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Abstract

Photovoltaic (PV) system parameters are always non-linear due to variable environmental

conditions. The Maximum power point tracking (MPPT) is difficult under multiple uncertain-

ties, disruptions and the occurrence of time-varying stochastic conditions. Therefore, Pas-

sivity based Fractional order Sliding-Mode controller (PBSMC) is proposed to examine and

develop a storage function in error tracking for PV power and direct voltage in this research

work. A unique sliding surface for Fractional Order Sliding Mode Control (FOSMC) frame-

work is proposed and its stability and finite time convergence is proved by implementing

Lyapunov stability method. An additional input of sliding mode control (SMC) is also added

to a passive system to boost the controller performance by removing the rapid uncertainties

and disturbances. Therefore, PBSMC, along with globally consistent control efficiency

under varying operating conditions is implemented with enhanced system damping and sub-

stantial robustness. The novelty of the proposed technique lies in a unique sliding surface

for FOSMC framework based on Riemann Liouville (R-L) fractional calculus. Results have

shown that the proposed control technique reduces the tracking error in PV output power,

under variable irradiance conditions, by 81%, compared to fractional order proportional inte-

gral derivative (FOPID) controller. It is reduced by 39%, when compared to passivity based

control (PBC) and 28%, when compared to passivity based FOPID (EPBFOPID). The pro-

posed technique led to the least total harmonic distortion in the grid side voltage and current.

The tracking time of PV output power is 0.025 seconds in PBSMC under varying solar irradi-

ance, however FOPID, PBC, EPBFOPID, have failed to converge fully. Similarly the dc link

voltage has tracked the reference voltage in 0.05 seconds however the rest of the methods

either could not converge, or converged after significant amount of time. During solar irradi-

ance and temperature change, the photovoltaic output power has converged in 0.018 sec-

onds using PBSMC, however remaining methods failed to converge or track fully and the dc

link voltage has minimum tracking error due to PBSMC as compared to the other methods.

Furthermore, the photovoltaic output power converges to the reference power in 0.1
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seconds in power grid voltage drop, whereas other methods failed to converge fully. In addi-

tion power is also injected from the PV inverter into the grid at unity power factor.

1. Introduction

A strong electrical power system becomes the primary element for the growth and progress of

a nation, as quality of life of citizens, agricultural-industrial development, and levels of produc-

tion depends on a continuous supply of electricity [1].

Due to quick industrialization and rapid growth of the world population, fossil fuels like oil,

gas, and coal reserves are declining. Sustainable and endless technologies for clean energy to

produce electricity are also desperately needed to completely meet the ever-increasing demand

for energy, which is projected to produce approximately half of all growth in 2040 [2]. Electric-

ity harvested from various natural resources (hydropower, solar, wind, tidal, biomass, geother-

mal, bio fuel) leads to development of different modern technologies [3]. Among these, one of

the main constructive sources of sustainability is solar energy which has cleanliness, time dis-

tribution, and merits of abundance. Due to high advantages of solar energy such as low opera-

tional cost, less maintenance, no carbon emissions, no moving parts, silent energy production

(making no noise in energy conversion), and more than 20 years of its long lifetime, it has

gained numerous interests and attention in academic and industrial sectors. Increased energy

costs and environmental restrictions are motivated by the advancement of technology solu-

tions that allow improved resource management and the utilization of renewable energies by

unique photovoltaic energy sources [4]. The PV cell is the fundamental unit and vital part of a

photovoltaic system and its output power is subjected to illumination, temperature of photo-

electric material, and component aging, etc. The productivity distinctiveness of photovoltaic

cells is altering with the change of environmental factors which is always non-linear [5]. The

photovoltaic has seen an increase in efficiency because of the innovations of the solar cells.

Practically, it is very complex to always track the maximum available power from PV systems

and to make use of the PV cell more efficiently. The extraction of maximum power process is

called MPPT [6]. To obtain the maximum power output under different atmospheric condi-

tions, there are different algorithms i.e. hill climbing [7], Perturb and observe (P&O) [8], and

Incremental conductance (INC) [9]. The DC voltage is regulated by PV inverter that converts

it into single-phase or 3-phase AC currents. The methods mentioned above are unsuccessful

in tracking the MPP under speedily altering atmospheric surroundings and the operating

point oscillates at steady-state, resulting in power loss [10]. To improve MPPT accuracy and

speed, [11] suggested the variable step size INC-MPPT method. However, stability cannot be

ensured by the above described MPPT processes. Then advanced MPPT techniques are sug-

gested in [12, 13], based on ripples association control (RAC). Such methods have demon-

strated good efficiency, while a reliable operation can be assured at the same instant of time.

Therefore, a correct device configuration of PV inverters is very imperative to achieve an accu-

rate and proficient MPPT.

