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Abstract- This workintroduces amaximum power point tracking method based on fast terminal sliding mode control (FTSMC)
for photovoltaic systems. The control scheme contains two loops: the first achieves the maximum power point (MPP)
searching via an algorithm which gives the reference voltage (MPV). The second loop achieves regulation of the operating
point to the reference MPV issued from the first loop. Unlikely to the traditional sliding mode, the FTSM controller guarantees
finite time convergence of the MPPT with robustness. Control performances are proved throw several simulations.
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1. Introduction

The increasing concern about the growing energy
consumption, global warming and the diminishing of
fossil fuels have made renewable energy more and more
popular.Renewable energy has diverse forms such as:
wind, geothermic, photovoltaic and hydraulic energies.
The photovoltaic energy is one of the most efficient
alternative resources due to its different benefits. In fact,
the PV energy is environment friendly and has lower cost
of fixing.Meanwhile, PV modules should be gathered in
series and parallel to attain high levels of solar energy.
Nevertheless,they are sometimes subject to shading
conditions such as: dust, surrounding buildings, clouds and
trees. Therefore, the shaded PV module is no more
competent and it is assimilated to a load. This could
damage PV module cells. The challenge is to maximize
PV system efficiency even when the PV module is
exposed to non-uniform radiations. In literature, there are
diverse types of algorithms which drive the PV module to
the peak of the solar power generation, this is called
MPPT: Maximum power point tracking. P&O method
[1,2,3],incremental conductance[4,5], artificial neural
networks[6,7] and fuzzy logic [8,9]are the most commonly

found techniques in literature. Unfortunately, these
algorithms provide only near maximum power and don’t
offer an accurate convergence when PV module is subject
to non-uniform insolation conditions. So in order to
resolve this dilemma, other MPPT techniques are
designed by using two-loop control[10,11]. This allows
easy implementation and ensures stability of the whole PV
generation system. In fact, the first loop provides the
maximum power voltage (MPV), and the other loop
ensures regulation of the MPV. The impedance adjustment
between PV module and load is conducted throw a DC/DC
converter which operates at the corresponding MPP. As
the tracking performance is strongly related to the second
loop, the parameter uncertainties and disturbances will
influence the control behavior. Therefore, most of the two-
loop control approaches are subject to chattering around
the desired operating point MPP. In order to avoid these
drawbacks, sliding mode control (SMC) [12,13,14] is
utilized owning to its powerful ability to control system
having uncertainties.

Terminal SMC (TSMC) is a one of the most used
schemes ofSMC that can fulfill finite-time stability [15,16]
and shows robust behavior against uncertainties and
external perturbations.
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By using nonlinear sliding mode, TSMC provides a
finite-time error convergence. Owning to this idea, many
researches have been developed to design TSMCmethods
with high-order systems [17], MIMO linear systems [18]
and uncertain dynamic systems [19]. Meanwhile,when the
states are distant from the equilibrium, TSMC cannot offer
the same convergence performances.To defeat this
difficulty, Yu and Man [20] presented the fast TSMC
(FTSMC) method that can fulfill fast finite-time
convergence when states are closeor distant from the
equilibrium. Nevertheless, singularity problems are met in
both TSMC and FTSMC, and this subject was treated
succinctly in literature [21,22].

In this work, a FTSM controller for photovoltaic
systems is designed.Voltage reference is given from the
MPP searching algorithm in the first loop. In the second
loop, the FTSM controller is used to move the operating
point to the reference voltage. Furthermore, FTSMC
provides convergence in limited time and then the MPV is
precisely reached. Meanwhile, the proposed FTSMC is
robust against disturbancesand uncertainties. The designed
method offers high performances compared with
conventional MPPT techniques due to the reduction of
power oscillation.

The paper is divided as follows: the mathematical
model of the used PV structure is addressed in Section
2.The structure of the MPPT based on a FTSMC is
described in section 3.1 and 3.2.Next, the robustness
analysis issueof the designed control scheme is given in
section 3.3.Section 4 describes two conventional searching
algorithms in order to compare them with the proposed
controller.Section 5 illustrates simulation results for
constant and varying radiation.  Section 6 contains
conclusions issued from this work.

