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Abstract

In this research paper, a double diode model-based photovoltaic (PV) system with a pro-
posed hybrid dual integral sliding mode control (DISMC) and model predictive control
(MPC) based maximum power point tracker (MPPT) has been started for a standalone
power system. Compared with the single diode model, the advanced model dual diode
provides accurate maximum power point (MPP) estimation with high velocity and more
searching efficiency. It also delivers the extrapolation of current-voltage characteristics of
the photovoltaic system under any weather situation. Compared to classical sliding mode
control (SMC) and dual integral sliding mode controller (DISMC) based MPPT, the pro-
posed hybrid dual integral sliding mode controller (DISMC) and model predictive control
(MPC) MPPT provide high, robust behavior with minimized steady-state error. A high
gain multilevel boost converter is employed, which provides an output voltage directly
proportional to the level number. Moreover, the predictive model controller extracts peak
power from the PV module by predicting errors in further sampling periods and switch-
ing pulses. The proposed hybrid MPPT method provides a fixed switching frequency
of a high gain multilevel boost converter under varying environmental and loading con-
ditions. Practical responses justify the capability of advanced MPPT control using the
dSPACEDS1104 platform.

1 INTRODUCTION

Renewable energy sources are gaining more popularity com-
pared to fossil fuels [1–3]. Among all renewable energy
components, solar energy is treated as the cleanliest energy
source [4–6]. The low conversion efficiency of photovoltaic
(PV) systems is the major obstacle to renewable energy growth
[7–9]. Comprehensive renovations have been introduced to
enhance the photovoltaic tracking efficiency because of its
non-linear behavior [10–12]. The MPPT techniques are the
imperative inherent, which makes the system function optimally
as the current and voltage characteristics of the PV cell have
non-linear characteristics [13–15]. Hence, the maximum power
point tracker (MPPT) is an essential component that ensures
optimal power from PV modules [16–21]. Several MPPT algo-
rithms have been implemented [22–25] in the past decades. The
classical MPPT methods have been discussed, such as Perturb
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& Observe (P & O), constant current, incremental conduc-
tance, etc. Still, these methods cannot track global maximum
power point (GMPP) under partial shade situations, antecedent
deficient power conduction to load, and power destitution.
Moreover, artificial intelligence algorithms, viz. Fuzzy logic con-
trol (FLC), Genetic algorithms (GA), artificial neural network
(ANN) etc., have been implemented to conquer the detriment
of classical MPPT methods. Large training data requirements,
tuning of membership functions, and memory complexity are
the major disadvantages that cannot track GMPP under partial
shading conditions. Compared to the single diode approach of
the PV system, the double diode model approach was intro-
duced in this research work, which provides more accurate
maximum power point evaluation and precise responses under
complex computational situations.

In this research work, a model predictive controller (MPC)
based double-diode integral sliding mode controller (DISMC)
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2 PRIYADARSHI ET AL.

