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Abstract

This paper presents a new observer-based maximum power point tracking technique (MPPT) for the solar panel system. Apart
from fulfilling the main objective of MPPT, it is designed to accomplish the task without having the measure solar panel
output voltage and with a chatter-free control. The proposed control strategy employs a disturbance observer to do away with
the need to sense solar panel output voltage and also to ensure insensitivity of uncertainties. A special state observer enables
operating the system even when the converter output voltage is initially zero. The performance of the algorithm is assessed
for robustness towards the parasitics and uncertainties. The scheme is validated by simulation as well as experimentation in

the laboratory.
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1 Introduction

The optimum utilization of sustainable energy helps to reduce
the global level energy crisis. The solar energy is one of
the clean energies and spreads across the world free of cost.
The drawback of the solar panel is the very low conversion
efficiency, as it depends on several factors such as irradiance,
environmental temperature, dirt, loading condition and solar
panel type. The improvement in the efficiency of the solar
panel is possible at the manufacturing stage and conversion
stage. In the conversion stage, the suitable converter topology
helps to improve the efficiency with maximum power point
tracking (MPPT) algorithm. These algorithms help to extract
maximum energy from the solar panel in the presence of
changing environmental conditions. The various types of dc—
dc converter optimize the match between the solar panel and
load. The boost converter is one of the preferred converters in
photovoltaic (PV) application because of its higher efficiency
and operation under continuous conduction mode helps to
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extract maximum energy from the solar cell (Glasner and
Appelbaum 1996).

In the MPPT literature, algorithms, viz. perturb and
observe (P&QO) (Femia et al. 2005) and incremental conduc-
tance (IC) (Lin et al. 2011), are popular on account of the
simplicity of their architecture and ease of implementation.
The main drawbacks of the P&O and IC algorithms are con-
tinued oscillations and requirement of sensors for current and
voltage. The drawbacks can be removed by improving the
existing algorithm (Yong and Huiqing 2019; Abdel-Salam
et al. 2018; Rezaei 2019). The algorithms like ripple correla-
tion control (RCC) (Esram et al. 2006) and extremum seeking
control (ESC) (Heydari-doostabad et al. 2013) are well suited
for low-cost application, but these algorithms too suffer from
oscillation in the output. These algorithms require sensors
for current and voltage measurement. Soft computing-based
algorithms, which include fuzzy logic (Alajmi et al. 2011)
and fuzzy proportional derivative (Mocambique et al. 2015)
and neural network (Veerachary et al. 2003), have attracted
many researchers due to their flexibility and robustness.
However, accurate and large data requirement is the draw-
back associated with these algorithms. A comparative study
of all these methods is useful to select a suitable algorithm
to obtain power maxima (Subudhi and Pradhan 2013; Salas
et al. 20006).

The nature of (current—voltage) IV and (power—voltage)
PV characteristics of solar cells is nonlinear, and therefore,
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the nonlinear controller will be an appropriate choice for the
PV system. Sliding mode control (SMC) is one of the promis-
ing techniques because of its various features like parameter
variation insensitivity, robust nature and good performance
under disturbance rejection (Utkin 1993). Conventional SMC
implemented on the solar PV system (Chu et al. 2009) uses
a ratio of change in power to change the converter current
as a sliding surface. The algorithm requires measurement of
output voltage and current of solar panel as well as the out-
put voltage of the converter. The modified SMC considers
the effect of disturbances and tracks maximum solar power
(Mojallizadeh et al. 2016). The control employs a signum
function which results in output chatter. In addition, the
implementation of the control needs sensors for the mea-
surement of output voltage and output current of the solar
panel and output voltage of the converter. Finite-time SMC
can be effectively applied to the grid connected photovoltaic
array (Dhar and Dash 2015), but in this method too current
and voltage sensors are required for the implementation.

In sliding mode control implementation, chattering result-
ing from discontinuous control is a major problem. The
combination of a disturbance observer (DO) with SMC can
do away with the need for a discontinuous control and remove
the problem of chatter. Interestingly, as shown in this paper,
the DO can make it possible to reduce the sensor requirement.
The various methods for uncertainty estimate including dis-
turbance observer (DO) (Chen 2004; Chen et al. 2016) are
discussed in the literature. There is a diversity of applica-
tions investigated such as flexible joint manipulator system
(Ginoya et al. 2014), ball and beam system (Zhang et al.
2016), fractional-order Chua’s system (Chen et al. 2017) for
DO. The parametric uncertainty can be estimated for the PV
application to improve the performance of the tracking con-
troller (Sitbon et al. 2015). Second-order terminal sliding
mode control is used for maximum power extraction with
finite-time convergence (Abolvafaei and Ganjefar 2019).

