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Abstract: This study proposed an adaptive double-integral-sliding-mode-controller-maximum-power-point tracker (DISMC-MPPT) for
maximum-power-point (MPP) tracking of a photovoltaic (PV) system. The objective of this study is to design a DISMC-MPPT with a
new adaptive double-integral-sliding surface in order that MPP tracking is achieved with reduced chattering and steady-state error in the
output voltage or current. The proposed adaptive DISMC-MPPT possesses a very simple and efficient PWM-based control structure that
keeps switching frequency constant. The controller is designed considering the reaching and stability conditions to provide robustness and
stability. The performance of the proposed adaptive DISMC-MPPT is verified through both MATLAB/Simulink simulation and experiment
using a 0.2 kW prototype PV system. From the obtained results, it is found out that this DISMC-MPPT is found to be more efficient compared

with that of Tan’s and Jiao’s DISMC-MPPTs.

1 Introduction

Photovoltaic (PV) systems have low energy conversion efficiency
due to their non-linear and time-varying /-V and P—V characteristics
with respect to variation in solar irradiance and PV cell temperature.
Hence, the PV systems need to be operated at their maximum-
power-point (MPPs). To track the MPP, a maximum-power-point
tracker (MPPT) is usually placed between a PV panel and load.
MPP tracking is an important aspect in a PV system because at
MPP, a PV panel operates most efficiently as it delivers the
maximum power.

The literature of MPPT is very broad and a number of MPPT tech-
niques have been proposed and implemented [1]. A comprehensive
comparative analysis of some of the popular and latest MPPT tech-
niques has been made in [2]. Perturb and observe (P&O) is the most
popular technique because of its accuracy and ease in practical
implementation [3, 4]. In this technique, the input PV voltage is per-
turbed in small step sizes to determine the direction of the MPP and
moves the operating point of the PV system accordingly. Although
this approach is simple to implement and a priori knowledge of the
PV system is not required, but calculated MPP in this MPPT tech-
nique oscillates around the actual MPP depending on the perturb-
ation size even under constant environmental conditions [5]. An
alternative method known as incremental conductance (Inc-Cond)
has been designed to resolve this issue to some extent by nullifying
sum of the slope of PV power and the dynamic resistance of the PV
array at the MPP [6]. As a result, this algorithm estimates the slope
of the power curve by incrementing the PV voltage until this
estimated sum oscillates about zero. In this case, calculated MPP
still oscillates around real MPP which leads to PV voltage oscilla-
tions and inefficiency in fast changing weather conditions.
Recently, some adaptive P&O and adaptive Inc-Cond techniques
have been developed which exhibit improved tracking responses
than that of P&O [7-9]. However, P&O and Inc-Cond-based
techniques have a drawback of yielding limit cycles. Ideally, one
desires a peak seeking scheme that is asymptotically convergent
and self-optimising with respect to shifts in the MPP [10].

The above discussion motivates for designing a robust sliding-
mode control MPPT (SMC-MPPT) as SMC possesses inherent ro-
bustness and stability. In SMC-MPPT, tracking error is considering
as sliding surface [11]. Furthermore, it has high degree of flexibility
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in design choices and also easy to implement using inexpensive
digital signal processing, microcontroller and field programmable
gate array (FPGA) etc. However, to handle rapid variations of envir-
onmental conditions for a wide range, this SMC-MPPT would require
large inductances and capacitances in its MPPT converter. By using
SMC with pulse width modulation (PWM) concept, size of these
inductances and capacitances can be reduced. However, SMC with
PWM has a major drawback, that is, presence of high-frequency chat-
tering, unwanted tracking error, slow response and large tracking time
[12]. In some of the recent works, improvement has been made in the
SMC-MPPT so that it is now enriched with fast convergence, simpli-
city and self-optimisation [13—18]. However, the problem of fluctua-
tions in PV voltage due to high-frequency chattering and tracking
error are still present in the PV system. To tackle these problems, a
new SMC-based controller called integral-sliding-mode controller
(ISMC) has been designed [19] in which an integral term of tracking
error has been added to the existing sliding surface of SMC. To
further improve the tracking performance, another integral term
of tracking error is added to the existing sliding surface of ISMC
and it is called as a double-ISMC (DISMC) [20]. A DISMC has
fast dynamic responses for a wide range of operating conditions.
It also inherits the robustness and stability features of SMC.