is employed, which provides rapid response under varying envi-
ronmental situations. This research work has discussed the
proposed predictive controller by assuming lower switched
frequency and higher rating power applications. The pro-
posed MPC provides a prediction of controlling parameters
under entire switched states. The major contribution of this
manuscript is to enhance the behavior using the prediction of
the error to get the desired controller parameters through MPC.
The optimal switched state can be obtained by reducing the cost
function. Moreover, a high gain multilevel boost converter is
inserted in this research work compared to classical convert-
ers, which provide output voltage directly proportional to level
numbers. In contrast to the boost switching capacitor converter,
the proposed high gain boost multilevel converter provides
high gain boost output voltage proportional to level number.
The sliding mode controller (SMC) based MPPT provides flex-
ible tracking control of non-linear DC-DC converters [26].
However, it comprehends complex filter construction because
of inconstant conducting frequency and immense steady-state
error. However, the proposed integral sliding mode controller
yields minimized steady-state error, including the integral slid-
ing area. This has also been noted that the performance of
voltage control of high gain multilevel boost converter begun
refined as one more integral expression has been supplemented
to the controller sliding area, that is, double integral sliding
mode controller (DISMC). Also, compared to classical sliding
mode control (SMC), the proposed DISMC provides double
integration to voltage tracked error, which reduces the steady-
state error with compact, robust control. Pradhan et al. [26]
have discussed DISMC based MPPT for standalone PV systems
with a boost converter as an interface, under varying sun inso-
lation. However, the performance of PV systems under partial
shading situations has not been discussed in this manuscript.
Rai et al. [27] have implemented a PV water pump design using
ISMC, which is employed with rapid dynamics and sensorless
operation for agricultural purposes. Fei et al. [28] investigated
ISMC-based peak power tracking with high tracking action and
low harmonic content. Khan et al. [29] demonstrated a neuro-
based ITSMC for optimal PV power generation which provides
robust performance, rapid converging speed, and fewer pertur-
bations. Ali et al. [30] discussed an ST-ISMC controlled grid
connected PV design which provides smooth capacitor voltage
utilization, better regulation of DC-link voltage, and high power
quality in changing environmental situations. Ayalew et al. [31]
presented a CNMPC based ISMC for PV grid-tied systems that
has better performance, robust behaviour, and fewer harmonics.
Mousa et al. [32] and Ahmed et al. [33] presented SIMLBC with
high gain transformation performance and used it for renew-
able applications. Moreover, the performance of SIMLBC has
been equated with that of other classical topologies like MLBC,
SIBC, etc. Radwan et al. [34] used FPGA to implement MLBC
for PV with efficient optimal peak power achievement. Further-
more, in this research work, the proposed MLBC provides a
high gain step up to a little voltage by using diodes and capacitor
insertion.

The novelty of this manuscript is a double diode model-
based PV approach with hybrid DISMC and SMC as the MPPT

FIGURE 1 DISMC and MPC based PV system: Overall schematic
structure

FIGURE 2 Double diode modeled PV cell

technique has been realized experimentally and analytically
under different abnormal environmental conditions. It also pro-
vides superior performance in rapid loading conditions, and it is
uncertain whether it is compared to DISMC based MPPT, dis-
cussed in Pradhan et al. [26]. The author’s sincere observation
is that this type of hybrid MPPT control system has nei-
ther been examined nor executed previously for a photovoltaic
power system.

2 HYBRID DISMC AND MPC BASED PV
SYSTEM

Figure 1 depicts the advanced standalone PV structure in which
a high gain multilevel boost converter works as a juncture
between the PV module and the load. The hybrid DISMC and
MPC-based methods act as an MPPT technique, producing a
switching signal for the proposed converter.

2.1 Double diode model based PV Cell

The employed double diode model provides extrapolation of
I-V characteristics of a photovoltaic array under any operating
conditions. Moreover, parameter estimation methodology can
also be realized based on this double diode modeling. The cur-
rent obtained from the equivalent circuit presented in Figure 2
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PRIYADARSHI ET AL. 3

is mathematically evaluated as [15, 16]:

IPVG = IPG − IRS1

[
e

(
VPVG +IPVG RSR

Ad 1VTR

)
−1
]

− IRS2

[
e

(
VPVG +IPVG RSR

Ad 2VTR

)
−1
]
−

[
VPVG + IPVG RSR

RPL

]
, (1)

where VPVG is output voltage, IPG is photo-generated current,
RSR, RPL are shunt and series resistors, IRS1, IRS2 are reverse
saturation currents, Ad 1, Ad 2 are ideality factors, and VTR is
thermal voltage and its value is calculated by,

VTR =
NSRKBol Ttemp

QE
, (2)

where NSR is no. of series connected cells, KBol is Boltzmann
constant, Ttemp is temperature (K ), and QE is electric charge.
According to PN junction principle and silicon cell definition,
the reverse saturation current of diffusion characteristics with
temperature is evaluated as:

IRS1
(
Ttemp

)
= IRS1,re f

(
Ttemp

Tre f

) 3

Ad 1

× e

[
QE

Ad 1KBol

{
Eg p(Tre f )

Tre f

}
−

{
Eg p(Ttemp)

Ttemp

}]
, (3)

where IRS1,re f is saturation current at reference environmental
situation and Tre f is a temperature at reference environmen-
tal situations. Energy gap with time function is expressed
mathematically as:

