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Abstract: In the photovoltaic system, the performance, efficiency, and generated power of the
PV system are affected by changes in the environment, disturbances, and parameter variations,
and this leads to a deviation from the operating maximum power point (MPP) of the PV system.
Therefore, the main aim of this paper is to ensure the PV system operates at the maximum power
point under the influence of exogenous disturbances and uncertainties, i.e., no matter how the
irradiation, temperature, and load of the PV system change, by proposing a maximum power point
tracking for the photovoltaic system (PV) based on the active disturbance rejection control (ADRC)
paradigm. The proposed method provides better performance with excellent tracking for the MPP by
controlling the duty cycle of the DC–DC buck converter. Moreover, comparison simulations have
been performed between the proposed method and the linear ADRC (LADRC), conventional ADRC,
and the improved ADRC (IADRC) to investigate the effectiveness of the proposed method. Finally,
the simulation results validated the accuracy of the proposed method in tracking the desired value
and disturbance/uncertainty attenuation with excellent response and minimum output performance
index (OPI).

Keywords: photovoltaic system (PV); MPPT; active disturbance rejection control (ADRC)

1. Introduction

Solar power is an essential source of renewable energy, and its technologies are
broadly characterized as either passive solar or active solar depending on how they capture
and distribute solar energy or convert it into solar power. However, the PV cell has a
low out power conversion efficiency, i.e., lower electrical energy since the V-I and V-P
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characteristics are nonlinear and depend on environmental factors such as solar irradiation
and temperature. This makes the PV cell operating point change as the irradiation or
temperature and even the load change and it will not operate at the maximum power point
(MPP). Therefore, a controlling technique has been proposed in the last decade under the
name of maximum power point tracking (MPPT) [1–9]. Recently, several control techniques
have been proposed as MPPT to extract and track the MPP such as the perturb and observe
method (P&O) [10–12]; the incremental conductance method (IC) [10,13,14]; the constant
voltage and constant current technique, which are known as the classical MPPT control
technique [10]; and MPPT based on the control theory such as fuzzy control [15], neural
network [16], optimal control [17], and robust control [18]. In [19], the authors introduced a
PID controller to dampen the oscillations of the PV voltage and limit it at the nominal value
of the battery charging system, while in [20], a fractional order-based MPPT (FOPID-MPPT)
for the PV system was proposed, where the controller parameters are tuned using the
FOTF toolbox. It was shown that the proposed FOPID controller has a better performance
with the improved transient response and better regulation for the output voltage than
the PID one. Moreover, two control strategies, namely, the fractional-order PID-based
MPPT (FOPID-MPPT) and fractional order terminal sliding mode controller-based MPPT
(FOTSMC-MPPT), have been designed in [7]. The results show that both controllers are
robust to the system’s uncertainty with a faster response; however, the FOTSMC provided
a small control action as compared to the FOPID one [7]. Recently, various research has
been proposed to get rid of the effect of the disturbance and uncertainties in the PV system,
such as [21], where authors proposed a novel nonlinear PID (NLPID)-based MPPT with
integral gain that varies with the instantaneous error. The parameters of the NLPID are
tuned using a teaching–learning optimization algorithm (TLBO). Moreover, comparison
simulations have been achieved between the NLPID, the conventional PID, IC-MPPT,
and P&O-MPPT under varying irradiation and temperature and the results show the
effectiveness of the proposed controller in tracking the MPP and robustness against sudden
variations as compared to other methods. In [22], the author presents a modified version of
the conventional MPPT algorithm, the incremental conductance algorithm (IC), to achieve
an efficient tracking of MPP. Moreover, a genetic algorithm (GA) tuned-based PID is also
utilized to improve the system and predict the variable step of the proposed method.
The simulation results showed the effectiveness of the proposed method in providing
fast-tracking, overshoot, and ripple reduction under the changing of the irradiation and
temperature as compared to P&O-based MPPT. Meanwhile, in [23], the authors introduced
an intelligent discrete nonlinear PID (N-DPID) base MPPT for a PV system with a WFDC
motor. The proposed controller keeps the structure of the conventional PID with integral
and derivative parts discretized using the forward Euler approach. Moreover, the N-DPID
and PID parameters are tuned using two optimization techniques, namely, particle swarm
optimization (PSO) and GA. A comparison between N-DPID, PID, and the conventional
MPPT algorithm (i.e., P&O and IC) was accomplished and showed that the PSO-tuned
N-DPID provides fast MPP tracking, smooth response, and achieves the rated speed of the
WFDC motor under rapid changes in irradiation. Finally, the disturbance observer is used
to make the system robust against the disturbance and parameter variations [24,25].