Like SMC, selection of sliding surface is very important in designing
a DISMC because the controller design and efficiency are directly de-
pendent on the sliding surface. There are some DISMCs available in the
literatures [20—22] in voltage regulation of DC/DC converter applica-
tions such as Tan’s DISMC [20] and Jiao’s DISMC [22]. MPPT
with DISMC concept is first introduced in [21]. In this paper, a
DISMC-MPPT has been designed with a new sliding surface and its
tracking performance is found to be better than that of
DISMC-MPPT with Jiao’s sliding surface and Tan’s sliding surface.
However, one distinct shortcoming of this DISMC-MPPT is that
here a fixed sliding surface is used and the sliding surface parameters
have empirically chosen fixed values. This particular drawback restricts
performance range of the DISMC-MPPT [22]. To avoid this situation,
anew adaptive DISMC-MPPT is designed in this paper whose sliding
surface parameters are tuned with the reference MPP voltage.
Therefore, this proposed adaptive DISMC-MPPT is providing better
tracking responses than that of DISMC-MPPT [23] in terms of tracking
time and voltage oscillation at steady state. Efficacy of this new
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Fig. 1 Problem formulation
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a Block diagram of a simple PV system topology with DISMC-based MPPT, equivalent circuit of boost converter

b When Sw is open (u=0)
¢ Circuit when Sw is closed (z=1)

adaptive DISMC-MPPT has been verified with simulation and ex-
perimental results using a 0.2 kW prototype PV system.

The major contributions of this paper are as follows:

i. Design of a new variable step MPPT algorithm to estimate
MPP voltage.

ii. Design of a DISMC controller with a new sliding surface
where the controller parameters have been tuned ensuring the reach-
ing and stability conditions of the sliding surface, and achieving
guaranteed stability of the proposed MPPT controller.

iii. The proposed MPPT has ease in implementation and
understanding.

iv. The proposed DISMC-MPPT control algorithm has been vali-
dated using simulation and experimental studies.

Rest of this paper is organised as follows. The MPPT problem for
a PV system is formulated in Section 2. In Section 3, the proposed
DISMC is derived. Simulation results and experimental results for
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control implementation are discussed in Section 4. Section 5
further displays the concluding remarks.

2 Problem formulation

Fig. 1a describes a topology of a stand-alone PV system. It consists
of a PV panel, a DC/DC boost converter and a load and a control
circuit that generates PWM signal to the boost converter for
MPPT operation. It also has two filters one between boost converter
and inverter and another between inverter and load to damp out the
ripple in the DC-link voltage v4., DC-link current iy, output voltage
v,c and output current i,.. The PV output current #,, can be
expressed as [24]

va + lpvRs

i, =1
Rsh

vpv + ipvRs
sl -
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where I, Iy, Vi, Ns, Rs, Ren, Ise, K, G, T and k;, are photo-generated
current, dark-saturation current, thermal voltage, number of series
cells a in PV panel, series resistance, shunt resistance, short-circuit
current, short-circuit coefficient of temperature, solar radiation, tem-
perature and Boltzmann’s constant, respectively. vy, and iy, are
output voltage and current, respectively, of the PV panel. Iy rr, €
and E, are reference dark-saturation current, charge of an electron
and energy of a photon constant, respectively.

Figs. 1b and ¢ show the converter for different switching opera-
tions. Here, u is the control signal of the boost converter which is a
series of pulses with duty-ratio 6. Referring Fig. 1o, when the
switch (Sw) is OFF, then

1 1
i =Cly+ =Wy =i —
L 1 Cl - pv Cl L C]’”pv pv (5)
. . 1 1
Vov = LlL TV = i = vav - Zvdc

where 7y, is the dynamic resistance of PV panel and defined as

S ©)
LTS

When the switch (Sw) is ON (Fig. 1¢), then

= Cri =P o i !

ip=Cv —_— Vo ==l — =V,
P Clrpv P Cl Clrpv P (7)
. . 1

vy =Lip = i = vav

Let & be the duty-ratio of the control signal u for controlling the
switch Sw, and then (5)—(7) can be rewritten as