From the existing literature, it is seen that most of the
reported results require three sensors. It would be desirable
to reduce this requirement. An improvement in the SMC
approach is required to avoid the chattering associated with
it. Further, the current SMC approaches do not work satisfac-
torily if the initial condition for output voltage is zero. This
paper attempts to overcome the above drawbacks by propos-
ing a new kind of observer combined with DO. The main
features of the present paper are:

1. New observer-based SMC where the initial condition of
output voltage V, can be zero.

2. The need for a sensor to measure V}, is avoided.

3. Robustness to uncertainties in solar irradiation, temper-
ature and output load without knowledge of even the
bounds of these uncertainties.

4. Robustness to parasitics without any change in control
law.
5. Validation by simulation and experimentation.

The paper is organized as follows: Section 1 presents intro-
duction. Section 2 describes the PV system. Section 3
presents controller design, and Sect. 4 describes the stability
of the proposed algorithm. Sections 5 and 7 include simula-
tion and hardware results.

2 System Description and Problem
Formulation

The objective of the control design is to track maximum
power in presence of varying environmental conditions. The
block diagram of the PV system in given in Fig. 1.

PV system composed of hardware components like PV
array, dc—dc boost converter and MPPT controller. The
parameters of the PV array, dc—dc boost converter and MPPT
controller are given in Table 1. All parameters except control
are taken from the literature Mojallizadeh et al. (2016).

2.1 PV Array

The PV array is formed by the series and parallel combi-
nation of various PV module. The single-diode module is
composed of the light source, diode, series resistance and
parallel resistance (Chu et al. 2009). The output current I, of
the PV cell is given by

qV,
Iy = Nplph — Npls [exp (m) —~ 1] (1
S o

G
=L+ KT - T, 2
ph s + [ refl ——— 1000 (2

B T\° GEo\ (1 1
o= <Tref> |:6Xp< koA ) ( Tref - 7>j| )

Dc-dc Converter

g \ C

. l :
“FDuty
Cycle
PV Array »| MPPT Vo
Y Control

Fig.1 PV system
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Table 1 Nomenclature

Parameter Description

Vo, Ip Solar array output voltage (V), output current (A)
Vo, 1o Converter output voltage (V), converter current (A)
Ipn Generated photocurrent (A)

Iis Reverse saturation current at standard condition (A)
I Short-circuit current at standard condition (3.81 A)
I, Reverse saturation current of solar cell (5.981 x 1078 A)
K; Short-circuit temperature coefficient (0.0024 A/K)
ko Boltzmann constant (1.38 x 1072 J/K)

Tref Reference temperature (298 K )

T PV module temperature (K)

q Electron charge (1.60217 x 10712 C)

G Solar irradiance (W/m?)

A Diode ideality factor (1.2)

Rs, Rp Series, parallel resistance of a cell

Np, N Solar array number of parallel, series cells

Ego Band gap energy (1.12)

L Inductor (1.5 mH)

C Capacitor (470 pF)

R Load resistance (100 £2)

Py, P Auxiliary variables

My, M> User-chosen observer gain

K, Ki, K, User-chosen constants

dy, d User-chosen constants

where Iy, is the photo current and /s is the reverse saturation
current at standard condition. The series and parallel combi-
nation of PV cell constitutes a PV array. The output of PV
array is given to dc—dc boost converter.

2.2 Dc-dc Boost Converter

The MPPT controller generates duty cycle in order to
create switching signals in the form of pulse width modu-
lation(PWM) signal. The state equations of boost converter
are given by

. —(0=-w V

S S P 4
X1 2 Xy + 7 “®
. 1—u 1
2= g~ o ©

where x; is solar panel output current (/,,) and x, is con-
verter output voltage (V,). R, L and C are the parameters
of converter, and u is the duty ratio. From (4) and (5), it is
clear that for implementing conventional sliding mode con-
trol minimum three sensors are required (x1, x2 and V). It
can be noted from (4) that the expression for control u would
involve x; in the denominator. This makes the control to be
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undefined if x, = 0 at t = 0. If the initial condition of x;
is zero, the control effort will be infinite. This suggests the
need for a special controller.