Although all the aforementioned studies proposed robust controlling methods to track
the MPP whether there is a change in one of the environmental factors or not, a more accu-
rate and effective control technique is proposed in this paper to stabilize the PV nonlinear
system, tracking the MPP with a fast and smooth response, moreover providing robust-
ness against disturbances/uncertainties with higher immunity. This control technique is
called Active Disturbance Rejection Control (ADRC). It consists of a traditional tracking
differentiator, a traditional nonlinear state error feedback, and a traditional extended state
observer [26–31]. Furthermore, another important part of the PV system configuration is
the DC–DC converter. There are different types of this converter, such as boost converter,
buck converter, boost-buck converter, etc. [32–34].
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Motivated by the aforementioned studies, a modified ADRC has been proposed to
fulfill the main aim of this work. The main contributions of this paper can be summarized
as follows:

i. A new nonlinear controller is proposed as a new nonlinear state error feedback
(NLSEF). The new nonlinear controller consists of a proposed tracking differentiator
(TD) combined with a new super twisting sliding mode controller (STC-SM).

ii. A new nonlinear extended state observer (NLESO) is proposed to estimate the total
disturbance of the PV system.

iii. Last but not least, the modified ADRC is composed of the aforementioned proposed
nonlinear controller (i.e., STC-SM) and the proposed NLESO to stabilize the system
and track the MPP in the presence of disturbance and parameter variations.

It is important to note that the overall system is designed and simulated using the
MATLAB/SIMULINK environment. Furthermore, the parameters of the modified ADRC
are tuned using GA as a tuning technique. Furthermore, a multi-objective output perfor-
mance index (OPI) is used in conjunction with the GA to ensure the effectiveness of the
proposed method with minimum control energy and tracking error.

The remainder of this paper is organized as follows: Section 2 introduces the charac-
teristics and modeling of the PV system. Section 3 presents the design and modeling of
the DC–DC buck converter. Moreover, the design of the proposed ADRC is presented in
Section 4. In addition, Section 4 illustrates the design and convergence of NLESO and the
closed-loop stability analysis. Last but not least, the simulation result and the discussion
are introduced in Section 5. Finally, the conclusion of this work is presented in Section 6.

2. PV System Characteristics and Modeling
2.1. PV System Modeling

Ideally, the PV cell is represented as a single-diode model. The single-diode model of
a solar cell consists of a current source, diode, and two resistances, as shown in Figure 1.
In Figure 1, the PV cell is acting as a current source when the light falls on it. Moreover,
series resistance and shunt (parallel) resistance are added to simulate the real behavior of
PV cells [12].
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The mathematical modeling of the PV cell is expressed as follows. Firstly, the pho-
tocurrent can be expressed as [35]:

Iph =
(

ISCSTC + Ki

(
T − Tre f

)) G
Gre f

(1)

While the diode reverse saturation current can be expressed as follows:

I0 = I0STC

(
T

Tre f

)3

exp

(
qEg0

A K0

(
1
T
− 1

Tre f

))
(2)

where I0STC is the diode reverse saturation current at STC, which can be expressed as:

I0STC =
ISCSTC

exp
( qVOCSTC
A K0 Tre f

)
− 1

(3)

The shunt (parallel) current is expressed as:

Ip =
Vpv + IpvRs

Rp
(4)

Id = I0

(
exp

(
q
(
Vpv + IpvRs

)
A K0 Tre f

)
− 1

)
(5)

Therefore, the PV cell output current is expressed as:

Ipv = Iph − Id − Ip (6)

where A, K0, q, Ki, and Eg0 are the diode ideality, Boltzmann constant, electron charge, cur-
rent temperature coefficient, and band-gap energy, respectively. Rs, Rp, Tre f , T, Gre f G, and
Vpv are series resistance, parallel resistance, the temperature at STC (25 ◦C), cell temperature,
irradiation at STC (1000 w

m2 ), cell irradiance, and PV cell output voltage, respectively.

2.2. PV System Characteristics

The V-I characteristics and V-P characteristics of the PV system are studied to show
the nonlinear behavior of the PV system and the change of the position of the MPP under
different irradiation and temperature. Figure 2 shows the PV system characteristics. It is
evident from Figure 2a,c that the system has a unique maximum power point (MPP) at
different irradiation and uniform temperature. The same for Figure 2b,d; the MPP changes
with the change in temperature at uniform irradiation. Additionally, this change in the
MPP reduces the efficiency due to the lower power conversion [35].



Sustainability 2022, 14, 10511 5 of 25
Sustainability 2022, 14, x FOR PEER REVIEW 5 of 28 
 

 

 

 
Figure 2. Cont.



Sustainability 2022, 14, 10511 6 of 25Sustainability 2022, 14, x FOR PEER REVIEW 6 of 28 
 

 
Figure 2. The PV characteristics (a). V-I characteristics at different G and T = 25 ℃. (b) V-I charac-
teristics at different T and G = 1000 W m2⁄ . (c) P-V characteristics at different G and T = 25 ℃. (d) 
P-V characteristics at different T and G = 1000  W m2⁄ . 

3. DC-DC Buck Converter 
In the PV system, the DC–DC converter is used as a matching transformer. In case of 

a change in the load, the PV impedance changes, which in turn will change the MPP. So, 
by controlling the duty cycle entered to the gate of the switch (i.e., MOSFET, IGBT) of the 
converter, the system will operate at MPP regardless of the load change. A buck converter 
is a step-down converter used in the low voltage application, assuming the switch is op-
erating at continuous conduction mode (CCM). A buck converter is used as a DC–DC 
converter in the underlying nonlinear system, as shown in Figure 3; there are two modes: 

 
Figure 3. Buck converter equivalent circuit. 