Proportional integral derivative (PID) along with Vector- control loops are traditionally

used for PV inverter due to its currently aerial operational performance and its simple struc-

ture [14]. Nevertheless, it cannot achieve reliable control efficiency under varying operational

conditions. To boost traditional control efficiency for PID control, [15] suggested a minimum

power control technique with a half-order PID controller based on unknown parameters of

PV. Meanwhile, optimized fractional-order PI (FOPI) control for the solar photovoltaic sys-

tems have been developed [16]. Above mentioned methods depend on a fractional-order
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estimation, that provides two additional fractional order parameters to change the device

dynamics further. However, the later methods have the underlying flaws of linear control,

such as the one-point linearization of original nonlinear system. Many nonlinear control

schemes are used to ensure global control consistency, aimed at ensuring adequate control

performance for various purposes. Feedback linearization control (FLC) was suggested in the

work of [17] for grid-connected PV three-level inverters, in which nonlinearities of the PV

inverter were eliminated to realize a global continuity of control with different operating con-

ditions. But a stable PV device model is needed because it is highly vulnerable to any kind of

uncertainties or external perturbations of parameters. An MPPT controller was also designed

to increase tracking accuracy at different solar irradiance and temperature levels in [18]. Fur-

thermore [19] suggested an advanced Adaptive SMC approach, to discard inconsistencies and

instability, which was capable of properly boosting the forcefulness of the PV device. In [20], a

perturbation estimator has been suggested to reduce exposure to the unstable parameters and

to easily reject grid side disruption in a digital predictive current control controller. In general,

the above techniques treat the PV systems regulation as a mathematical challenge, the neces-

sary and important physical characteristics for the complicated responses of the system are in

some cases not fully analyzed and are ignored. The Lyapunov stability theorem flexibly decom-

poses a complex initial structure into many sub-systems [21] with an effective storage mecha-

nism, to reorganize the total power of the closed-loop system by inserting distributed energies.

The principle of energy determination based on its reshaping for dynamic control of manipu-

lator was given in [22]. The control issues were then balanced and the time variants of the stor-

age space mechanism took the preferred form to construct a correct sequence of links between

the controller and the dynamic system under consideration [23].

Passivity-based controls (PBCs) are also highly promising for PV control architecture since

they can be used as a power transfer unit. Two types of PBC schemes are widespread in litera-

ture: interconnection, damp passivity-based control (IDAPBC) [24] and proportional-integral

passivity-based control (PIPBC) [25]. These two approaches were proposed by [1] for the con-

stancy analysis of hydro-solar power systems. PIPBC was a model for bilinear model incorpo-

rated by electronic power converters. To obtain fast and accurate photovoltaic systems in

terms of environmental changes a passivity-based MPPT controller was developed in [5] for

grid-connected PV systems. PBCs with damping techniques and energy shaping methods of

injectors for the power modulation PV/battery hybrid power sources have been synthesized in

[26]. Similarly, [27] applied a passivity-based control assumption to control the current control

mode of a battery energy storage device under closed-loop conditions of global exponential

stability. Meanwhile, an algebraic identification parameter was employed to approximate

unknown PV array voltage, battery voltage, and charge resistance parameters via the PV/bat-

tery hybrid energy sources adaptive passivity-based controller (APBC) [28]. A PBC was engi-

neered with Euler-Lagrange (EL) damping in order to enhance the complex output of the

electricity-related current with the T-type neutral point clamped PV inverter [2]. In compari-

son, a PBC was suggested for the PV inverter revealing strong reference tracking with fast

dynamics to ensure that the tracking error asymptotically became zero. Thus Passivity based

control (PBC) showed more robustness during parameters disturbances, and can be easily

implemented [29].

It has been well established that the utilization of sliding mode control (SMC) leads to the

development of robust controllers for complex non-linear dynamic plants which are operating

under different uncertain conditions. It is less sensitive to the variations in plant parameters

and disturbances due to which the exact modeling of the plant becomes unnecessary. How-

ever, SMC has a chattering phenomenon, which is undesirable. Conventional SMC cannot

control these oscillations due to chattering within the bounded time, however fractional order
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SMC has the ability to reduce the amplitude of the error signal and conversion time by select-

ing appropriate fractional coefficient ‘α’.

Sliding-mode control (SMC) have several applications in different areas and can model

uncertainties and disturbances. A fractional order sliding mode control (FOSMC) is used to

reduce chattering in a current and power signals. It gradually suppresses signal chattering in a

lower order system using traditional sliding mode control (SMC) [30–34]. In [35], a magnetic

suspension system of a low speed maglev train was suggested along with the implementation

of magnetic suspension controller and a nonlinear mathematical model of the magnetic sus-

pension system. In this work PID controller was considered but it was sensitive to distur-

bances. To remove disturbances and parameter perturbations an adaptive neural-fuzzy sliding

mode controller was suggested, based on sliding mode control, adaptive-fuzzy approximator,

and the neural-fuzzy switching law. It efficiently reduced the impact of the disturbance and

parameter perturbations.