Eg p

(
Ttemp

)
= Eg p(0) −

AT 2
temp

Ttemp + B
. (4)

Here, Eg p(0) is reference energy at 0 K, andA and B are con-
stants based on used materials. The RPL and RSR depends on
irradiance (G ) which is based on power function and temper-
ature is based on linear function and expressed mathematically
as:

RSR

(
G , Ttemp

)
= RSR,Ttemp

[
1 + KRSR

(
Ttemp − Tre f

)]
+ RSR,G

(
G

Gre f

)−YRSR
RSR

,

(5)

RPL

(
G , Ttemp

)
= RPL,re f

[
1 − KRPL

(
Ttemp − Tre f

)]( G

Gre f

)−YRPL
RPL

,

(6)

where RSR,Ttemp
is Dominant resistances for reference surround-

ing situations, YRSR
and YRPL

are Exponential coefficients of
RSR and RPL w.r.t Ttemp, respectively. KRSR

and KRPL
Linear

FIGURE 3 Multilevel boost converter (3-levels)

coefficients of RSR and RPL w.r.t Ttemp, respectively. Generated
photocurrent increases with proportional increase of G as well
as linear dependence on Ttemp and mathematically expressed as:

IPG

(
G , Ttemp

)
=
[
IPG ,re f + 𝛼Ishort

(
Ttemp − Tre f

)]( G

Gre f

)
. (7)

Here, IPG ,re f is generated photocurrent at reference sur-
rounding situation, 𝛼Ishort is linear coefficient of Ishort w.r.t
Ttemp. Also, open circuit voltage dependency on environmental
situations is expressed mathematically as:

Vopen

(
G , Ttemp

)
= Vopen,re f + 𝛽Vopen

(
Ttemp − Tre f

)
+ KVopenTtemp log

(
G

Gre f

)
, (8)

where Vopen,re f is open circuit voltage at reference surrounding
situation and 𝛽Vopen and KVopen are coefficient of open circuit
voltage w.r.t Ttemp and G , respectively.

3 MODELING OF MULTILEVEL
BOOST CONVERTER

In this research work, a recent multilevel Boost converter topol-
ogy (Figure 3) can be used to provide output voltage directly
proportional to level numbers and be enhanced by summing
two extra capacitors and diodes. Here, 2 level multilevel boost
converter is employed for maximum power point tracking. The
proposed converter operates when the switch is “ON” and
“OFF” modes of operation[32–34]
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4 PRIYADARSHI ET AL.

FIGURE 4 2-level boost converter. (a) Mode I : when switch is turned
ON, (b) Mode II : when switch is turned OFF

Mode I : In mode I operation (Figure 4a), when the switch is
“ON”, the inductor starts conducting and capacitor CA makes
the capacitor CC charged using diode DB . It is also noted
that VCC

< VCA
. Moreover, capacitors CA and CB provides the

loading.

LA

dIA

dt
= VPVG − ILA

RLA

− RON−switch ×

[
ILA

+CC

dVCC

dt

]
, (9)

CA

dVCA

dt
=
−VCA

+VD +VCC

RCA

+CC

dVCC

dt

+
RON−switch

RCA

[
ILA

+CC

dVCC

dt

]
. (10)

CB

dVCB

dt
=
−VCB

RCB

+CC

dVCC

dt
, (11)

CC

dVCC

dt
=

[
VCC

+VD −VCC

+ ILA
RON−switch − Iout RCA

]
2RCC

+ RON−switch
. (12)

Mode II : When the switch is OFF (Figure 4b), when switch is
closed, diode DA start working and inductor gets charged the
capacitor CA until its voltage is equivalent to addition of volt-
ages across PV generator. Moreover, diode D3 starts conducting
and CA and CB gets charged, and voltage across the capacitors
CA and CB becomes equivalent to addition of voltages across
PV generator, CC capacitor and voltage across inductor. The
mathematical operation of voltage across inductor and current
through the capacitor is expressed as:

LA

dIA

dt
= VPVG − ILA

RLA
−VDP

− RCA
CA

dVCA

dt
, (13)

CA

dVCA

dt
= ILA

− Iout RLA
, (14)

