:
1/d, for buck converter
K=+1, for boost converter (10)
1/d, for buck-boost converter

3 The Proposed Sliding Mode Control Approach
for MPPT

The sliding mode control consists of two steps. In
the first step, an equilibrium surface is designed and in
the second step, a discontinuous control law will be
designed. In this paper, the sliding surface is defined
based on INC method. INC method consists in using the
slope of the derivative of the voltage with respect to the
current in order to reach the maximum power point. In
INC method, the MPP is calculated by solving Eq. (11):
OPpv  O(Vpv.Inv)
6va anv
where Ipy and Vpy are the PV current and voltage,
respectively. This equation shows that to obtain this
point, (-dVpy/dIpy) must be equal to (Vpy/Ipy). In INC
method, (-dVpy/dlpy) is known as instantaneous array
resistance (R) and (Vpy/Ipy) is known as incremental
resistance (r). Fig. 7 shows the I-V characteristic curve

of a solar array under 800W/m? irradiance at 25°C using
INC method.

= va.dev + dev.Ipv = 0 (1 1)
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Fig. 7 I-V curve of PV array using INC method.
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Thus, at maximum power point, the following
equation must be satisfied as shown in Fig. 7:

Vev _AVeY R (Ipv)— (Ipv) = 0 (12)
Ipv  dlIpv

Therefore, the sliding surface can be defined based
on the error between the instantaneous array resistance
(R ) and the incremental resistance (1 ):
o= R(Ipv)—1(Ipv) (13)

Now by defining the above surface, control law
should be obtained for three different of converters
topologies that forces the system to move on the sliding
mode surface in a finite time in which the following
structure for control input is used as it is used in [25]:
u(t)= ueq () +u, (1) (14
where u., defines the system’s behavior on the sliding
surface and known as equivalent control-input and u,
known as non-linear switching input that moves the
state to the sliding surface and keeps the state on the
sliding surface in the presence of the uncertainty. ug, is
obtained from the invariance condition and is given as
below:
(0=0,do=0) < (u=1ug) (15)

For three types of converters the derivative of the
sliding surface Eq. (13) is:

OR or _dlp,

do=(—-—). (16)
ol pv ol pv dt
Substituting Eq. (9) into Eq. (16) results in:
dI_
do=A— 17
dt 7)
where:
R
Aok (RO (18)
Oly,  Olpy

By substituting Egs. (6), (7) and (8) into Eq. (17),
the time derivative of sliding surface is obtained for
three different types of converters:

[ Vp V
A. u(t).ﬂ——o} buck
L L L
_va Vo
do=9A|——-(1-u(t).— boost 19
T (1-u(t) L} (19)
A. u(t).%—(l—u(t)).%} buck-boost

Considering Eq. (19) and Eq. (15), the equivalent
control-input is obtained as:

Vo
— buck
(va)
v
ugq()=1 (1 V—‘;V) boost (20)
(L) buck —boost
Vo+ Vpv

Now u, (t) is chosen so that the Lyapunov stability
criteria (do.o < 0) is met.
The chosen u, (t) is as:

(- Vo + i) buck
Vp, M
v (21)
uy (t) = { (=2 + M) boost
Vo
~Vo + ! ) buck —boost
VO + VPV (l + M)

where M is control signal which is calculated through
Lyapunov stability criteria (given below). Therefore, the
Egs. (20), (21) give the control law defined in Eq. (14)
as:

i buck
M
u(t)=41-M boost (22)
! buck —boost
(1+M)

A Lyapunov function and its time derivative are
defined as:

v :%a{ 4V = doo (23)
If Eq. (19) is substituted into Eq. (22), we get:
A.{u(t).ﬂ—&}.a buck
L L
dv =< A [E -(1- u(t)).ﬁ} Koz boost (24)
L L
A.[u(t).%—(l —u(t)).%}.a buck —boost

Substituting Eq. (22) into Eq. (24) gives the
following result for three different types of converters:

dv = (%).[va -M.Vol.o (25)

Assume the operating point of the system is ‘a’ in
Fig. 7. Since the gradient is negative, moving the
operating point to the right side causes increasing in the
current of PV array, which results in decreasing of R
and increasing of r, therefore, (OR/0lpy<0, (Or/0lpy>0).

Also, moving the operating point to the left side
causes decreasing in the current of PV array, which
results in increasing of R and decreasing of r, therefore,
(OR/31py<0, (Or/1py>0). Thus, the sign of A in Eq. (24)
is always negative. Based on Eq. (12) and Eq. (13), for
positive sliding surface we have:

v dv
>0 25 |2 (26)
Ipv dIpv
For a positive parameter « , we have:
o o
o0 | Y| |dVer 7)
Ipv dlpv
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(I-a) o
Multiplying above inequality in (VPP

Vo
results in:
1- a 1- a
c>0 HL(W’\O(WZ][VWJ > {(va)( a)_(lpv)a ]deV
Vo Ipv Vo | dipv |
(28)
which simplifies as:
(l-a) a a
>0 _)(E) o Ve (pv) |dVpv| 9
Vo Vo | dlpv |
Similar to o >0, for o <0 we get:
(l—a) o a
o<0 _)(E) < (Vpv) (Ipv) |dev| (30)
0 Vo | dlpv |