In [36], an adaptive neural network controller comprising input delay compensation and a

control parameter optimization scheme was presented for the electromagnetic levitation sys-

tem of a maglev vehicle. It was robust against the issues of external disturbance, input time

delay, and time-varying mass. A sliding-mode surface with time-delay compensation was

implemented for the problem of input time delay, a double-layer neural network and adaptive

laws were implemented, leading to adaptive tracking control law with finite time. In addition,

the stability of the proposed controller in finite time, using Lyapunov stability method, was

analyzed that enhanced the robustness of the system.

In [37], authors have presented fuzzy supervisory passivity-based high order-sliding mode

control approach for tidal turbine-based permanent magnet synchronous generator conver-

sion system. They reported problems associated with conventional control techniques such as

PI control related to machine side. They emphasized the advantage of passivity based control

and mentioned that instead of the cancellation of the nonlinear properties, they were damped,

leading to more robustness and stability. In a passivity based control, the system’s natural

energy was reshaped and damping was injected in a controlled manner, to achieve the desired

system dynamics. A hybrid controller law was implemented by combining high order sliding

mode control and passivity based control to achieve robustness irrespective of uncertainities.

In [38], authors have presented robust interconnection and damping assignment energy-

based control for a permanent magnet synchronous motor using high order sliding mode

approach and nonlinear observer. They mentioned the benefits of nonlinear controls for the

compensation of nonlinearities, external disturbances and parametric fluctuations. A new

interconnection and damping assignment passivity based control was proposed which was

robust.

In [39] authors have presented advantages of the passivity based control in dynamic voltage

restorers for power quality improvement. They reported that under transient and steady state

conditions, the passivity based control provided better performance than PI control, e.g. faster

transient response, did not generate overshoots and led to zero tracking error of any reference

with linear and nonlinear loads. On the other hand with PI control zero steady state error was

not achieved and the stability was confined to one operating point.

In [40] authors have presented interconnection and damping assignment passivity-based

control as a survey. As mentioned above, the passivity based control rendered a system passive

with respect to a storage function and injecting damping. Typically the controller rendered the

storage function non-increasing.

In [41], authors have presented design of passivity-based damping controller for suppress-

ing power oscillations in dc microgrids. They mentioned the sensitivity of conventional passiv-

ity based control to load variations and suggested the use of interconnection and damping
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assignment passivity based control in order to overcome the issue. In [42] authors have pre-

sented an approach to suppress low frequency oscillation in the traction network of high-

speed railway using passivity-based control, i.e. interconnection and damping assignment pas-

sivity based control was utilized. They concluded that passivity based control was better than

PI control, which was the most important factor for the creation of low frequency oscillations

of the high speed railway traction network, in terms of static and dynamic performance and

effectively suppressed low frequency oscillations of the high speed railway traction network.

Sliding mode control has been considered as one of the robust controllers for complex high

order nonlinear dynamic plants which were operating under uncertain conditions [43]. How-

ever sliding mode control also suffers from an undesirable chattering phenomena due to sys-

tem’s unmodeled dynamics or discrete time implementations, as mentioned above. Chattering

is a type of high frequency switching which can induce unwanted dynamics in the system

which can destabilize, degrade, or even destroy the system under study. Authors in [43] have

presented chattering suppression methods in sliding mode control systems. They suggested an

observer based chattering suppression mechanism.

In [44], sliding mode control versus fractional-order sliding mode control, applied to a

magnetic levitation system was proposed. Authors showed that, in terms of tracking accuracy,

speed of response and chattering, the performance of fractional order sliding mode control

was better than sliding mode control. The reason was that due to adjustable fractional orders

of derivatives and integrals, more degrees of freedom could be added to the controller. Simi-

larly in [45], a fractional-order sliding mode control method for a class of integer-order non-

linear systems was presented. A fractional order stability theorem was derived. Based on this a

novel fractional order sliding surface was proposed and a control law based on it for a class of

integer order nonlinear system was derived. The advantage of the proposed technique was that

fractional order sliding mode control can be applied to integer order nonlinear systems which

are more practical. During solar irradiance change and/or temperature change, the maximum

power point of the photovoltaic system shifts. If this maximum power point is not tracked

accurately and immediately, it leads to decrease in power output and efficiency of the system.