3 Design of Control
The problem mentioned in Sect. 2 can be overcome by

(a) Proposing a DO to estimate the uncertainties in (4) and
)

(b) Proposing a state observer to estimate the states x; and
X2.

(c) Proposing a sliding surface based on the estimated states.

In this section, the controller is developed step by step to
overcome the above mentioned problem. The design of a
DO is considered next.

3.1 Design of DO

First, the boost converter Egs. (4) and (5) are re-framed as

. —(1—u) d

= — 6
X1 et (©)
. (1 - M) d2

_ — 7
X2 C X1+ C N
where di = V), and do = 2. Notice that V,, for which

several previously reported schemes needed a sensor is now
part of the disturbance d; and the unknown load R is now part
of the disturbance d. If di can be estimated using a DO, then
the need to sense V), is removed, and if d, can be estimated,
that gives robustness to unknown load.

dy = P + Mx; (8)

where d) is an estimation of d;, P; is an auxiliary variable
and M > 0 is an user-chosen observer gain.

. —(1 —u)xy dA]
Ph=—-M|—+— 9
1 1 I + 3 )
Taking derivative of (8) and using (9), we obtain
B —(1—u)x dAl
d=-M| ———+ —
1 1 2 + i3
—(l — u)xz d1
M| ———+ — 10
+ M |: I + 7 (10)
A Ml N
d| = T(dl —dp) (11)
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The disturbance estimation error d; is defined as Table 2 Control parameter
g J j 12 Mojallizadeh Proposed controller
T=da—da (12) Parameter Value Parameter Value
Subtracting d; from both sides of (11)and using (12), we  k 0.001 K 0.2
obtain 5 0.01 K1, K> 400
no 0.1 M1 s M2 20

g = - Mg (13)
1 =dj i3 1

On similar lines, disturbance d; can be estimated using DO

dy = P, + Max, (14)

where d; is an estimation of dp, P» is an auxiliary variable
and M > 0 is an user-chosen observer gain.

k3 . M> -~
@:ﬂb—7§@ (15)

The boundedness of the disturbance estimation error is
proved in Sect. 4.

3.2 Design of State Observer

In this section, a state observer is designed to estimate the
states x1 and x». On the face of it, it looks strange to design
a state observer when in fact the states are available but the
motivation for such an observer will become clear later. Con-
sider the observer given by

—(l—u)A
L

X (I—M)A

X

C

5»

+Z+K1(x1—X1) (16)

X1+ E + Ko (x2 — %2) )

where K; > 0and K, > 0 user-chosen are constants. Define
the estimation error as ¥ = [#] %] with ¥; = x; — £; and
X2 = xp — x». Now subtracting (16), (17) from (4) and (5),
respectively, we obtain

X —d-w. K 18
X = sz-i-f— 1(X1) (18)

Y d-w. K 19
Br=—¢ X1+E— 1(xX2) (19)

The stability of the observer is defined in Sect. 4.
3.3 Observer-Based SMC

Itis known thatif /,, = x; can be forced to areference current
Lier = 0.851p Alghuwainem (1994), then MPPT is assured.
Therefore, a sliding surface

0 = X1 — Iref (20)

is anatural choice for a sliding surface. If a control is designed
using (20), it can be seen that the control is not defined at
t = 0, if the output voltage x» is 0 at start. Therefore, consider
a new sliding surface given by

6= )el — et (21)

Differentiating (21) and using (16), we obtain

A

Hod
b=—(1—u )xL—2+f1+K1(x1—£1) (22)

We select the control

u=u;+us (23)
where
KLo
Uy =1—— (24)
X2
d K{Lx
upy = -2 - =120 (25)
X2 X2

resulting in
6=—Ké (26)
where K > 0 is a user-chosen constant, notice that

L 621 - ~
u=1-——+Kix1+ Ko 27
Xy \ L

In this case, u will not be unbounded at t=0, even if x(0) = 0
because x, does not appear in (27). The initial value of X,
appearing in (27) can always be chosen by the designer over-
coming the problem completely. The values of the constants
are given in Table 2.