Mode 1: S is on and D is off: 

�
𝐼𝐼𝑆𝑆1 = 𝐼𝐼𝑝𝑝𝑝𝑝 − 𝐼𝐼𝐿𝐿 
𝑉𝑉𝐿𝐿 = 𝑉𝑉𝑆𝑆1 −  𝑉𝑉𝑆𝑆2  
𝐼𝐼𝑆𝑆2 = 𝐼𝐼𝐿𝐿 − 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜 

 (7) 

Mode 2: S is off and D is on: 

Figure 2. The PV characteristics (a). V-I characteristics at different G and T = 25 ◦C. (b) V-I character-
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3. DC-DC Buck Converter

In the PV system, the DC–DC converter is used as a matching transformer. In case
of a change in the load, the PV impedance changes, which in turn will change the MPP.
So, by controlling the duty cycle entered to the gate of the switch (i.e., MOSFET, IGBT)
of the converter, the system will operate at MPP regardless of the load change. A buck
converter is a step-down converter used in the low voltage application, assuming the
switch is operating at continuous conduction mode (CCM). A buck converter is used as
a DC–DC converter in the underlying nonlinear system, as shown in Figure 3; there are
two modes:
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Mode 1: S is on and D is off: 
IC1 = Ipv − IL

VL = VC1 −VC2

IC2 = IL − Iout

(7)
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Mode 2: S is off and D is on: 
IC1 = Ipv

VL = −VC2

IC2 = IL − Iout

(8)

In the steady-state condition, to find the average inductor voltage and capacitor
current, the sum of Equations (7) and (8) yields:

IC1 = Ipv − ILD
VL = VC1D−VC2

IC2 = IL − Iout

(9)

where IC1 , IC2 , IL, VL, Iout, VC1 , VC2 , and D are the input capacitor current, output capacitor
current, inductor current, inductor voltage, converter output current, input capacitor
voltage, output capacitor voltage, and duty cycle, respectively, with:

IC1 = C1
dVC1

dt

IC2 = C2
dVC2

dt

VL = L dIL
dt

(10)

Rewriting Equation (9), and with Iout =
VC2
RL

,D = u, the dynamic model of the buck
converter can be expressed as follows [36]:

.
VC1 = 1

C1

(
Ipv − ILu

)
.
IL = 1

L
(
VC1 u−VC2

)
.

VC2 = 1
C2

(
IL −

VC2
RL

) (11)

4. The Modified ADRC Design

As mentioned previously, the ADRC is a control technique used to reject and eliminate
disturbance and uncertainty in addition to stabilizing the overall system. Hence, in this
paper, the ADRC for the system with a relative degree, ρ = 1, is designed by incorporating
the proposed tracking differentiator (TD) coupled with the proposed nonlinear state error
feedback NLSEF to form the new nonlinear controller for the modified ADRC. Furthermore,
the proposed NLESO and the new nonlinear controller form the modified ADRC. The
general form of the proposed ADRC is shown in Figure 4. It consists of three parts that can
be stated as follows:

4.1. The Proposed Tracking Differentiator

The dynamic equation of the proposed TD for relative degree ρ = 1 is given as:
.
ẽ1 = ẽ2

.
ẽ2 = −a1R2

(
ẽ1−ẽ√

1+(ẽ1−ẽ)2

)
− a2Rẽ2

(12)

where, ẽ1, ẽ2 are the tracking errors and their derivative, respectively; ẽ is the input error
to the TD; R is a positive tuning parameter; and a1 and a2 are tuning parameters. In the
proposed TD, the sigmoid function (i.e., “Elliott squash function” is used instead of the
sign function in the classical TD of [26]. Moreover, in the proposed TD, the error is used as
an input to the tracking differentiator and the output is a smooth signal of the error and
its derivative.
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4.2. The Proposed Nonlinear Controllers

In this section, the proposed controller utilized in this work is introduced and stated
as follows:

4.2.1. The Proposed Super Twisting Sliding Mode Controller (STC-SM)

Recently, the classical super twisting controller (CST-SMC) is widely used in different
fields, to avoid the chattering problem [37,38]. Thus, in this paper, a new STC-SM is
proposed to enhance the avoidance of STC-SM against the chattering in the control signal.
The proposed STC-SM can be expressed as follows:

ς = κẽ1 +
.
ẽ1 (13)

u0STC−SM= κ|ς|psign(ς) + ξtanh
( ς

δ

)
(14)

where ς is the sliding surface; ẽ1 and
.
ẽ1 are the tracking errors and their derivative,

respectively; ξ is the sliding coefficient; and p and δ are positive parameters to be tuned,
0 < p < 1, δ > 0.

4.2.2. The Proposed Nonlinear PID—Tracking Differentiator (NLPID-TD)

The NLPID is the modified nonlinear version of the linear PID (LPID) controller. The
NLPID-TD controller is an aggregation of the TD and the NLPID controller, which can be
expressed as follows: 

u1 = k1
1+exp(ẽ1

2)
|ẽ1|α1 sign(ẽ1)

u2 = k2

1+exp
( .

ẽ1
2
) ∣∣∣ .