CB

dVCB

dt
=

VCC
−VCA

RCB

+CC

dVCC

dt
, (15)

CC

dVCC

dt
=

VCB
−VCC

2RCC

−
Iout

2
. (16)

It is also noted that, for subinterval one, VLA
becomes the

same as dc supply voltage. Under steady-state conditions, the
entire volt-sec employed around one switched period should
be 0 and negative. Theorem should be followed for the second
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PRIYADARSHI ET AL. 5

subinterval, and it should be negative for the second subinterval.
Mathematically, Volt/s and charge balancing theorem for induc-
tor and capacitor around one switched time can be expressed
as:

LA

dIA

dt
= VInput − ILAK

+VD

[
Rswitch(2Dd − 1) + RCA

(1 − Dd )

2RCA
+ Rswitch

]
− RswitchDd

[
VCA

−VCD
− Iout RCA

2RCA
+ Rswitch

]
−VCA

(1 − Dd ) + Iout RCC
, (17)

where AK = RLA
+

2RCA
Rswitch

2RCA
+Rswitch

+ RCA
(1 − Dd )

CA

dVCA

dt
=

VVPG

(1 − Dd )
− Iout[

2RCA

(1 − Dd )
+

2RLA

(1 − Dd )2
+ P1 + Q1(U1 +V1)

]
, (18)

where

P1 =
8R2

swtch
RCA

Dd

(1 − Dd )2(2RCA
+ Rswitch

)
Q1 =

Dd Rswitch

Dd (1 − Dd )2(2RCA
+ Rswitch

)
U1 = Rswitch(1 + 2Dd )

V1 = RCA
(3(1 − Dd ) − Dd ) − 1

CB

dVB

dt
=

VPVG

1 − Dd
−Vd

[
RCA

(3 + Dd )

1 − Dd

+
2RLA

(1 − Dd )2
+ P2 + Q2(V2 −U2)

]
, (19)

where

P2 =
4RswtchRCA

Dd

(1 − Dd )2(2RCA
+ Rswitch

)
Q2 =

2RCA
(1 − Dd ) + Rswitch(

2RCA
+ Rswitch

)
U2 =

Rswitch + (2 − Dd )RCA

Dd (1 − Dd )

V2 =
4(1 − Dd )RCA

+ 2(1 − Dd )Rswitch

Dd (1 − Dd )2
,

where CA is capacitor value, RCA
is capacitor’s DC parasitic

resistance, Rswitch is ON switch resistance, VD is the diode

FIGURE 5 Flow chart of control system

forward voltage, and RLA
is Inductor’s DC resistance. The

capacitor charge balancing method is employed to evaluate the
DC component of the current through the inductor. For the
first subinterval, the capacitor provides a loading current that
gets partial discharged. For the second subinterval, the cur-
rent through the inductor provides loading and recharges the
capacitor. Mathematically, the output voltage is derived as:

Vout = VCA
+VCB

=
2VPVG

1 − Dd
−Vd

− Iout

[
RCA

(5 + Dd )

1 − Dd
+

4RLA

(1 − Dd )2
+W

]
, (20)

where W = (P1 + P2) + Q1(U1 +V1) + Q2(U2 −V2).

4 MODEL PREDICTIVE CONTROLLER

The flowchart for the control system has been presented using
Figure 5 which clarifies the flow and connection of differ-
ent parts of the MPC and DISMC controller. It comprises
the essential constituents of MPC, DISMC, and a multilevel
boost converter for the entire control system design. The MPC
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6 PRIYADARSHI ET AL.

accomplished prediction of controlling parameters under over-
all switched states and are able to speed up the performance by
error prediction to achieve desired controlled parameters. Also,
the multilevel boost converter delivers output voltage directly
proportional to level numbers. And then DISMC provides dou-
ble integration for voltage tracking error with reduced steady
state error and robust control.