.1 -1
ip = vav — 5z Vie

. . 1 ®)

Vv

=—ip— —V
P Cl Clr pv Y
where 8 =1 — 8. Considering Vpv and i as state variables, the

dynamics of the boost converter can be written in state-space
form as

X =f(X) +g(X)5 ©)
where

X=[i v]'

Yov _ Vae Vae

L L L
JSX) = i 1 (10)

Cl Clrpv v

v T
g === o]

The MPPT control problem of the PV system can be formulated as
follows. For MPP tracking operation, it is intended to develop an
MPPT algorithm for generating reference operating voltage (Vier).
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Then, a DC/DC boost converter is used to adjust the PV voltage
close to that of V.. A control circuit helps the boost converter in
this task by supplying appropriate switching control signal to the
boost converter.

3 Design of the proposed adaptive DISMC-MPPT

The proposed DISMC-MPPT (Fig. 2a) is designed as follows. It
consists of an MPPT algorithm, a boost converter and the
DISMC. The dynamics of DC/DC boost converter is described in
(9). Considering the switching control signal u from the DISMC
subsystem, the inductor current (ir) of boost converter and PV
voltage (v,y) are adjusted such that maximum power can be
extracted from the PV system and load voltage v4. can be main-
tained at a fixed value Vy.. A new MPPT algorithm as shown in
Fig. 2b is used in this paper for calculating the reference voltage
Vref-

The proposed DISMC is designed as follows. Usually in a DC/
DC converter, the duty-ratio & of the switching signal u is such
that 0<6<1. As discussed in Section 2, the proposed
DISMC-MPPT has the PWM-based switching signal u; hence it
has only two logic states 0 and 1. The general switching law for
a DC/DC boost converter is as follows

I; when S <0
u_{O; when S > 0 (an
where S is the proposed sliding surface that is defined as
S =aje +aye, +ase; +aue, (12)

The terms a;—ay4 represent the sliding coefficients. The terms e;—ey
are voltage and current error signals and are defined as follows

€1 =let — L
€ = Vier — vav

ey = (me - vav) dr (13)
e, = f [f (Vref — vav) dt] dt

b = (Vg = By ) (14)

where m is the voltage error constant. On differentiating the state
variables of (13) leads to [19]

. d. . mp . Yov | Vd it

€1 :a[lref_lL] :Fllcl - TC - Tc”

, d B .

€ = @ [Vref - B"pv] = alcl (15)
é3 = Vref — vav

é‘4 = f [Vref - vav] dt

Taking derivative of S gives
S =a,é, + aye, + ase; + asé, (16)
The equivalent control signal (u¢q) can be obtained by solving

§$=0 (17)
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a Structure of the proposed adaptive DISMC-MPPT

b Proposed MPPT-algorithm for calculation of Vi

¢ Controller circuit diagram of the proposed adaptive DISMC-MPPT
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Applying (15) and (16) in (17) and then solving for .4 yields
S=a1e; +aye, +aséy +aze, =0
:>al<%18icl_%+%_%6eq>+a2<cﬁlicl> (18)
+ a3( ref Bva) +ay j[ ref ﬁva] dt=0
and

Vdc 6

mB . p‘/ Vdc B .
pasa(En T (o)
(19)
+ aS( ref vav> + ay j [ ref vav]

Hence, equivalent duty-ratio of the control signal (J.q) is obtained
as

BL a,\ . Vv, a,L
Seq: m+_2 lcl_VL;:—'_l—’— 30 ( ref vav)

v C 4 Va1
a,L
+vdca1“ = By | de (20)

Let, veon 1s the control voltage of DISMC-MPPT which can be cal-
culated as

Veon = Kiler — Vpy + vae + Kre; + Kje5 2D
where
Veon = Vdc6eq
BL a
K, =— —=
: G m a
) 22)
K, =—
a
K, = L
a;

The DISMC-MPPT sliding surface parameters K;, K, and K3 are
chosen such that existence and stability conditions would be satis-
fied. The circuit diagram of this DISMC-MPPT is shown in Fig. 2c.
The functional responsibility of the proposed DISMC-MPPT is that
for a given DC/DC boost converter with fixed values of capaci-
tances C;, C, and inductance L, it is required to find K;, K, and
K3 such that the reaching and stability conditions are satisfied.