4 Stability

The stability of system can be analyzed by finding the dynam-
ics of dl, dz, X1 and x». The stability is based on the concept
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of ultimate boundedness. For finding the bounds for d; and
d> Lyapunov’s criteria are used.

~ 1~
Vi) = 5di (28)
Differentiating (28) and using (13), we obtain

. - (. M-
Vi(dy) = d, (dl - Td1>

IA

Ml 2 ~ .
——d did
I 1+| 1 l|

IA

an | Ma = d 29
—] 1|[T|1|—|1|} (29)

with assumption on |di| < 1. From (29), using the notion
of ultimate boundedness (Corless and Leitmann 1981), it can
be proved that the estimation error |d| | is ultimately bounded
and the bound is given by

|| < A1 (30)
where A1 is given by

Ly
Al =—— 31
! M, S

Since V), is constant for given scenario, the value of d 1 18 zero
and hence the value of 1 = 0. In this scheme, a stronger
result is obtained which gives asymptotic stability for dy, i.e.,
ldi| — 0 (32)
On similar line, bounds for d» can be determined as
.- (. M-
Vo(dp) =dy | dy — —db
C

~ . C

da| = |dp|— = A 33

|d2| = |da| [7A 2 (33)

_ Cu

A = 34
2= 34

with the assumption on |ds| < 2. Since of x, and R are
constant for given scenario, the value of ci’z is zero and hence
the value of o, = 0. In this scheme, the result is obtained
which gives asymptotic stability for do, ie.,

lda] — 0 35)

Bounds of c?l can be lowered by increasing M7, and bounds
of d, can be lowered by increasing M;. Consider a Lyapunov

@ Springer

function given below.

1, 1 .
V= ELx% + Eng (36)

Differentiating (36) and using (18), (19), (13) and (15), the
stability of the x| and X can be analyzed as follows.

V(o) = X1d) — %ady — K\ FIL — K253C

< —K{L%} + |x1|a — K2C33 + |x2]h2
< =X (K1 L|X1] — A1) — [X2|(K2CX%2| — A2)  (37)
fil = =L (5] = =2 (38)
Xl = — 1% ===
"= kL™ T K

In view of the comments regarding the asymptotic stability of
dy, d, it follows that (38) will get modified as |%;| — 0 and
|X2| — O0ast — oo. The bound on x; and X, can be lowered
by increasing K1, K. Hence, the stability of the proposed
observer-based control law is proved.

5 Simulation Results

The proposed control scheme is assessed by simulation for
three scenarios and effectiveness of the scheme in terms of
estimation accuracy and robustness to the parasitics. The
scheme is compared with a recent result based on different
sliding surface (Mojallizadeh et al. 2016). The standard ref-
erence conditions considered for irradiation is 1000 W/m?2,
temperature is 25 °C, and load resistance is 100 2. Also
the simulation is carried out to analyze the initial condition
effect, accuracy of estimation and parasitics effect on pro-
posed scheme.

5.1 Simulation Cases

A change in environmental parameters causes a change in
the output power of the solar panel. Simulation is carried
out to see the effect of variation of irradiation, temperature
and load resistance and compared with the standard condi-
tion. The details of the four cases are given in Table 3. The
results obtained with the proposed method are compared with
Mojallizadeh et al. (2016) which employs a sliding surface
as

§ = 2Ry + IR (39)
ol
under a control signal u given by
U= Ueg + Uy (40)
Ueg =1 — ‘;—Z 41)
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Table 3 Simulation condition cases

Case no. Parameter variation G(W/mz) T(°O) R(Q2)

1 Irradiation 550-1000 25 100

2 Temperature 1000 50-25 100

3 Resistance 1000 25 50-100
uy, = no(ls| + 8).sgn(s) + k.s 42)

The R, = V,/I,. The values of the simulation parameters
k, 8 and no are given in Table 2 and are considered from
Mojallizadeh et al. (2016). From Egs. (40) and (41), it is
observed that the sensor is required for the measurement of
solar panel output voltage V), and consists of V,, parameter
in the denominator of control signal, which states that very
low initial condition of V,, requires very large control signal.