2. Mathematical Modelling of the Photovoltaic
Power Generation System

The power generation system contains a photovoltaic
module gathered witha boost converter used to adjust
output voltagel,,,and consequently obtain a maximum
solar power generation.The scheme of the usedPV
structure is presented in Fig.1.
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Fig.1.Scheme of the used PV structure.

The PV generator hasng cells connected in series and
nppanelsparallely connected. Basic model of an
elementary cell is given in Fig.2.
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Fig.2.A basic model of an elementary cell.

The considered system is described by the equation below

[23].
q va + IpvRs)
P (nka ( ng 1

Ip,, = nplp,l — nplsat

M)

_ Vpu+lpuRs
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In equation (1),the used symbols are specified as :1,,,,
is the current of the photovoltaic module(A); V,,is the
voltage of the photovoltaic module (V);I,, is the light-
generated current (A);I,; is the inverse saturation current,
(A) ;R is the PV cell series resistance, (Q);R,, is the PV
cellparallel resistance (Q);n is the ideality factor;q is the
charge of electron;k,, is the constant of Boltzmann;T is the
temperature of the photovoltaic cell;

However,Ris very tiny and Ryis much greater thanR so
both could be ignored and equation (1) can be reduced as
follows.

_ q Vo
Ipv = nplph — nplsat exp nkan_s -1 @)

Furthermore, the value of Iy, is strongly influenced
by the PV cell temperature, this relation is described in the
following equation:

3
T\i  [qBgqp 1 1
I = Io (= — =
sat °<T0) EXP[ nk 7, T ®)

Where T, is the ambiant temperature, I,is the inverse
saturation current atT,,Ez,, is the band-gap energy.
Nevertheless, the radiation E and the
temperature Timpactpowerfully  I,,,, this dependence
isdescribed in the equation below:

Iph = IseoE + Ki(T —Tp) (4)
Where I, is the short circuit current of the photovoltaic

module at T, and K; is the short-circuit current temperature
coefficient.
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Considering equation (2), the power of the photovoltaic
moduleis expressed as

va = valpv (5)
_ q9 Vo
By = 1yl Vo — Ny et Vo, [ €XP nka_ns -1 (6)

This equation shows obviously that the power
generation of the PV module depends on temperature and
insolationlevels. In order to investigate the effect of these
two climatic factors, the PV modulecurve(p,, — V,,) is
plotted. The simulation conducted under various solar
irradiance levels and a 25°C temperature isshown in Fig.3.
The same simulation for a fixed value of radiation E =
1000W /m? and various temperatures is given in Fig.4.

It’s obvious that the maximum power varies when
radiation and temperature vary too. In fact, when
insolation levels rise, the power and the output current
increase. Meanwhile, boosting temperature induce the
diminishing of the open circuit voltage values.Besides,
characteristic curve exhibits a unique V,,in which the
maximum power is attained.
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Absorbing maximum solar power requiresa boost
converter between PV module and load. Utilizing time
average method [24] leads to the following mathematical

structure of the boost converter. This model is described by
the equations below:

dav, 1
pv _ .
dt - _C_l(lL_[pv)

diy _1, R(-d) 1—d< Re 1>V
it L" T a+5 "t L \R+Re b
R
(1-d)

av (D1 d)L 1

b - .
avy _ — v, 7
dt cz(1+%c) L ¢,(R+Rr) P Q)

Where d is the switch duty ratio, V,,,Vpand i are
respectively the voltage issued from the photovoltaic
module , the voltage issued from the boost converter and
the inductor current; R, is capacitance C, internal
resistance, R is the load resistance; Vpis the forward
voltage of the diode. Adjusting the PWM duty cycle d in
order to make V;,, coincide with the MPP even when the
climate conditions change is the aim of the control. To
accomplish this, a FTSM-based controller is proposed.