3.1 Reaching condition

Reaching condition is to be satisfied in order to ensure that the state
trajectory of the system will be directed always toward the sliding
surface from any initial conditions. To achieve this, the product
of sliding function and its first derivative term must be negative
according to Lyapunov’s stability concept. Hence

lim SS < 0 (23)
S—0
Referring (11) and (23), in a boost converter, if
u=1=93>0=K;i,

+ Kye, + Kze; <, (24)
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and when

u=0=8<0= Ki, +Ke, + Kyes > (vpv - vdc) 25)

At the steady state, (24) and (25) can be rewritten as follows

Kiici(min) T K2€a(max) T K3€3(max) < Vpviss) (26)
Kl (max) T Ka€(miny + K3€3(min) = (va(ss) - Vdc(min)) 27

where vy,y(s) is the PV panel voltage at steady state, Vaemin) 18 the
minimum output voltage, €>>min) and €x5(max) are minimum and
maximum values of error e,, respectively, €x3min) a0d €23(max)
are minimum and maximum values of error e,3, respectively and
ic1(min)lci(max) aré minimum and maximum inductor currents,
respectively.

3.2 Stability condition

This condition ensures that the state trajectory remains in the sliding
surface. The proposed adaptive DISMC-MPPT consists of both the
current and voltage state variable terms in its structure. Hence, the
sliding motion equation (S = 0) cannot be solved analytically. It can
be solved by using the PV system and controller dynamics given by
(9) and equivalent control signal given by (20) as follows.
Substituting cq from (20) into (9), we get

ip=- %icl +[;2 ( rof — vav> EJ( rof — vav)
S 1
Vpy = azL - Trpvv”v
(28)
=B () e ) 2 s
) 1 1
vpv:azL—m o
(29)

i i 1 2( ) ) ( )
i = _ Vie—Bv.,)dr
L L Iy — Ll’p Vb vt I ref :vav + L ref vav
1. 1

Voy =i ——=—V
pv L pv
G Cirpy

(30)

Equation (30) can be rewritten as

i =B, + BiaVpe + Bis [ ¥y, dt
Vo = BoiL + BaaVpy + Bz [ ¥, dt @31

d 3 5 7
T (j dt) = Baiy, + BsVpy + Bz vav dr

where

;L = iL ‘N}pv — Uref ﬁvpv
K, K, K, K,

Bu=—F Bn=- ( + ) Biz =+
L rooL L L (32)
1 1

B = a Byn=— C1va B3 =0

B3 =0 B =1 Bz =0
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Characteristic equation of the linearised PV system becomes

s—=PBu —Pn —Bi3
=By s=PByn —PBx =0

—Bsi —Bs s — B3 (33)
=5+ B + B+ By =0
where
B = —(Bi + Bn)
Bz = _B23 + 311322 - B12ﬁ21 (34)
Bs = B11Bas — B3P

Characteristic (33) can be used to apply Routh—Hurwitz criterion
for determining stability condition as follows

s B,
s° B Bs
LB BB (35)
B
s Bs 0
From (35), at critically stable conditions
B3_B]B2:O (36)

Bi

The above conditions such as reaching and stability conditions
should be satisfied to ensure the closed-loop stability of the PV
system. Thus, K;, K, and K3 should be chosen such that (26),
(27) and (36) are valid.

3.3 Adaptive tuning of DISMC parameters K,;, K, and K3

A second-order stable system with un-damped natural frequency o,
and damping-ratio ¢ is usually in the form of

dx dx
W+2{wna+wﬁ:0 (37

Laplace transform of (40) is

(s* + 2Lw,s + wp)X(s) = 0
(38)
:>sz+2§wns+wi =0

The PV system is also a second-order system with

w, = Yo | 1
, =2
vee V LC

In this PV system, in critically stable condition v, will be equal to
Vet at steady state if

i — i =0=>¢; =0 39)
At steady state, the following condition is also satisfied

S=0=ae, +aye, +ase; +ase, =0 (40)
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Applying (39) in (40), one would get

a,e, +ase; +ase, =0

(41)
= a6, + a5 jez dt+a4ﬂez dede =0
Applying Laplace transform, (41) can be rewritten as
a a
ayEy(s) + sz(s) + s—;‘Ez(s) =0
(42)
= 5+ B + - 0
@ a