5.2 Case 1

Simulation is carried out for the changing condition of irra-
diation. The irradiation is varied from 550 to 1000 W/m?.
Figure 2 shows transient response of current and voltage for
change in irradiation condition. The proposed algorithm is
compared with conventional SMC (Mojallizadeh et al. 2016).
Figure 2a shows the variation of irradiation input. Figure 2b,
¢ shows the variation of the solar panel output current and
voltage. Figure 2d, e shows the variation of converter output
current and voltage variation for case 1.

Figure 2 shows that the response time of the proposed
controller is faster than the conventional sliding mode control
for a change in irradiation condition.

5.3 Case 2

Simulation is carried out for the changing temperature con-
dition with irradiation and load resistance as constants. The
temperature of the solar panel is varied from 50 to 25 °C. Fig-
ure 3a shows the variation of temperature input. Figure 3b,
¢ shows the variation of the solar panel output current and
voltage. Figure 3d, e shows the variation of converter out-
put current and voltage variation for case 2. Figure 3 shows
that the response time of the proposed controller is faster
than the conventional sliding mode control for a change in
temperature condition.

5.4 Case3

Simulation is carried out for the changing load condition with
irradiation and temperature as constants. The load is varied
from 50 to 100 2. Figure 4a shows the variation of load con-
dition. Figure 4b, c shows the variation of the solar panel
output current and voltage. Figure 4d, e shows the variation
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Fig.2 Comparison of the proposed method (black) with (Mojallizadeh
et al. 2016) (dotted red) under varying irradiation condition (Case 1)
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Fig.3 Comparison of the proposed method (black) with (Mojallizadeh
et al. 2016) (dotted red) under varying temperature condition (Case 2)
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of converter output current and voltage variation for case 2.
Figure 4 shows that, in conventional control, estimate of the
disturbance is not taken into consideration; hence, response
time of the proposed controller is smaller than the conven-
tional sliding mode control for a change in load condition.
The MPPT algorithm extracts maximum power at given envi-
ronmental condition and maintains the constant power in case
of changing load condition.

5.5 Effect on the initial condition

The plot for x, with equivalent control is shown in Fig. 5a.
The equivalent control considers the term V, = xj in the
denominator. If V,(0) = 0, the value of the control is infi-
nite. Here, the simulation is carried out with V,(0) = 0 for
Mojallizadeh et al. (2016) and for proposed controller as
shown in Fig. 5a. The plot for X, where x2(0) # 0 is shown
in Fig. 5b. X is the estimated value of the output voltage x;.
From the plot, it is clear that even if the initial value of the
control is zero for the proposed controller, the output x; gives
satisfactory response.

5.6 Estimation accuracy

The design of observer facilitates the accuracy of an estimate
dy and dp givenby d; = Vy and dp = _qu. Figure 6a shows
that estimate of input voltage d is varied from 17 to 18 V at
0.35 sand 18-16 V at 0.55 s. As shown in (32), if d; is con-
stant, the estimation error is zero at steady state. Similarly,
in Fig. 6b the estimate d> is varied from —1.1 to —0.775V/Q2
at 0.5 s. The change in the estimation d is carried out using
a subsequent change in load resistance value. As d> is con-
stant, the estimation error is zero at steady-state condition.
On similar line, estimation accuracy is plotted for x1, X1 and
X2, Xp by varying irradiation condition. Figure 7a, b shows
the estimation errors x; and X». Estimation error is almost
zero except at interval at 0.5 s.

5.7 Robustness to the parasitics

The control of the converter becomes difficult in the presence
of parasitics (model uncertainties) and external disturbances.
These model uncertainties are introduced by 10% modula-
tion of the converter parameters L, C, R. The new values
of L, C and R are 1.5 mH , 517 pF and 110 €2, respec-
tively. Figure 8 shows the plot for power response under the
variation of parasitics and standard condition (without para-
sitics). Both the plots are exactly coinciding with each other
showing that the performance of the controller remains same
in the presence of model uncertainties. The power response
under variation of parasitics is shown in Fig. 9. The proposed
controller is shown by black color, and the response of the
controller (Mojallizadeh et al. 2016) is shown by red color. It