3. MPPT ControllerBased on Fast Terminal
Sliding Mode

Figure 5 illustrates the bloc scheme used in order to
obtain MPP under radiation and temperature variation. In
this case, I, and V,, are used as input for the MPP
searching algorithm. This first loop calculates the
reference maximum power voltage V,.r.In the second
loop,V,.sserves as an input for the Fast terminal sliding
mode controller to achieve MPPT.

PV array

DC-DC Boost Converter R

‘, Vpv(t) T duty cycle d(t)
MFPPT Vref(t)
searching » FTSM controller
algorithm

Fig.5.Proposed MPPT bloc scheme.

3.1. Determining maximum power point [25]

When the output voltage issued from the photovoltaic
module reaches the MPP, the following equality is
satisfied:

d
va(vpvlpv) =0 (8)

Consequently,
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2=0 9)

V. =
" dl,,

ot 1y

When the maximum power is reached , I,,,, =
Lnpp-Replacing V,,, and dVj,,,/dl1,, by their expressions in
(8) yields:

Iph Iph - Impp + Isat

Solving (10) leads to the following linear equation relying
Lpp and Iy,

Impp = 0.909 I, (11)

From L,, and I,,, , V;..r and V},,, are determined as follows:

Vyer = 0.909L,, (12)

3.2. FTSM-based controller

3.2.1. Problem formulation

The controller aim is to adjust duty cycle d. First, let
x1(6) = Vo (8), 2 (1) = i,(8), x3(t) =V (0), Xy7ef () =
Vyer (t) and the structure (7) becomes:

. (x+1y)
X, = —C1
Xz = f1(x) + g1 (x)d(t) (13)

X3 = f(x) + g, (x)d(t)

Where x = [x1 x5 x3]T;

£ X1 R¢ n R¢ 1
=t e IR ),
L Rc L\R+R
L(1+ R) + R¢ (14)
Vp
bR 1/ R
c c
900 = L1+ L(R+RC 1)x3
Vp (15)
T
fo) = —— !
X) = - X
? C,(1+ % 2 GR+R)? (16)
1
g2(x) = — (7)

— X
GR+™

The designed controlleris used to allow V,,reach the MPP
reference voltage V,..,. When V,,,attains V,..f, the entire PV
system will operate at the peak of the (B, —V,,)curve
during the MPP searching algorithm adjustment.

As a first step, let us introduce the voltage tracking error:

€1 = X1 — X1ref (18)

Differentiating e; with respect to time yields,

.1 .
e = C_(Ipv - xz) — Xiref (19)
1
We introduce a novel tracking error
€ = X — erefWherEXZTef = lpv — Clxlref .

Then, we obtain the new derivatives of the two tracking
errors as follow:

. & 20
€ = c, (20)
€ = fi(x) — Xorer T g1 (x)d(t) (21)

. _dlyy A®X1ref
Where Xoref = ar Cy iz
Letz; =e;and z, = — z—zand the system equations (20)
1

and (21) are rewritten as follows:

7z, =z, (22)
7y = f3(x) + g5 (x)d(t)

1 .

Where f;(x) = = 2= (f, () = ¥zrey) and g5 (x) = =22
The system (22) is a degree 2 non-linear single-input-
single-output (SISO) system. Now in order to design the
control law d(t)andconsequently allow z; and z, reach
equilibrium point in limited time, we choose thefollowing
recursive structureof FTSM [26]expressed as follows:

Po
S1 = Sp + @pSg + BoSp°

P1
S; =581+ ays; + fis;

(23)
) Pn-z

Sn-1 = Sp—2 + An_2Sn—2 + Pn-2501"2
So = 71

Where a; 'Bl' > O, pi’qi(pi < ql)(l = 0,1 e, = 2), Di >

In fact, this structure allows us to avoid using the
conventional control design principle :

Sp-1Sn-1 < —k|s,_1| which causes the chattering
phenomenon.