ẽ1

∣∣∣α2
sign

( .
ẽ1

)
u3 = k3

1+exp(
∫

ẽ1
2)
|ẽ1|α3 sign(

∫
ẽ1dt)

u0NLPID = u1 + u2 + u3

(15)

where k1, k2, k3, α1, α2, and α3 are tuning design parameters and
.
ẽ1 = ẽ2. Moreover,

α1, α2, and α3 < 1 to ensure the error functions |ẽ|α1 , |ẽ1|α2 and
∣∣∣ .
ẽ1

∣∣∣α3
are sensitive to

small error values. This indicates that u1 uses the racking error, which is the proportional
term, but a nonlinear one, while u2 uses the derivative of the tracking error, which casts the
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derivative term. Finally, the integral of the tracking error is issued in u3 to form the integral
term. These three terms are nonlinear. The weighted combination of these three terms is
denoted as u0.

4.3. The Proposed NLESO

To properly estimate the “total disturbance” and eliminate its effect on the system, an
NLESO is proposed. The dynamic equations of the proposed NLESO are given as:{ .

z1 = z2 + b0u + β1 ê1.
z2 = β2 ê2

(16)

{
ê1 = sign(e1)|e1|a1 +Ae1

ê2 = sign(e1)|e1|
a1
2 +Ae1

(17)

where e1 = VC1 − z1; e1 is the estimation error; z1 is the estimation state of VC1 ; ê1 and ê2
are nonlinear functions; a1 is a tuning parameter that should be less than 1; A is a tuning
parameter; β1 and β2 are the observer gain parameters, and they are selected in such a way
that the characteristic polynomial s2 + β1s + β2 = (ω0 + s)2 is Hurwitz [39,40]; and ω0 is
the NLESO bandwidth. Another scheme of the NLESO is also proposed in this paper and
it is expressed as follows: 

.
z1 = z2 + b0u + β1 ê1.

z2 = β2 ê2
ê1 = sign(e1)|e1|a1 + e1

ê2 = sign(e1)|e1|2a1−1 + e1

(18)

where 0.55 < a1 < 1 is a positive tuning parameter. The proposed ADRC with the nonlinear
model of the PV system is shown in Figure 4.

5. Stability of the Closed-Loop System

In this section, closed-loop stability is introduced using the Lyapunov stability ap-
proach. Firstly, let x1 = VC1 , then, Equation (11) can be rewritten as:{ .

x1 = 1
C1

(
Ipv − ILu

)
y = x1

(19)

With Ipv =
Vpv
Rpv

and Vpv = VC1 , Equation (19) can be rewritten as:{ .
x1 = 1

C1Rpv
x1 − IL

C1
u + d

y = x1
(20)

Adding ±b0u to Equation (20) obtains:{ .
x1 = f (x1, IL, t) + b0u + d

y = x1
(21)

where f (x1, IL, t) = 1
C1Rpv

x1 − IL
C1

u− b0u. Let:

x3 = f (x1, IL, t) + d (22)

Sub. Equation (22) in Equation (21) and one obtains:{ .
x1 = x2 + b0u

y = x1
(23)
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where f (x1, IL, d, t) is the system dynamic, d is the exogenous disturbance, and x2 is the
total disturbance. Now, differentiate Equation (23), which yields:

.
x3 =

.
f (x1, IL, d, t) +

.
d (24)

Assumption 1. The two schemes of the NLESO given in Equations (16)–(18) estimate the states of
the nonlinear system completely.

lim
t→ ∞

e1 = 0

Theorem 1. Based on Assumption 1, the proposed NLESO estimates the total disturbance and the
estimated error e1 = x1 − z1 is asymptotically converged to zero as t→ ∞ if the observer
gains β1 and β2 are designed so that the Q matrix is negative definite.

Proof. The estimated error can be expressed as:

ei = xi − zi (25)

where i = {1, · · · , ρ + 1}, e1 is the estimated error, z1 is the estimated state of x1, and ρ is
the relative degree which is equal to 1. Differentiating Equation (25) obtains:

.
ei =

.
xi −

.
zi (26)

Let ` = x2 describe the total disturbance. The substitution of the first term of
Equation (23) and Equation (16) or Equation (18) into Equation (26) yields:{ .

e1 = x2 − z2 − β1 ê1
.
e2 =

.
`− β2 ê2

(27)

Expressing Equation (27) in matrix form:

.
e = A0e + Ad

.
` (28)

Let ê1 = K1(e1) and ê2 = K2(e1). Then:

A0 =

[
−β1K1(e1) 0
−β2K2(e1) 1

]
,Ad =

[
0
1

]
,
.
e =

[ .
e1

.
e2
]
, e =

[
e1 e2

]
To prove the convergence of the proposed NLESO, Lyapunov stability is applied [41].

Let us assume the Lyapunov function VNLESO = 1
2 eTe. Then,

.
VNLESO = eT .

e, for ρ = 1:

.
VNLESO =

[
e1 e2

][−β1K1(e1) 0
−β2K2(e1) 1

][
e1
e2

]
+

.
`

Assumption 2 ([42]). The total disturbance ` should satisfy the following conditions:

• ` and
.
` are bounded, which, sup

0≤t≤∞
` ≤ c1 and sup

0≤t≤∞

.
` ≤ c2

• ` and
.
` are constant at the steady-state, which, lim

t→∞
` = c3 and lim

t→∞

.
` ≤ 0

Where c1, c2, and c3 are positive constants.
Based on Assumption 2,

.
` converges to zero as t→ ∞ , then:

.
VNLESO =

[
e1 e2

][−β1K1(e1) 0
−β2K2(e1) 1

][
e1
e2

]
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The system is asymptotically stable when the Q matrix is a negative definite. To verify
whether the Q matrix is negative definite, Routh stability is exploited. The characteristic
equation for matrix Q can be expressed as:

|λI−Q|= 0,
∣∣∣∣λ + β1K2(e1) −1

β2K2(e1) λ

∣∣∣∣ = 0

Then, from Routh stability criteria:

1 β2K2(e1) 1
β1K1(e1) 0 β1K1(e1)

β2K2(e1)β1K1(e1)
β1K1(e1)

= β2K2(e1) 0 β2K2(e1)β1K1(e1)
β1K1(e1)

= β2K2(e1)

λ2 + β1K1(e1) λ + β2K2(e1) = 0

β1K1(e1) > 0, β1 > 0, β2K2(e1) > 0, β2 > 0

Then, Q is negative definite if the observer gains β1 and β2 > 0. Based on this, it can
be concluded that the NLESO is asymptotically stable. �

Now, the error dynamic of the closed-loop system can be written as:

ẽ = r− z1 (29)

Differentiating Equation (29) yields:

.
ẽ =

.
r− .

z1 (30)

Simplifying Equation (30) obtains:

.
ẽ = −z2 − b0u (31)

Assumption 3. The tracking differentiator in Equation (12) tracks the reference error signal with a
very small error that approaches zero and with

.
ẽ = 0.

lim
t→∞
|ẽ1 − ẽ| = 0

Theorem 2. Given the nonlinear system given in Equation (14) and the modified ADRC, then
based on Assumptions 1–3, the closed-loop system is stable if {K1(ẽ1)ẽ1, K2(ẽ2)ẽ2} is cho-
sen in such a way that the Q matrix is negative definite and that the characteristics equation
λ2 + λ

(
Ḱ1 + Ḱ2

)
+ ´Ḱ1Ḱ2 = 0. is Hurwitz.

Proof. With u = u0 − z2
b0

, Equation (31) can be rewritten as:

.
ẽ = −z2 − b0

[
u0 −

z2

b0

]
(32)

Simplifying Equation (32) obtains:

.
ẽ = −b0u0 (33)

Substituting the NLPID Equation (15) or STC-SM Equation (14) in Equation (33),
one obtains:
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Remark 1. The u3 term in the proposed NLPID given in Equation (15) could be removed because
the extended state z2 approaches the generalized disturbance ` as t→ ∞ and converts the system
Equation (19) into a chain of integrators. So, there is no need for the integrator term u3. Therefore,
the NLPD will be used in this work and expressed as follows:


u0NLPD = u1 + u2

u1 = k1
1+exp(ẽ1

2)
|ẽ1|α1 sign(ẽ1)

u2 = k2

1+exp
( .

ẽ1
2
) ∣∣∣ .

ẽ1

∣∣∣α2
sign

( .
ẽ1

) (34)

Sub. Equation (34) in Equation (33) to obtain:

.
ẽ = −b0[u1(ẽ1) + u2(ẽ2)] (35)

Assumption 3. Let Ki(ẽi) =
ki

1+exp(ẽi
2)

, i ∈ {1, 2} , and α1, α2 approach unity. According to
that, the term |S|sign(S) in Equation (35) is approximately equal to S . So, based on Assumption 3,
Equation (35) can be rewritten as:

.
ẽ = −b0[K1(ẽ1)ẽ1 +K2(ẽ2)ẽ2] (36)

Now, expressing Equation (36) in matrix form:

.
ẽ = ACNLPD ẽ

where ACNLPD =
[
−Ḱ1 −Ḱ2

]
, ẽ =

[
ẽ1
ẽ2

]
, Ḱi = b0Ki(ẽi), i ∈ {1, 2}. Now, the Lyapunov

function is used to check the stability of the closed-loop system, let Vcl = 1
2 ẽT ẽ, then,

.
Vcl = ẽT

.
ẽ:

.
Vcl =

[
ẽ1 ẽ2

][
−Ḱ1 −Ḱ2

][ẽ1
ẽ2

]
The characteristic equation for the matrix Q is found using the Routh stability criterion

to find whether the system is stable or not.

|λI−Q|= 0,
∣∣∣∣λ 0
0 λ

∣∣∣∣− ∣∣∣∣−Ḱ1 0
0 −Ḱ2

∣∣∣∣
λ2 + λ

(
Ḱ1 + Ḱ2

)
+ ´Ḱ1Ḱ2 = 0

λ2 1 Ḱ1Ḱ2

λ Ḱ1 + Ḱ2 0

λ0 (Ḱ1+Ḱ2)Ḱ1Ḱ2

Ḱ1+Ḱ2
= Ḱ1Ḱ2 0

Ḱ1Ḱ2 > 0⇒ K1 > 0 or K2 > 0

Thus, the matrix Q is negative definite and the system is stable if the nonlinear function
gain Ḱ1 and Ḱ2 satisfy the condition above. �

Now with the STC-SM, the substitution of Equation (14) into Equation (33) yields:

.
ẽ = −b0

[
κ|ς|psign(ς) + ξtanh

( ς

δ

)]
(37)
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where ς = κẽ1 +
.
ẽ1.

As mentioned previously, the Lyapunov function is used to check the stability of the
closed-loop system. Let Vcl =

1
2 ςT ς, then,

.
Vcl = ςT .