Comparing (38) with (42), the following relationships can be
derived:

2w, =3, L=2 43)
a a
or
1
B _ oy 4 _ LC, (44)

a JIC

Comparing (22), (43) and (44), one would get the following:

ﬁ_a3_2§,’
K, a, o,
3 4L o @5)
a3 a
=— =K, =— —K
“ K, ' C1< +a3L 2)

Let #, be the settling time of the PV system with DISMC. It can be
described as

4 4
th é/wn é’wﬂ ts ( 6)

Then, (45) can be rewritten as

2
K_ 8 _8xLC (v
K, te?2 ot Vov

(47
t vor\?
=K, = s ) K
’ (8 X LCI) (Vdc ’
Table 1 Values of components of the proposed DISMC-MPPT
PV panel Prototype PV system
Components Value Components Value
Iy, A 2.8 Ry, Q 100
Voo, V 21.6 L, mH 5
Lnpps A 22 Cy, uF 380
Vinpps V 18.2 C,, uF 330
Ky, %/°K —0.76 switching frequency (f;), 10
kHz
K, %/°K 0.06 B m 0.8, 10
series cells per module 36 Vovs V 0-113
N
number of PV modules 5 Tpvs Q 0-10
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Using (46) and (47) in (48), one can get

‘)

Again referring (36), the following relationship is valid for critically

stable condition:
(K ) (49)

Solving (47), (48) and (49), K;, K, and K3 can be determined as
follows:

BL

o

tS

3L (48)

K, = (m+

L
1 Cl rpv

KL
K, —(L/Ciry)

K,

K2: :>K3:T

2

K = ty (Vov L

8C1 Vdc C]va

8 [t /m\* L
Ky =~ —S(ﬂ> + — mpL 50
: Bts (8 Vdc Clrpv ( )
K _K K L
L\t Cr,

In (50), L and C are fixed. The values of m, f and £, can be chosen
by the designer. However, the value of 7y, is dependent on weather
condition hence r,, changes with every variation in weather
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Fig. 3 Simulation results
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conditions. Since K, K, and K3 are functions of r,,,, their values
also adopted with r,, using (6). Owing to PWM control action in
the DISMC-MPPT, there is a high-frequency switching operation.

This switching operation causes high-frequency chattering in the
output. The chattering magnitude (4) in PV voltage output signal
(Vpv) is calculated as follows

h=h —h, 1)

where /4 and 4, are the upper and lower bounds of the chattering in
Vpy- Similarly, the steady-state error (SSE) of v, during tracking op-
eration can be calculated as

SSE =V, — [hz + (Uhal) ; hZ)] (52)

where V¢ is the reference PV voltage at which the operating point
of the PV system lies at MPP. The objective of the proposed
DISMC is to minimise the SSE with low chattering magnitude.
Efficiency of an MPPT can be evaluated as follows

P —
mpp(calculated mpp(measured
Mvppr(%0) = Pt P ] op ) x 100 (53)
mpp(calculated)
3 : , .
— 250 W/m®
== 500 W/m*
2r 750 W/m?
= 1000 W/m®
L Lodi |
1t
(I i i i i L B3 1
(1] 20 40 60 B0 100 120
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l L
0.5
0 i i i J
0 20 0 100 120

40 60 8
PV Voltage [V]

200 400 600 1000

800

Solar Irradiance [W/m"]

i MPP [V]

Caleulated Veltage

1000

400 GO0 800

Solar Irradiance [W/m’]

%00

a P-V characteristics and -V characteristics of studied PV panel at different solar irradiances

b P-V characteristics and -V characteristics at different solar irradiances

¢ Values of K|, K;, K3 and Vs of the tested PV system with DISMC-MPPT for variations in G from 100 to 1000 W/m?
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Table 2 Value of V¢ of the studied PV panel calculated at different solar
radiations

At different temperature

25 50 75 100
Voer V 108.9 108.4 108 107.5
Viety V 92 89.8 88.5 87.5
Pra, W 200 197.5 195 192.5

At different solar radiation

250 500 750 1000
Voer V 101 104.5 107 109
Veety V 86 88.5 91 92
Proax, W 43 94 146 200

4  Results and discussion
4.1 Simulation results

The MPPT tracking performance of the proposed adaptive
DISMC-MPPT was verified on a 0.2 kW PV system whose para-
meters are shown in Table 1. This PV system consists of which
has five 40 W PV modules. /-V and P-V characteristics of the

studied PV panel are shown in Figs. 3a¢ and b. These simulated
tracking performances are evaluated and tested using MATLAB/
Simulink.