3.2.2.  Stability Analysis
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In this paper, we choose the following recursive sliding
surfaces:

So = 21

o (24)
Sy = Sp + @pSp + PoSp?0

Theorem 1:

Considering system (22), if the control law d(t) is chosen
as follows:

3<ﬂM”+%%+%—%%@l)(%)

P1
+ays; + B15191]

Where a; , 8, > 0,0 < Z—l < 1,and g5(x) # Ofor all x(¢).
1

d(t) =

The states will attain s; = 0 in limited time ¢, given by the
following expression:

(q1 1’1)
b, = 41 In a,z,(0)" a1 +ﬁ1) (26)
toa(q —p1) b1
Proof

To demonstrate the previous theorem, the following
Lemma is introduced.

Lemmal[27]

Admit that acontinuous positive-definite  function
' (t)fullfills the following differential inequality:

() < —al*; Vit >ty (t;) =0
Where a > 0, 0 < u < 1 are constants.

Then I'(t) = 0,V t = tywhere t, is given by the following
expression:

r=#(t,)
t1 =ty +————=
T a1l -
Deriving s; with respect to time yields:
Po
S1 = 5So + apSo + Bo z_soso(q0 Y
= f3(x) + gg(x)d(t) + @Sy 27)

&o-1)
+ Bo _5050 do
o

Substituting the control law (25) into (27), the derivative
of s; becomes:

P1
S1 = =35, = 151 (28)
Now, we consider the Lyapunov candidate function
V given by the following expression:

1
V = 5312 (29)
Taking the derivative of V7, we can get:

V = 515.1
P1
S1 (—a151 - 3151"1)

Pigq 30

= —ay8;,° 5)151(‘11 ) (30)
p1tq1 Ppaitaqx

< —312 2q1 | 241

So, the system will attains; = 0 in limited time according
to Lemma 1. Consequently, the states z; and z,will reach
zero and therefore e; and e, will move to zero in limited
time ¢, given by the resolution of the following equation:

pP1
5:1+a151 + ﬁlsl‘h =0 (31)

By rearranging equation (31), we obtain:

1ds _P1
Sp CI1d—1+ 0!1511 q1 = _.81 (32)

p1

By making the following variable change y = 511 at,
equation (32) becomes:

dy qi—p q1 — D1
=— 33
dt + 0 ay @ B1 (33)

The first-order linear differential equation:

Y\ oGy = v
2 o0y =¥

has a general solution expressed as follows:
y = e—f(b(x)dx(f lp(x)efd)(x)dxdx +0)

Then the solution for the equation (33) is

y = q1
+0)

qul pl“ldf(f f0q1q1p1a1deT (34)

When t =0,C = y(0), equation (34) is rewritten as
follows:

_a1-p1), 41-pP1
y = —& + ﬁ q1 + y(O)e q1 ot
a;  ag

(35)

When s; = 0,y = 0 andt = t,, equation (35) becomes:
By + a1¥(0)) SE L P
_ = e q1 151

Ba
Replacing y(0) by its expression yields:
a1 Ln(a’1Z1(0)( T )+ﬂ1) (36)
a;(q, — p1) B

ts, =
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And then the proof is completed.
3.3. Robustness analysis

Passive components induce parameter uncertainties
responsible of the uncertain form of the considered boost
converter.Moreover, the controlled system could be
affected by external disturbances. Ameliorating
itsrobustness requires the redesigning of parameters of the
FTSM controller. First, assume that:

fs = f(x) + Af; 37
g3 = gs(x) + 4g; 37)
Then, system (22) is rewritten as follows:

Z.1=Z2

4y = Fo) + 4fs + (00 + Ag5)d(®) (38)

Wheref;, Gzare known and measurable,Af;, Agsare the
uncertain quantities generated by errors of measurements
and system uncertainties. These uncertain parts are
bounded as follow:

|Af3| < 5; (f > 0) (39)
|4g;] < w; (w > 0); (40)
£>0;
g3
(41)

Assume that:
Afs — bfs — b(aeSy + Bo ?5'050(ﬁ_1))| <L;

’ (42)

(L >0)

Where b = %

3

The proposed FTSMC fulfills MPPT and guarantees
robustness to uncertainties at the same time according to
theorem 2.