ς, with
.
ς = u0STC−SM , then:

.
Vcl = ςT

[
−κ|ς|ρsign(ς)− ξtanh

( ς

δ

)]
\

.
Vcl = −κ|ς|ρ+1sign(ς)− ς ξtanh

( ς

δ

)
∴

.
Vcl < 0 i f κ and ξ > 0

Then, the overall system is stable. �

6. Simulation Results

In this section, the simulation results of the PV-MPPT with the modified ADRC are
presented. The design and the obtained simulation results of the PV-MPPT were performed
using a MATLAB/SIMULINK environment. Moreover, to investigate the robustness and
accuracy of the proposed method, three case studies have been applied and stated in
sequence as follows:

• Case study one: Irradiation changes with constant temperature at standard tempera-
ture conditions (STC).

• Case study two: Temperature changes with constant irradiation at standard tempera-
ture conditions (STC).

• Case study three: Load changes in both irradiation and temperature at standard
temperature conditions (STC).

In addition, the PV cell parameters and the DC–DC converter parameters are presented
in this section. Tables 1 and 2 represent the sampled parameters of the PV cell and buck
converter. Correspondingly, a multi-objective output performance index (OPI) is used and
expressed as follows:

OPI =W1 ×
ITAE
N1

+W2 ×
IAU
N2

+W3 ×
ISU
N3

(38)

whereW1,W2, andW3 are the weighting factors that satisfyW1 +W2 +W3 = 1 and are
set toW1 = 0.5,W2 = 0.4 andW3 = 0.1. N1, N2, and N3 are the nominal values of the
individual objective functions. Their values are set to N1 = 179.197287, N2 = 5121.329977,
and N3 = 47.850042. The description and the mathematical representation of the utilized
performance indices are listed in Table 3. Furthermore, the aforementioned OPI is used in
all the case studies mentioned previously. Finally, all the methods utilized in this work are
summarized in Table 4.

i. Case study one. Irradiation changes with constant temperature at standard tempera-
ture conditions (STC).

In this test, different irradiations were applied at different times and considered
an exogenous disturbance. Moreover, a step function was used for both reference and
irradiation changes. Moreover, the parameters of all the methods used after the tuning are
shown in Tables 5–9.

The obtained simulation results of case study one are shown in the figures below. As
can be seen from Figure 5, as the irradiation decreases the output power and the voltage
decreases, too. Consequently, the effect of changing the irradiation is very clear and could
be considered an exogenous disturbance. Figure 5a–c shows the output response of the
single solar cell in the solar panel that consists of ten PV modules connected in series, so
the PV voltage of the PV module will be ten times that of the single cell, and the PV output
current will be the same as in the single PV cell. It was observed that the LADRC shows
an undershoot of 25.44 V (i.e., about 6.677% of the steady-state) and an overshoot of 1.27%
with a ripple of 0.14 V. Moreover, the classical ADRC shows a ripple of 0.05 V and lasts for
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about 4 s to reach a steady state. Moreover, the IADRC shows a reduction in the ripple and
reaches the steady-state at about 1.5 s, while the proposed method shows a smooth response
without a visible peak or ripple and reaches the steady-state at about 0.06 s and was able to
track the MPP for different irradiation. Similarly, from Figure 5b,c, it can be observed that
the proposed method shows a better result than the other methods. Figure 5d–f shows the
converter output response, and it appears that the LADRC is the one that is most affected by
the rapid change in the irradiation, with an overshoot and undershoot of 51.61% and 92.33%
of the steady-state, respectively, while the proposed method, ADRC and IADRC, shows
a small peak. Moreover, the LADRC and the classical ADRC show a visible high ripple
in the converter output current, while the proposed method shows a very small ripple as
compared with other methods. Finally, for the converter output power, Figure 5f shows an
oscillation in the response of the LADRC before reaching the steady-state; however, the
proposed method shows a smooth response with robust and accurate tracking.

Table 1. PV-cell sampled parameters [43].

Parameters Description Value Unit

K0 Boltzmann constant 1.380× 10−23 J/K
q0 Electron charge 1.602× 10−19 C
ISC Short circuit current at STC 7.84× 100 A

VOC Open circuit voltage at STC 36.3× 100 V
Kv Temperature voltage constant 18× 10−1 V/K%
Ki Temperature current constant 0.00175 A/K%

Adiode Diode ideality factor 1.3 Unitless
Tre f Temperature at STC 298 K
Gre f Irradiation at STC 1000 w/m2

Eg0 Band-gap energy 1.12 Ev
Rs Series resistance 0.2656 Ω
RP Parallel resistance 1000 Ω
Ns Number of cells connected in series 60 Unitless
NP Number of cells connected in parallel 1 Unitless
Nms Number of modules connected in series 10 Unitless

Table 2. DC–DC buck converter parameters.

Parameters Description Value Unit

C1 The input capacitor 350 mF
C2 The output capacitor 35 mF
L Inductor 270 mH

RL Load resistance 1.6 Ω
fs Switching frequency 50 H‡

Table 3. Mathematical representation of the performance indices.