In this paper, calculated PV panel voltage at MPP of the studied
PV system has been considered as V¢ while designing the pro-
posed adaptive DISMC-MPPT controller. This V¢ is calculated
online for every change in solar irradiance or temperature using
the MPPT algorithm shown in Fig. 2a. The values of V¢ for the
studied PV system at different solar irradiance or temperature are
shown in Table 2.

For efficient tracking of the V¢ of the studied PV panel, the para-
meters of the values of different components are used in this paper
as shown in Table 1. In this table, the values of the components of
the given DC/DC boost converter, that is: inductor (L) and capaci-
tors (C; and C,) are constant. Taking these values of L, C; and C,,
the parameters K;, K, and K53 were calculated using (50). These
parameters K, K, and K3 are updated along with V¢ for every vari-
ation in weather changes as shown in Fig. 3c.

Furthermore, to test the efficacy of the proposed adaptive
DISMC-MPPT, its performances are compared with that of two
existing DISMC-MPPTs with different sliding surfaces such as
Jiao’s sliding surface [20] and Tan’s sliding surface [22]. Fig. 4
shows the chattering and SSE of the studied PV system with the
proposed adaptive DISMC-MPPT with that of DISMC-MPPT
[20], DISMC-MPPT [22] and P&O MPPT [6] and adaptive P&O
MPPT [8] at 250 W/m? and 25°C. In these figures, A, and h, are
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Fig. 4 Comparison of chattering in studied PV system output voltage signal at 500 W/m® and 25°C
a DISMC-MPPT [20], DISMC-MPPT [23], the proposed adaptive DISMC-MPPT controller, adaptive P&O MPPT [8]
b P&O MPPT [6]
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a DISMC-MPPT [20]
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¢ the proposed DISMC-MPPT for step-change in solar irradiation from 500 to 1000 W/m?

the highest and lowest chattering points, respectively, of the PV
voltage at steady state of the tracking operation.

In Fig. 4, it can be seen that the PV voltage with DISMC-MPPT
[20] is fluctuating between 100 and 68 V. Maximum overshoot and
tracking time in this case is 120 V—-86 V=34V and 30 ms,
respectively. It is also found that although the PV voltage with
DISMC-MPPT [20] is fluctuating less than that of DISMC-MPPT
[23] such as between 88.6 and 82 V, but its tracking time is 200
ms. Moreover, maximum overshoot of PV voltage in this case is
almost same as that of DISMC-MPPT [20]. In case of the proposed
DISMC, maximum overshoot and tracking time is 86.1 V—86.0 V
=0.1 V and 5 ms, respectively. The PV voltage oscillates between
86.056 and 86.028 V, hence voltage fluctuation in this case is less
than that of both DISMC-MPPT [20] and DISMC-MPPT [23]. It
can also be seen that tracking time for P&O MPPT and adaptive
P&O MPPT are 0.15 and 0.3 s, respectively. PV voltage fluctuation
during MPP tracking in case of adaptive P&O MPPT is between 86
and 90 V, whereas in case of P&O MPPT is between 84 and 92 V.
Hence the chattering magnitude 4 for P&O MPPT and adaptive
P&O MPPT are calculated using equation (54) as 4 and 8V,

respectively. Therefore, it can be seen that both tracking time and
PV voltage fluctuation are lesser in case of the proposed adaptive
DISMC-MPPT than that of P&O MPPT and adaptive P&O MPPT.