The model predictive controller-based MPPT provides fast-
tracked behavior, accurate responses, and minimized settling
period because of its predictive characteristics. The implication
of MPC is important for high switching power applications,
which predict the next performance of required controlling
parameters till a predetermined horizon period. The MPC
method predicts errors for the upcoming sample period by
applying the cost function optimization method, and control
action can be done by discrete expressions. Compared to other
conventional MPPT controllers, MPC delivers sensor-less con-
trol with reduced cost, reliable operation, more straightforward
implementation, and higher tracking efficiency as significant
merits. This method predicts future behavior and errors in a
single-stage coming to the horizon period by selecting a suit-
able actuating signal. Moreover, the required costing function
has been reduced by selecting the actuating signal for the fol-
lowing predicting stages, which provides the prediction system
nature of the upcoming sample period [35].

The future nature of required controller parameters can be
predicted using the model predictive controller. It is employed
to evaluate the optimal switched behavior. PV voltage and cur-
rent act as input to this controller. With the evaluation of
discrete-time variables from former sets of the equation. The
nature of the controller may be decided for KS sampling period.
Mathematically, the converter’s discrete-time modeling can be
employed under switch ON condition, and predicted controller
parameters could be derived as [36]:

ILA
(KS + 1) = ILA

(KS )

[
1 −

RLA
T ′

S

LA

]

+
VPVG (KS )T ′

S

LA
, (21)

VPVG (KS + 1) = VPVG (KS )

×
[
IPVG (KS ) − ILA

(KS )
] T ′

S

CA
. (22)

Under switch OFF Condition:

ILA
(KS + 1) = ILA

(KS )

[
1 −

RLA
T ′

S

LA

]

+
VPVG (KS )T ′

S

LA
−VCA

(KS ), (23)

VPVG (KS + 1) = VPVG (KS )

×
[
IPVG (KS ) − ILA

(KS )
] T ′

S

CA
. (24)

Also, the derived mathematical expressions can be modeled
using matrix form as:[

ILA
(KS + 1)

VPVG (KS + 1)

]
=

⎡⎢⎢⎢⎣
1 − RLA

T ′
S

LA

T ′
S

LA

0 2

⎤⎥⎥⎥⎦
[

ILA
(KS )

VPVG (KS )

]

+

[
0

−1

][
VPVG (KS − 1)], (25)[

ILA
(KS + 1)

VPVG (KS + 1)

]
=

[
1 0

0 2

][
ILA

(KS )

VPVG (KS )

]
. (26)

The maximum power point tracker works because the slope
of the PV characteristics curve becomes zero on the maximum
point region, +ve (positive) on the left, and −ve (negative)
towards the right of the predicted maximum power point region.
The output of the predictive controller acts as input to the
double integral sliding mode controller.

5 DUAL INTEGRAL SLIDING MODE
CONTROLLER

The DISMC may be designed for proper adjustment of current
through the inductor, photovoltaic current IPVG and voltage
VPVG such that maximum extraction of PV power. The pro-
posed MPPT algorithm evaluates reference voltage VRe f to
calculate maximum power point tracking. The reference volt-
age can be evaluated using the mathematical relation, VRe f =

KopenVopen; where, Kopen is a coefficient of the material of the PV
array. The double integral sliding mode can be designed as:

Step I : The required duty cycle of multilevel boost converter
can estimate as:

%𝛿duty =
Vout −VPVG

Vout
× 100, (27)

%𝛿Re f =
Vout −VRe f

Vout
× 100. (28)

Step II : Selection of switched area SS (XS ), where XS State
notation and can be expressed mathematically as:

SS (XS ) =

[
d

dt
+ 𝛼

]N−1

ES (XS ), (29)

where N is degree of sliding area, ES (XS ) is tracked error. If
N=1, then SS (XS ) = ES (XS ). Also, the tracking error E can be
expressed as:

ES (XS ) = ES (XS1
) + ES (XS2

) + ES (XS3
), (30)

where,⎧⎪⎪⎪⎨⎪⎪⎪⎩

ES

(
XS1

)
=
(
VRe f −VPVG

)
ES

(
XS2

)
= ∫

(
VRe f −VPVG

)
dTP

ES

(
XS3

)
= ∫

{
∫

(
VRe f −VPVG

)
dTP

}
dTp

. (31)
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PRIYADARSHI ET AL. 7

Step III : To apply invariance principle for evaluating equivalent
control (U E

EQ
):

SS (XS ) = ṠS (XS ), then U E
r ≅ U E

EQ
. (32)

It is also noted that (UEQ ) (Equivalent controller) provides
workable sliding movement on the switched surface.