Performance Index Description Mathematical Representation

ITAE Integral Time Absolute Error
∫ t f

0 t|e(t)|dt
IAU Integral Absolute of the control signal

∫ t f
0 |u(t)|dt

ISU Integral Square of the control signal
∫ t f

0 u(t)2dt

Figure 6a–c shows the output response of the PV cell. Meanwhile, Figure 6d–f rep-
resents the converter output voltage, current, and power, respectively. It clearly shows
that the proposed method represents a smooth response and accurately tracks the MPP.
Moreover, the obtained result shows a ripple-free and unnoticeable peak. Thus, the pro-
posed method is more accurate with robustness against the periodic change in irradiation.
It is noteworthy that the discussion of the compared methods is the same as in Figure 5,
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mentioned previously, except that the proposed method in Figure 6 adopted the proposed
STC instead of the proposed NLPD.

Table 4. A summary of the ADRC schemes.

Scheme
ADRC Parts

TD SEF ESO

LADRC −
uLPID = kp ẽ + ki

∫ T
0 ẽ dt + kd

dẽ
dt ;

u = u0LPID − z2/b0
Where kp, ki, kd are the proportional,

integral, and derivative gains, respectively.

The LESO can be expressed as follows:{ .
z1 = z2 + b0u + β1(e1).
z2 = β2(e1)

ADRC −

The NLSEF of [33] can be expressed as
follows:

f al(ẽ1, α1, δ1) = {
ẽ1/
(
δ1

1−α1
)
, x ≤ δ1

|ẽ1|α1 sign(ẽ1), x > δ1
u0 = f al(ẽ1, α1, δ1)
u1 = u0NLSEF − z2/b0

IADRC −
The INLSEF of [44] can be expressed as:

u1 = k1
1+exp(ẽ2)

|ẽ|α1 sign(ẽ)

u2 = k2
1+exp(

∫
ẽ2dt)

∣∣∫ ẽdt
∣∣α2 sign

(∫
ẽdt
)

u0INLSEF = u1 + u2; u = uINLSEF − z2/b0

The SMESO of [45] can be expressed

as:


.
z1(t) = z2(t) + β1(k(e1(t))e1(t)).
zρ+1(t) = βρ+1(k(e1(t))e1(t))

k(e1(t)) = kα|e1|α−1 + kβ|e1|β

where k(e1(t))is a nonlinear function and α and
β are positive tuning parameters that must be

less than 1. kα and kβ are the nonlinear
function gains and are tuning parameters.

STC-ADRC Equation (12) The proposed STC-SM of
Equations (12) and (13). Proposed NLSEO of Equations (16) and (17).

NLPD-ADRC Equation (12) The proposed NLPD of Equation (33). Proposed NLSEO of Equation (18).

Table 5. Th/4e LADRC parameters.

ADRC Unit Parameter Value Parameter Value

LPID
kp 0.088 ki 1 × 10−9

kd 0.088 δ 10.326
LESO β1 1.78 β2 0.792100

Table 6. The ADRC parameters.

ADRC Unit Parameter Value Parameter Value

NLSEF α1 0.7729 δ1 0.3949

LESO
β1 102.3 β2 2616.3225
b0 7.375714 − −

Table 7. The IADRC parameters.

ADRC Unit Parameter Value Parameter Value

INLSEF
(NLPI)

k11 1.524 k2 0.6168
k12 2.456 µ2 0.0222
µ1 3.0164 α2 0.9593
α1 0.9615 δ 0.8865

SMESO

β1 138.18 β2 4773.4281
kα 0.9874 kβ 0.3604
α 0.3506 β 0.2225
b0 11.176 − −
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Table 8. The NLPD-ADRC parameters.

ADRC Unit Parameter Value Parameter Value

NLPD
k1 6.1775 k2 8.339
α1 0.8391 α2 0.8015

TD
R 55.38 a2 7.842
a1 0.142 − −

NLESO
β1 114.64 β2 3285.582400
a1 0.6129 b0 6.305714

Table 9. STC-ADRC parameters.

ADRC Unit Parameter Value Parameter Value

STC-SM
κ 0.6704 ξ 0.74115
p 0.3035 δ 0.6697

TD
R 55.38 a2 7.842
a1 0.142 − −

NLESO
β1 169.6 β2 7191.04
a1 0.5563 b0 9.521429

ii. Case study two. Temperature changes with constant irradiation at standard tempera-
ture conditions (STC).

In this test, a different temperature was applied with a different value at different times
to observe the effect of temperature on the PV module and investigate the effectiveness
of the proposed method. Figure 7a–c shows the output response of the PV module under
reference and temperature changes, while Figure 7d–f shows the converter output voltage,
current, and power transmitted to the load, respectively. From Figure 7, it is obvious that
as the temperature increases, the power decreases, and the inverse relationship between
the temperature and the power is obvious in the figure. As can be seen, the proposed
method provides a smooth response with fast-tracking to the reference voltage and is also
more robust, without any visible ripples or chattering. Moreover, the proposed method
shows better performance, reaches the steady-state value in less 1 s, and effectively tracks
the MPP. On the other hand, the LADRC shows an overshoot of 7.28 V, about 25.1% of
the steady-state value, the same for Figure 7b,c. The LADRC shows an undershoot with
chattering in the output response. Moreover, the ADRC shows a small chattering in the
output response; however, IADRC shows better results than both LADRC and ADRC and
the proposed method provides excellent response and performance compared to the other
methods. Moreover, as shown in Figure 7d–f, the voltage, current, and power transmitted
to the load from the converter of the proposed method show a smooth response compared
to the other methods. However, the IADRC also shows a good result compared to both
the ADRC and LADRC, but still, the proposed method achieves an accurate and excellent
performance with a minimum OPI compared to the other methods.

iii. Case study three: load change with both irradiation and temperature at standard
temperature conditions (STC).