Figs. 5a—c show the behaviour of the PV voltage during step-
change in solar radiation from 500 to 1000 W/m?. Referring these
figures, it is found that tracking time in case of the proposed adap-
tive DISMC-MPPT, DISMC-MPPT [20] and DISMC-MPPT [23]
are 2, 20, and 2.5 ms, respectively. Furthermore, the proposed
DISMC-MPPT performs efficiently with less maximum over-shoot
and chattering. Therefore, tracking response in case of the proposed
adaptive DISMC-MPPT is better than that of DISMC-MPPT [20]
and DISMC-MPPT [23].

Controller properties of P&O MPPT [6], adaptive P&O MPPT [8],
DIMC-MPPT [20], DIMC-MPPT [23] and the proposed adaptive
DIMC-MPPT and their tracking behaviours are summarised in
Table 3. In this table, the chattering magnitude (%) and SSE have
been calculated using equations (54) and (55), respectively. It can be
seen from this table that the proposed adaptive DISMC-MPPT has
less SSE (2 mV) and less / (2.8 mV) than that of P&O MPPT [6], adap-
tive P&O MPPT [8], DISMC-MPPT [20] and DIMC-MPPT [23].

Table 3 Comparative study of simulated results of MPPT controller properties and tracking responses in case of the proposed adaptive DISMC-MPPT with
that of P&O MPPT [6], adaptive P&O MPPT [8], DISMC-MPPT [20] and DISMC-MPPT [21]

Controller properties P&O Adaptive P&O DISMC-MPPT DISMC-MPPT Proposed adaptive
[6] [8] [20] [21] DISMC-MPPT

controlling action fixed adaptive fixed fixed adaptive

complexity less less less more less

tracking time 03s 0.15s 22 ms 25 ms 5 ms

chattering 8V 4V 32V 46V 28 mV

SSE 05V 05V 8V 1.7V 14 mV

settling time during step-change in input, 2.5 20 2.5 20 2

ms
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4.2 Experimental results

The prototype of the PV system is developed for stand-alone appli-
cation. It consists of PV arrays, DC/DC boost converter, inverter,
SPARTAN 3A FPGA board, signal conditioners (voltage and
current sensors), personal computer and analogue filtering circuits
as shown in Fig. 6a. Fig. 6b shows the PV array where five PV
panels are connected in series.

PV characteristics of the prototype PV system at two practical
weather conditions such as case I (916 W/m?) and case II (958
W/m?) are shown in Fig. 6¢. It can be seen from this figure that
open-circuit voltages of PV panel at case I and case II are 108
and 109 V, respectively.

Fig. 7 shows different experimental results obtained from experi-
ments performed on the prototype PV system. The first figure of
Fig. 7a shows the PV voltage at constant weather condition of
case . This PV voltage can be seen as same as the open-circuit
voltage of the PV panel (108 V). The tracking behaviours of PV
system with P&O [6], adaptive P&O [8] and DISMC-MPPT [23]
are shown in second, third and fourth figures of Fig. 7a, respective-
ly. Fig. 7b shows the MPP tracking of PV system with the proposed
adaptive DISMC-MPPT. In all these figures of Figs. 7a and b, ‘A’

denotes the open-circuit condition when MPPT is OFF, ‘B’ denotes
MPP tracking period and ‘C’ denotes steady-state MPPT operation.
It is found that tracking periods are 1.6, 1.5, 1.4 and 1 s in case of
P&O [6], adaptive P&O [8], DISMC-MPPT [16] and the proposed
adaptive DISMC-MPPT, respectively. Similarly, voltage fluctua-
tions during MPPT operation at steady state can be seen as 8, 5,
4 and 2V for P&O [6], adaptive P&O [8], DISMC-MPPT [22]
and the proposed adaptive DISMC-MPPT, respectively.
Therefore, it is experimentally also proved that the proposed adap-
tive DISMC-MPPT possesses better tracking behaviour than P&O
[6], adaptive P&O [8], DISMC-MPPT [22] and the proposed adap-
tive DISMC-MPPT. The experimental results showing variation in
PV voltage and current for variation in weather condition are shown
in Fig. 7c. In this figure, it can be seen that when PV voltage varies
from 52 to 46 V, the PV current also rises from 1.19 to 1.24 A. The
corresponding powers are calculated to be 61.9 and 57 W.