SS (XS ) = 0; ṠS (XS ) = 0. (33)

By solving ((33)), we get,

U E
EQ

= −Ĝ−1
[
F̂S ES

(
XS1

)
+ ES

(
XS2

)]
= Ĝ−1 ̂U E

r , (34)

̂U E
r = −

[
F̂S ES

(
XS1

)
+ ES

(
XS2

)]
. (35)

Step IV : Applying Lyapunov’s stability criteria:

SS (XS )ṠS (XS ) < 0. (36)

Also, non-linear switched signal (um ) is responsible for
external perturbations and expressed as:{

um = −Ĝ−1Kt |SS (XS )|𝛽sat
(

SS (XS )

𝜙TM

)
, 0 < 𝛽 < 1, (37)

sat

(
SS (XS )

𝜙TM

)
=

⎧⎪⎨⎪⎩
1

|||| SS (XS )

𝜙TM

|||| ≤ 1

signum
(

SS (XS )

𝜙TM

) |||| SS (XS )

𝜙TM

|||| > 1
, (38)

The component |SS (XS )|𝛽 emphasizes um that reached veloc-
ity enhances only when the state is far from the sliding area.
Moreover, reached velocity decreases nearer to sliding areas.
Chattered amplitude is decreased through interpolating um

into the thinner boundary with 𝜙TM thickness. Kt should be
larger such that reached situation SS (XS ) ̇SS (XS ) < 0 holds. Kt

will be evaluated using the reachability method:
1

2

d

dt
SS (XS )2 ≤

−𝜂t |SS (XS )|. Reached period is estimated as:

TRch ≤ SS (XS )(TR = 0)

𝜂t
. (39)

Also, Kt can be evaluated as:

Kt ≥ ĜS Ĝ−1
S

(F̂S − Ft ) + F̂S + ĜS Ĝ−1
S

(ES (XS1
) + ES (XS2

)).

(40)

Step V : Switched controlled signal can be estimated as:

U E
r = U E

EQ
+ um

= G−1
S

[
Û E

r − Kt |SS (XS )|𝛽sat

(
SS (XS )

𝜙TM

)]
. (41)

Step VI : Percentage of duty ratio (𝛿duty ) can be evaluated using
loading voltage and PV generated voltage.

Step VII : For checking sliding mode convergence, Lya-
punov function VL (XS ) can be employed as: VL (XS ) =

1

2
S T

S
(XS )SS (XS ). For ensuring present situation, V̇L (XS ) should

be less than 0, such that,

V̇L (XS ) = ṠS (XS )SS (XS ) = SS (XS ){FS (XS )} < 0. (42)

Moreover, for proposed photovoltaic system:

ṠS (XS ) =
d

dt

[
ES

(
XS1

)
+ ES

(
XS2

)
+ ES

(
XS3

)]
= V̇PVG [1 +V ∗] =

[
ILA

CA
−

VPVG

CARPVG

]
[1 +V ∗]

≅

[
ILA

CA
−

VPVG

CARPVG

]
[V ∗] = −B1B2, (43)

where V ∗ = VRe f −VPVG + ∫ (VRe f −VPVG )dTP . In this

case, RPVG < 0; therefore, the component (
−VPVG

CARPVG

) > 0.

Hence, ṠS (XS ) sign is dependent of B2 sign. Therefore, If
SS (XS ) > 0, B2 > 0, then ṠS (XS ) < 0 and if SS (XS ) < 0, B2 <

0, then ṠS (XS ) > 0. Moreover, chattering amplitude HA is
evaluated as: HA = HA1

− HA2
; where HA1

and HA2
are

the highest and lowest chattering point, respectively, of PV
signal.