Theorem 2:

For system (38),if d(t) is chosen as follows:
() = ——[Fs + oo + Bo 22505, ) + 2s
g; V3 0-0 Oq0 0-0 1 (43)
+us;w]
Where/’1>0;,u>0and0<£<1

So the states will attain the neighborhood A of the surface
s; = 0 in finite time according to the attractor:
4

S; = —A18; — UySw (44)
Where
L=Ab+1)>0 (45)

Af; — bf; — bA
py=pb+1) - %
51w (46)
,u(b+1)=a+i,,;a>0;
|51|W w
_ . L v
And A = {z. Is,| > [—#(MD] } @)
Proof:

Taking into account uncertainties, the derivative of s;
becomes:

) = fz(0) + Afsp"‘ (G3(x) + 4g3)d(t) + a,s,
Po_
+B, Po 5y50 Y (48)
o Po
Let A = aoS.O + ‘80 z_os.oSO(q_O_l)
0

expression in (48) yields:

.Replacing d(t) by its

sy =Af3 — Asy —usw

Ag3 [~ v (49)

_E [f3 + A+ As; + ,uslw]
Then, we obtain
S, = Afs — by — bA — A(b + 1)s, — (b + 1)s,w
S.l = _A(b + 1)51

Afs —bf; —bA v
o+ 1) - LT LTS (50)
S]_W

Sy = —A185) — UySw

In order to fulfill fast terminal sliding mode convergence,
the following inequalities must be satisfied:

L=Ab+1)>0 -
Afy — bfy — bA 51
i =u+ - LT
Sw
As it has been introduced,A > 0, b = %and% > 0 then
3 3
we have
A o~
b+1="L41=5"% 1T
Is 93 9s3

Then the condition 4, = A(b + 1) > 0 is satisfied.

According to (46), we obtain the following inequality:
Af; — bfs — bA

”(b + 1) — %

N4

L Af;—bf; —bA
=0t — - 2
51w S1v
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L |4fs=bfs

v
|51 |w

— bA| -

>0+ g>0

s

It’s obvious that in the following region Asatisfying:

w
L Tv . .
[s1] > [u(b+1)] , the conditiony, > 0 is held.
And then
u >0

Considering the following Lyapunov function;

vV, = 5512 (52)
Deriving V;yields:
Vy =55, (53)
Vi =51(=A181 — #151%): —Ai81% = ﬂ151(%+1)

viw vtw
< —p 22w Voew

According to Lemma 1, the controlled system fulfills
MPPT with robustness and will attain the region 4 at finite
time.

4. Comparison with Conventional Methods of MPPT

In this section, a comparative study is presented between
the proposed controller and two conventional MPPT
methods. The chosen traditional techniques are Pl and
P&O controllers.

e

Fig.6.Law diagram of the P&Otechnique
5.  Numerical Simulation Results

Validating the designedMPPT method requires a PV
structurecomposed by a 200 W PV moduleKC200GH-2P
and a boost converter. The used module characteristics
are shown in table 1,the boost converter parameters are
given below [24]:

L =121mH,R; = 36.90,C1 = C, = 1000uF,
R =250 and V, = 0.82V.

Table 1.Parameters of the used photovoltaic module.

Equation (54) gives the PI controller expression [28]:

Maximum powerP,,,, 200 + 10%

d(t) = Kye, (t) + K; fteld‘r (54)
0

Maximum current i, 7.61 4
Open circuit voltage V. 329V
Short circuit current i, 8.21A

Among the utilized MPPT techniques, the most preffered

Short circuit current
temperature coefficient K;

479 x 10734/°C

Factor n 1.8

is the perturb and observe scheme. This algorithm is easy
in practiceand in implementation. Figure 6 clarifies its
principle.

Moreover, the controller parameters are set as follows:
ay, = 1500,; By = 10; a; = 1000; B, = 10;
Po=5qp=%D0=5¢=9

Then, two simulationscenarios based on fixed irradiance
and varying irradiance are conducted.