Figs. 8a—d show different experimental results obtained from the
prototype PV system with the proposed adaptive DISMC-MPPT
during MPP tracking operation at 248 W/m? and 32°C. PV
voltage at this condition is obtained as 82.4 V as shown in
Fig. 8a. Fig. 8a also shows that duty-ratio of gate pulse of converter
is 52.4%. It is shown in Fig. 8b that the DC-link voltage is 173.2 V.

PV Power [W]

Fig. 6 Experimental results
a 0.2 kW prototype PV system
b PV array

0 50
PV Voltage [V]
c

¢ P-V characteristics of the PV system at case I (916 W/m?) and case I (958 W/m?)

This is an open access article published by the IET under the Creative Commons
Attribution-NonCommercial-NoDerivs License (http:/creativecommons.org/

licenses/by-nc-nd/3.0/)

J Eng, 2015, Vol. 2015, Iss. 10, pp. 305-317
doi: 10.1049/joe.2015.0125



PV Voltage [V]
P&O

PV Voltage | V]

PV Voltage |V]

Adaptive P&O
PV Voltage [V]

DISMC-MPPT [21]

Time [s]

3| »
...
-

PV Voltage [V]
Proposed Adaptive DISMC

Open-circuit ) : . S 2604W ee —
condition e MPPT condition

<>
MPPT Tracking

Fig. 7 Experimental results of prototype PV system

a PV voltage without MPPT operation at constant solar irradiance, PV voltage with P&O MPPT [6], adaptive P&O MPPT [8], DISMC-MPPT [23]
b PV voltage with adaptive DISMC-MPPT

¢ PV voltage and PV current with variation in solar irradiance with adaptive DISMC-MPPT (scales: x-axis 0.5 s/div and y-axis 10 V/div)
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Fig. 8 Experimental results of prototype PV system at
a PV voltage and converter gate pulse
b PV voltage and converter gate pulse for solar irradiance of 248 W/m?

d

¢ MPP tracking efficiency of PV system with proposed adaptive DISMC-MPPT at different PV power output
d Stability in case of the proposed adaptive DISMC-MPPT at different solar irradiances

For the validity of introducing a new MPPT, it is very important
to check MPPT efficiency of the studied PV system using this
MPPT. Fig. 8c shows the MPPT efficiency (53) of the PV system
with the proposed adaptive DISMC-MPPT at different PV power
outputs. It can be seen that the MPPT efficiency of the studied
PV system is more than 90% in almost all power range of the PV
system. Further referring [25], overall efficiency of the PV system
(MPPT+inverter+load) with the proposed adaptive DISMC-MPPT
is calculated to be 88.6% (maximum) and 79.5% (minimum).

In Fig. 8d, bode plot of the studied PV system with the proposed
adaptive DISMC-MPPT is shown. In this figure, it is clearly seen
that the PV system is stable both for 1000 and 100 W/m?.
Therefore, the PV system with the proposed adaptive
DISMC-MPPT maintains its stability for a wide range of solar
irradiance.

5 Conclusions

This paper proposed an adaptive DISMC-MPPT with a new
double-integral-sliding surface for tracking MPPs of a PV system.
The PWM mechanism of this adaptive DISMC-MPPT adds advan-
tages such as simple control structure and fixed frequency

This is an open access article published by the IET under the Creative Commons
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operation. Furthermore, the selection of the SMC coefficients
taking account the reaching and stability conditions facilitates with
fast response and guaranteed stability. The efficacy of the proposed
adaptive DISMC-MPPT was verified comparing with P&O MPPT
[6], adaptive P&O MPPT [8], and three DISMC-MPPTs such as
DISMC-MPPT [18], DISMC-MPPT [20] and DISMC-MPPT [21]
that are with different sliding surfaces. From the comparison, it is
found that with less number of components and control variables
than DISMC-MPPT [18], the proposed adaptive DISMC-MPPT
needs less tracking time and possesses less chattering than that of
P&O MPPT [6], adaptive P&O MPPT [8], DISMC-MPPT [18],
DISMC-MPPT [20] and DISMC-MPPT [21]. Hence, the proposed
adaptive DISMC-MPPT is found to be an efficient MPP tracking of
PV system perfectly balancing the control structure complexity,
chattering in output signal and response time.
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