In this test, the effect of changing the load on the system is taken into considera-
tion as an uncertainty in the load or a sudden variation in the load. The same as in
the aforementioned tests, a step function of 29 u(t) is used as a reference. A step of
∆RL ∓ 20% RL is applied to observe the effect of load variation on the PV output response
at t = 15 s, ∆RL = +20% RL and t = 30 s, ∆RL = −20% RL. From Figure 8a–c shown
below, it appears that the proposed method is more accurate and robust with a smooth
response. Moreover, the system operates at the MPP despite the load change, and this is
the aim of using the proposed method, in which at any load value, the system will operate
at the MPP. Moreover, the proposed method is ripple-free and reaches the steady-state
at about 1.5 s compared to the other methods. Figure 8d–f shows the converter output
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response. The proposed method shows a smooth response, ripple- and oscillation-free
compared to the other methods; however, the IADRC also shows a good result compared
to both the ADRC and LADRC. The performance index is shown in Table 10.
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Figure 6. Comparison between the proposed method (STC-ADRC) and LADRC, NLADRC, and
IADRC under irradiance changes. (a) PV Voltage. (b) PV Current. (c) PV Power. (d) The converter
output voltage (Load Voltage). (e) The converter output current (Load Current). (f) The converter
output power (Load Power).
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Figure 8. Comparison between the proposed method (STC-ADRC) and LADRC, NLADRC, and
IADRC under load changes by ∆RL = ±20%. (a) PV Voltage. (b) PV Current. (c) PV Power. (d) The
converter output voltage (Load Voltage). (e) The converter output current (Load Current). (f) The
converter output power (Load Power).
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Table 10. The performance indices.

Performance
Index LADRC ADRC IADRC NLPD-ADRC STC-ADRC

ITAE 227.645291 123.466037 113.083615 81.377283 34.246021
IAU 3124.721304 1738.772900 957.928495 1275.646277 1101.477163
ISU 1365.077613 112.698850 3.401035 9.959110 7.666228
OPI 3.742875 0.721694 0.402827 0.351374 0.199233

Table 10 presents the performance indices. It is observed from this table that the
proposed scheme shows an improvement in terms of the OPI, whereas the OPI shows an
improvement of about 94.67% as compared to the other schemes. Once again, the proposed
method shows the best output result with minimum OPI even when applying different
case studies. The proposed method proves its competence in dealing with the disturbance
and uncertainties. The configuration of different ADRC schemes that used in this work are
introduced in Appendix A.

7. Conclusions

In this work, two improved ADRC schemes have been proposed to design an ac-
curate MPPT controller to operate the PV cell at the MPP in the presence of exogenous
disturbances and parameter variations using super twisting sliding mode and nonlinear
proportional-derivative control techniques. It can be concluded that the proposed schemes
outperformed the traditional ones with a big difference in the output performance. This
improvement in the performance appeared in the values of the OPI, the time-domain
measures (e.g., overshoot, steady-state error), and minimum settling time, which are listed
in Table 10. It is observed from this table that the proposed scheme shows an improvement
in terms of the OPI, whereas the OPI shows an improvement of about 94.67% as compared
to the other schemes. Once again, the proposed method shows the best output result
with minimum OPI even when applying different case studies. The proposed method
proves its competence in dealing with the disturbance and uncertainties. Moreover, the
closed-loop stability with IADRC has been analyzed using the Lyapunov stability method.
The simulation results illustrated the effectiveness of the proposed schemes in tracking the
MPP with a smooth, fast response and the quick attenuation of the effect of the applied
disturbance and uncertainty. Finally, an extension to this work includes using different
optimization algorithms in the tuning process of the controller and observer parameters
and the H/W implementation of the current work using ARDUINO kits.
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Appendix A

The configuration of the Different ADRC schemes used in this work.
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Figure A3. IADRC, STC-ADRC, and NLOD-ADR configurations.

The ADRC schemes of IADRC, STC-ADRC, and NLPD-ADRC are the same; the
difference is in the kind of the nonlinear controller used, i.e., when a super twisting sliding
mode controller is used, the ADRC is called STC-ADRC, the same for the other schemes.

Appendix A.2. The Significance of the Different ADRC Schemes

The basic ADRC configuration as proposed by Han [26] takes from modern control
theory’s best offering: the state observer, which embraces the power of nonlinear feed-
back and puts it to full use. It is a useful digital control technology developed out of an
experimental platform rooted in computer simulations. The LADRC, on the other hand,
inherits from proportional-integral-derivative (PID) the quality that makes it such a success:
the error-driven, rather than model-based, control law. Moreover, STC-ADRC and NLPD-
ADRC provide more accurate error tracking and smoother output signals than the standard
ADRC and the LADRC due to the nonlinearities in the controller unit. The estimated states
with the STC-ADRC and NLPD-ADRC are closer to the actual system states while the
disturbance rejection is improved.
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