Based on Egs. (29)-(30), the control law M can be
chosen as:

M= ((va)(l'a).(lpv)a J| dev|a

31

Vo | dlpv | Gh

Therefore, for positive and negative sliding surface
we have:

o>0 —{mj >M — [Vpv—M.Vo] >0 —»0o.[Vpv—M.Vo] >0

Vo

o<0 —)[%j <M - [Vpv—M.Vo]| < 0 - 0.[Vpv—M.Vo]| > 0

(0]
(32)
By considering Eq. (32) and since A<0, the time
derivative of Lyapunov function in Eq. (25) is negative
(dV=do.o <0). Thus, by substituting Eq. (31) into Eq.
(22), the control input is obtained as follows which

forces the system to move on the sliding mode surface
in a finite time:

-1
H (va)(l'a) (Ipv)* J|dev|a J buck

Vo | dIpv |
(I-a) a a
u(t)=41- (Vo™ (1) |dViy) boost (33)
Vo dIpv |

Vo | dIpv |

-1
(1-a) a a
[1 + [ (Vev) (Ipv) ]' devl ] buck-boost

Since the range of duty cycle must lie in 0<d<l1, the
real control signal for three different types of converters
is proposed as:

0, u(t)<0
d=1u(t), 0<u(t) <1 (34)
1, 1< u(t)

4 Implementation and Results
Fig. 1 is implemented in Matlab/Simulink by
considering a PV power source by delivering a
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maximum 65 W power, three types of converter models,
and the proposed MPPT approach. The specification of
the system is given in Tables 1, 2. The proposed MPPT
is designed by sliding mode control and its robustness to
irradiance, and load is investigated. To show the
robustness, different operating points are used by
considering different values of irradiance and load.

The tracking results with step irradiance input when
it changes from 1000 to 600 and then to 800 W/m’
under the same temperature and load are shown in Figs.
8-10 for three types of converters. The results obtained
for three types of converters show that the system
reaches steady state of irradiance levels very fast.

Also, the response of the system when is loaded
heavily are shown in Figs. 11-13 for three types of
converters. Figs. 11, 12 are the response of the system
equipped with boost and buck-boost converters
respectively, when the load is changed from 20 Q to
100 Q. Fig. 13 is the response of the system equipped
with buck converter, when the load is changed from 5 Q
to 1 Q.

Once again, the results obtained confirm the
effectiveness of the proposed method in the presence of
load variations for three types of converters.

Table 1 System specification.

Parameters| Value Parameters Value
n,n, |14, 14 R,R, [0.004, 5000 (Q)
K 1.38x10°7% (J/K) q 1.6x10"°  (C)
T 313 (K) £ 50 (KHz)
I |37 (A) Voe 22 )
I, 1.02x10°  (A) I, [B37x107 (A)
Cin  |400 (uF) C 100 (uF)

Table 2 The value of L and o for different converters.

Converter L a
Buck 55 (mH) 2
Boost 50 (nH) 0.25

Buck-Boost 1.5 (mH) 1.5

5 Comparison

To show the effectiveness of the proposed method, a
method is adopted from the literature [20]. This method
is known as Fixed Step-Model Predictive Controller
which is based on the modified INC algorithm. The
main concept of the MPC technique is the prediction of
the future behavior of the controlled variables. The
criterion of the control method is expressed as a cost
function to be minimized. To have a fair comparison,
two controllers are designed for boost converter under
the same condition which is reported in Table 3.
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Fig. 8 Simulation with step irradiance change (1000-600-800
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Fig. 14 Comparison of the proposed sliding model control
(SMC) and the adopted MPC; with step irradiance change
(1000-600-800 w/m?), when the system is equipped with boost
converter.

Table 3 System specification for boost converter.

Parameters Value
f 50 (KHz)
Cin 200 (uF)
L 0.5 (mH)
R 100 Q)
C 25 (uF)

The tracking results with step irradiance input when
it changes from 1000 to 600 and then to 800 W/m’
under the same temperature and load are shown in Fig.
14 for boost converter. This figure illustrates that under
the same condition the proposed sliding mode control
performs well while the proposed MPC is much
oscillatory.

6 Conclusion

This paper presents an alternative approach for
MPPT control using sliding mode control. The main
contribution of the paper is defining a sliding surface
which is based on INC method, using the slope of the
derivative of the voltage with respect to the current in
order to reach the maximum power point. Therefore,
there is no need to use the current reference directly in
the formulation. Also, the mathematical modeling is
developed for different DC-DC converter topologies
such as buck converter, boost converter and buck-boost
converter. The robust performances of the system are
checked for three types of converters in the presence of
two types of disturbances; in the presence of step
irradiance change and when the system is loaded
heavily. The results obtained for three types of
converters show that the system performs well and is
robust to the variation of the external conditions.
Furthermore, for the sake of comparison, a method is
adopted from the literature which is known as Fixed
Step-Model Predictive Controller (MPC). It is shown
for boost converter that the proposed method is very
effective in giving quality solutions consistently
comparing to MPC.
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