Journal of Control, Automation and Electrical Systems (2020) 31:1210-1220 1217
140 100
80 -
100
= 60| |
~ &'
60 40 4
20 a
2% 0.2 0.4 0.6 0.8 1
Time (s) fo)
(0] 0.05 0.1 0.15 0.2
(a) Load Variation Time (s)
(a) Output voltage
3.3
= 100
3.2 (
g 80
=
3.1 . 601
2
40
% 0.2 0.4 0.6 0.8 1
' Time (5) ’ 20
(b) Solar panel output current variation o
o 0.05 0.1 0.15 0.2

18.7

18.6

=
(="
—

18.5

‘18.40 02

0.4 0.6 0.8 1
Time (s)

(¢) Solar panel output voltage variation

of

-

(¢] 0.2 0.8 1

0.4 0.6
Time (s)

(d) Converter output current variation

85
70
=
=
55/,
400 0.2 0.4 0.6 0.8 1
Time (s)

(e) Converter output voltage variation

Fig.4 Comparison of the proposed method (black) with (Mojallizadeh
et al. 2016) (dotted red) under varying load condition (Case 3) (Color
figure online)
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is observed that the proposed controller works satisfactorily
in spite of modulation of the converter parameter.

6 Experimentation results

In this section, the scheme is validated by experimentation.
The experimental setup is shown in Fig. 10. The setup con-
sists of programmable power supply which mimics a solar
simulator, a dc—dc converter, current sensor assembly and
Dspace 1104 module. The control algorithm generates con-
trol input # which is fed to the converter in the form of PWM
signal. The switching frequency is kept constant at 100 kHz.

@ Springer

Fig.11 Response for 550-1000 W/m? irradiation change a Iy (yellow:
1 A/div), Vpy (blue: 5 V/div), b I, (yellow: 500 mA/div), V, (blue:
20 V/div) (Color figure online)

Figure 11a, b gives the variation of solar panel output current
and voltage, converter output current and voltage experimen-
tation graphs for variation of the irradiation. The irradiation
is varied from 550 to 1000 W/m?. The Ipy and Vpy vary from
1.7 to 3.2 A and 17.8-15.5 V, respectively. The I, and V,
vary from 0.56 to 0.77 A and 56 to 77 V, respectively. The
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J( M 1.00s.

(b)

Fig. 12 Response for 50-25°C temperature change a Iy (yellow:
1 A/div), V,y (blue: 5 V/div), b I, (yellow: 500 mA/div), V, (blue:
20 V/div) (Color figure online)

Fig. 13 Response for 50-100 2 load change a I,y (yellow: 1 A/div),
Vpv (blue: 5 V/div), b I, (yellow: 500 mA/div), V, (blue: 20 V/div)
(Color figure online)

algorithm retains the value of the power constant in the pres-
ence of change in the load condition if a change in load is in
within the appropriate limit. Figure 12a, b gives the variation
of solar panel output current and voltage, converter output
current and voltage experimentation graphs for the variation
of the temperature. The temperature is varied from 50 to
25°C. The I and V}, vary from 3.29 to 3.23 A and 16.41 to
18.52 V, respectively. The I, and V,, vary from 0.73 t0 0.77 A
and 72 to 77 V, respectively. A decrease in temperature gives

an increase in the power value and vice versa. Figure 13a, b
gives the variation of solar panel output current and voltage,
converter output current and voltage experimentation graphs
for the variation of the load. The load resistance is varied
from 50 to 100 €2. The I,y and V)y vary from 3.2 to 3.2 A
and 18.52 to 18.52 V, respectively. The I, and V,, vary from
1.1t00.7 A and 54.7-77.1 V, respectively. A decrease in tem-
perature gives an increase in the power value. The simulation
and experiment are carried out for all possible combinations
of the environmental change, and results are obtained. The
proposed algorithm tracks the maximum power effectively.
Simulation and experimentation result analysis proves the
robustness of the proposed algorithm.

7 Conclusion

A new observer-based control is proposed, analyzed and val-
idated in this work. The proposed controller is validated for
uncertain load variation and environmental conditions. The
combination of DO with SMC successfully robustified the
system against uncertain load with chatter-free control and
saved the use of a sensor to measure V), which is marked
improvement over many existing results. The novel state
observer and the sliding surface based on an estimate of a
solar panel output current enabled operating the system from
zero initial value of converter output voltage.
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