SSE =
|||||VRe f −

[
HA2

+
HA1

− HA2

2

]|||||. (44)

6 RESULTS AND DISCUSSION

Simulation responses have been depicted to estimate the high
performance of advanced MPPT algorithms under chang-
ing atmospheric situations. The performance of the proposed
MPPT method is compared with DISMC based MPPT. Figure 6
presents the simulated responses under varying solar insola-
tion while the temperature is kept fixed. The proposed MPPT
method has high PV power tracking capability and negligible
oscillations nearer to MPP locations than DISMC method-
based MPPT. Figure 7 demonstrates the simulated result under
changing temperature while the solar insolation level is kept
fixed. The proposed MPPT algorithm has optimal PV power
tracking performance and less oscillation around the MPP
region. The practical responses are justified by conducting
experimentation using the dSPACE DS1104 platform under
varying environmental conditions. Major components are PV
module, high gain multilevel boost converter, signal conditioner,
filter circuits, and dSPACE kit, which are depicted in Figure 8.
Experimental responses presented in Figure 9 (left) depict the
proposed MPPT algorithm provides optimal PV power tracking
with zero oscillation nearer to MPP locations in equated with
Perturb and Observe and DISMC based MPPT under changing
environmental conditions.

Figure 9 (right) presents the generated duty ratio of high
gain multilevel boost converter under partial shade conditions
using perturb and observe MPPT, DISMC MPPT, and pro-
posed MPPT. Figure 9 provides better voltage regulation of
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8 PRIYADARSHI ET AL.

FIGURE 6 Simulation results under changing
sun insolation with proposed control (left) and
conventional DISMC MPPT (right)

FIGURE 7 Simulation results under changing
temperature condition with proposed control (left)
and conventional DISMC MPPT (right)

high gain multilevel boost converter compared to employed
DISMC and perturb and observe methods of MPPT. The
performance of the proposed hybrid DISMC-MPC based
PV system has been evaluated under varying sun insolation
1000 W/m2 to 700 W/m2 and then vice versa. Practical results
presented in Figure 10 depict the superior PV tracking perfor-
mance with the lowest MPP tracking period. Figure 11 presents
the performance comparison of proposed hybrid DISMC –
MPC based MPPT with incremental conductance (INC) and

perturb and observe (P & O) based MPPT under varying
solar irradiance, respectively. The proposed hybrid DISMC
–MPC-based MPPT provides superior PV power tracking capa-
bility equated with INC and P & O based MPPT. Figure 12
depicts the obtained functional I-V characteristics of the PV
module using the employment of an advanced modeled dou-
ble diode and proposed hybrid DISMC-MPC based MPPT.
This provides accurate maximum power point (MPP) estima-
tion with high velocity and more searching efficiency and the
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PRIYADARSHI ET AL. 9

FIGURE 8 Practical setup of proposed PV system

FIGURE 9 Experimental results under changing environmental condition: PV power tracking (left) and duty ratio of high gain multilevel boost converter
(right)

extrapolation of current-voltage characteristics of the photo-
voltaic system under any weather situations. Figure 13 presents
the practically obtained accurate P-V characteristics under
varying sun insolation and ambient temperature, respectively.
Figure 14 demonstrates the performance of standalone PV
system under changing atmospheric condition using proposed
DISMC-MPC and DISMC based MPPT controllers, respec-
tively. This reveals that the proposed DISMC-MPC based
MPPT delivers fast, accurate, and lowest oscillation around
the MPP region compared to DISMC based MPPT [26]. The
observed behavior of the proposed hybrid DISMC-MPC based
MPPT has been evaluated under fixed environmental condi-
tions (G=750 W/m2 and T = 500C ). In contrast, resistive
loading conditions are varied from 5Ω to 50Ω. Figure 15
presents the experimental results found under conditions as

mentioned earlier with high accuracy and optimal PV power
tracking. The efficiency vs. PV power output plot has been
obtained practically in Figure 16 for the proposed hybrid
DISMC-MPC vs. conventional DISMC based MPPT controller.
Under changing solar irradiance, which reveals the PV system’s
superior PV power tracking capability using proposed hybrid
DISMC-MPC MPPT. Tables 1, 2 , 3 and 4 present the DISMC-
MPC parameters employed during experimentation, 200 W
PV panel specifications, multilevel boost converter parame-
ters and quantitative comparison of MPPT employed methods,
respectively. Figure 17 demonstrates the bode notation of the
employed photovoltaic system under G = 1200 W/m2 and
50 W/m2. The presented bode plot reveals that the employed
photovoltaic system has been found stable for both solar inso-
lations. Hence, the proposed hybrid model predictive DISMC
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10 PRIYADARSHI ET AL.