5.1. Fixed atmosphere conditions

As a first step,a fixed irradiance at 1000W /m?2and 25°C
cell temperature are set. The MPPT scheme based on
FTSMC is considered and simulation results are given in
Figs.7-12.As shown in Figs.7-8, the reference voltage
Vier =263V and the maximum power 200 W are
attained at t = 0.006 s.This shows that the designed
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control scheme fulfills the maximum power point tracking
rapidly, accurately and offers high performances of
robustness against parameter uncertainties. Meanwhile, the
control signal does not present a phenomenon of chattering
as in traditional sliding mode owning to the fact that errors
reach zero in limited time.
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—
>

PV module voltage Vpv (V)
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0 00t 002 003 o004 005 006 007 008 009 01
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Fig.7.Behavior curve of PVmodule output voltage
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Fig.8.Behavior curve of PV module output power
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Fig.10. MPPT control response of the sliding surface si(t)
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Fig.11.MPPT control behavior of PV module output
current Ipy(t)
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0
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0
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Fig.9. MPPT control response of the duty cycle d(t)

Fig.12. MPPT control behavior of inductor current i, (t)
5.2. Varying atmosphere conditions

In this case, simulation have been conducted for initial
conditions E = 1000W /m? and T = 25°Cand then for
successive radiation steps applied at t=1s (F = 200W/
m?) andt=2s (E = 600W /m?). The same simulations
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have been carried out for the Pl controller and P&O
controller in order to compare them with the proposed
FTSM controllerresults. The PI control gains are chosen as
follows: K, =15 and K; =0.01. Simulation results
showing PV module power B,, and output voltage
V,yhave been compared respectively with the optimal
power F,,and the optimal voltage V,,issued from the MPP
searching algorithm.

It can be seen from Figs.13-16 that the FTSM controller
exhibits much lower chattering phenomenon and a faster
response compared with the Pl controller and P&O
controller. Furthermore, PI controller has a lower power
output and a higher output voltage compared with the
FTSM controller at the first irradiance step.

250

— Ppv
— Pop

200

150

100

PV module power (W)

50

0

0 0.5 1 15 2 25
1(s)
Fig.13.PV module power behavior withFTSMC

=T =

( AL ::'. 012 ‘

j /v*"[
) ) 7 'k

dule power (W]

o
0 0= 1 15
s}

Fig.14.PV module power behaviorwith PI controller

=0

S =

()| S A ——

V nodue power (W

sl

Fig.15.PV module power behaviorwith P&O controller
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=
&
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2

20

Ppv
—Pop

15

PV module voltage (V)

0
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1(s)
Fig.16.PV module output voltage behavior with (a)
FTSMC (b) PI controller (c) P&O controller

Then a fixed temperature T = 25°C and a sinusoidal
varying radiationEare applied to the control scheme. E is
given as follows:

.om
E =1000 sm(ﬁ (t—16)

The behavior of the irradiance is given in Fig.17.
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The same atmosphere conditions have been applied to the
Pl and P&O controllers. The (B,, —V;,) characteristics
given in Fig.18show that the designed MPPT control
scheme has a smoother response and presents no chattering
phenomenon. Meanwhile, the conventional controllers
used exhibit an oscillating response which means that a
part of the usable power issued from the photovoltaic
model is wasted and therefore, efficiency of the whole
generation system is decreased.
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Fig.18.(P,, —V},, ) characteristic behavior
undersinusoidalirradiance with (a) FTSMC (b) PI
controller
(c) P&O controller at 25°C

6. Conclusions

During this work, the FTSMCisutilized forMPPT in

standalone photovoltaic sturctures.Even in presence of
parameter uncertainties, the proposedcontrol scheme
provides convergence in limited time. By using the FTSM
controllerand the proposed searching algorithm, the MPPT
is fulfilled evenin transient change of atmosphere
conditions.
Moreover, simulations have shown that the designed
MPPT control performancesare better than those
obtainedfrom traditional MPPT techniques. The simulation
results issued from traditional algorithms are subject of
chattering phenomenon,imprecise and slowresponse. As
matter of fact, the FTSM controller utilized in this paper
offers high robustness towards uncertainties, accurate and
rapid response to changing atmosphere and enhanced
tracking performances.
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