FIGURE 10 Practical results of behavior of proposed controller under
(a) decreasing sun insolation; (b) increasing sun insolation

FIGURE 11 Practical compared results of behavior of proposed hybrid DISMC-MPC MPPT controller with INC MPPT (left), and P and O MPPT (right)
under varying sun insolation
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PRIYADARSHI ET AL. 11

FIGURE 12 Practical I–V characteristics obtained

FIGURE 13 Practical P-V characteristics under (a)
varying sun insolation (b) varying temperature

FIGURE 14 Practical results of behavior of PV
system under changing atmospheric condition (Power=200
W, Voltage = 25 V, Current = 8 A) with proposed MPPT
(left) and DISMC MPPT (right)
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12 PRIYADARSHI ET AL.

FIGURE 15 Practical results of behavior of PV system with proposed
hybrid DISMC-MPC based MPPT under varying load condition

FIGURE 16 Practical results of efficiency versus power for proposed
controller and conventional DISMC MPPT under varying sun insolation

FIGURE 17 Bode plot which verify the robustness of system
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PRIYADARSHI ET AL. 13

TABLE 1 DISMC-MPC parameters employed during experimentation

Parameters Values

Amplitude of PV voltage fluctuations HA 0.005

Steady state error (%) 0.0015

Settling period (s) 0.10

TABLE 2 200 W PV panel specification

Parameters Values

Pmax (Peak power) 200 W

V max (Peak voltage) 26.6 V

I max (Peak current) 7.52 A

VOC (Open circuited voltage) 33.2 V

ISC (Short circuited current) 8.36 A

TABLE 3 Multilevel boost converter specifications

Parameters Values

Inductor LA 1.50 mH

Capacitor CA = CB = CC 25 𝜇F

Rload 100 Ω

Switching frequency 20 kHz

based controller provides stable operation for a large domain
of solar irradiance. The performance of photovoltaic systems
has been evaluated under step changes, which prove MPPT
operation using SMC, DISMC, and proposed DISMC-MPC
methods. Using the proposed DISMC-MPC method, the PV
system has high tracked velocity, reliable operation, lower steady
state error, negligible steady state oscillation, and higher efficacy
with simpler implementation compared to SMC and DISMC as
presented in Figure 18.

7 CONCLUSION

This paper presented a double diode model-based PV sys-
tem with a hybrid model predictive controller, and DISMC

FIGURE 18 Practical found performance under step changes using (a)
SMC, (b) DISMC and (c) DISMC-MPC

based MPPT has been employed for improved MPPT effi-
ciency. The proposed double diode model-based PV system can
deliver extrapolation of the photovoltaic system’s P-V charac-
teristics under any abnormal conditions. A high gain multilevel
converter is used, which delivers output voltage directly pro-
portional to level numbers. The predictive model controller
provides error prediction for the coming sample period before
the application of gating pulses. The proposed hybrid MPPT

TABLE 4 Quantitative comparison of MPPT methods

Parameters P&O INC SMC DISMC

Proposed

(DISMC-MPC)

Simpler implementation Easy Easy Moderate Moderate Moderate

Efficacy Low Low High High Higher

Tracked velocity Low Low Moderate Moderate High

Reliable Low Low Moderate High Higher

Steady state error High High Moderate Low Lower

Steady state oscillation Yes Yes Moderate Moderate No
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14 PRIYADARSHI ET AL.

method accomplishes superior estimation of maximum power
point online and high accuracy with utmost tracking efficiency.
Practical validation of the proposed design has been justified
experimental quantitative comparison has been validated for the
proposed DISMC-MPC based PV system with SMC, DISMC,
and DISMC-MPC methods. Furthermore, experimental justifi-
cation is provided for the proposed hybrid DISMC-MPC based
MPPT under varying loading and solar insolations using the
dSPACE DS1104 platform.
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