Similarly, during grid voltage drop, the photo voltaic inverter should keep on providing the

desired power to the grid. The motivation of the research is to propose robust and fast control

system, to track the maximum power point efficiently. The innovation of the paper lies in pro-

posing a hybrid robust and fast control system based on passivity and fractional order sliding

mode control. A unique sliding surface for fractional order sliding mode control has been pro-

posed which ensures asymptotic convergence of the error signal without chattering. This has

been verified through Lyapunov stability criteria and three test cases, i.e. the performance of

the controlled photovoltaic system under irradiance change, under both irradiance and tem-

perature change and under power grid voltage drop.

In [31] a passivity based FOSMC was designed for a grid connected PV system. However

inverter was not operated under unity power factor. Whereas in [32] passivity based fractional

order PID (PBFOPID) was also studied for a grid connecting PV system. Keeping all these

advantages in view, i.e. the benefits of PBC and robustness in FOSMC, a passivity-based frac-

tional order sliding mode controller (PBSMC) is proposed and implemented in this research

work.

The key contributions in this work given as:

1. A storage function is developed and the physical characteristics of all its terms are carefully

investigated and completely analyzed.

2. Unlike [31], a unique sliding surface for FOSMC framework is proposed based on Riemann

Liouville (R-L) fractional calculus.
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3. The stability as well as finite time convergence of FOSMC is proved by using Lyapunov sta-

bility criteria.

4. FOSMC is implemented as an input to passivize a system by reshaping its storage function.

It significantly increases the robustness of a PV inverter during parameter uncertainties.

5. The proposed PBSMC is compared with the existing latest techniques, i.e. Fractional order

PID (FOPID) [32], Passivity based fractional order PID (PBFOPID) [32] and PBC [5, 31],

under three cases a) irradiance change b) irradiance and temperature change c) power grid

voltage drop.

2. Grid-connected PV inverter modeling

In Fig 1 grid-connected system with three-phase inverter is shown. The structure includes dif-

ferent components. The conversion of solar irradiance to DC current occurs in PV cell, DC

linked capacitor is used to diminish frequency ripples in the DC voltage of the PV inverter.

The PV inverter is connected to the dc-link capacitor by converting input DC power into AC

power. An R-L filter and 3-phase power grid is also connected [46].

PV cells are connected together to form PV modules. Each PV cell contains a luminosity

emitted current generated source, a series resistance, with a parallel diode to block the reverse

current. The desired output can be obtained by placing PV cells in series and parallel combina-

tions. The link between the yielded current and yielded voltage is given as [17, 31, 47].

Ipv ¼ NpIph � NpIrs exp
q

AkTc

Vdc

Ns
þ
RsIpv
Np

 !" #

� 1

 !

ð1Þ

where Ipv is the PV output current, Iph is the cell photo current, Np is the number of solar cell

panels connected in parallel, Ns is the number of panels connected in series, A is the ideality

factor of diode, k is the Boltzman constant, Tc is the cell absolute working temperature in oK,

Rs is the series resistance of solar cell, Vdc is the PV output voltage and Irs is the cell reverse

Fig 1. Grid-connected PV inverter.

https://doi.org/10.1371/journal.pone.0296797.g001
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saturation current.

Iph ¼ Isc þ ki Tc � Tref

� �� � s
1000

ð2Þ

Is ¼ Irs
Tc

Tref

#3

exp
qEg

Ak
1

Tref
�

1

Tc

 !" #

ð3Þ

"

where ki is cell short circuit current at 25 oC and 1000 W/m2, Tref is cell reference temperature

in oK, s is the total solar irradiation, W/m2, Isc is cell short circuit current and Is is the cell satu-

ration current. Eq (4) is the reverse saturation current under its rated temperature and solar

irradiance which is given below.

Irs ¼
Isc

exp qVoc
NskATc

� �
� 1

ð4Þ

where Voc is the cell open circuit voltage. In this work, 25 panels of PV arrays in series are used

where every module contains 18 cells in series. The aforementioned Eqs (1)–(4) show that the

PV totally depends on solar irradiance and temperature [17, 31, 47].

The park’s transformation [17] is a technique that transforms, abc components into dq0

components.

From Fig 1 we can obtain the following equations, i.e.

va ¼ Ria þ L
dia
dt
þ ea

vb ¼ Rib þ L
dib
dt
þ eb

vc ¼ Ric þ L
dic
dt
þ ec

ð5Þ

8
>>>>>><

>>>>>>:

where R is the equivalent line resistance of power grid and L is equivalent line inductance of a

power grid. Also it is assumed for simplicity that R = Ra = Rb = Rc and L = L1 = L2 = L3. va, vb,
vc are photovoltaic inverter three phase output voltages and ea, eb, ec are grid side three phase

voltages. ia, ib, ic are the three phase line currents. The purpose of RL filter is to smooth out the

high frequency harmonic components present in the inverter output.

By applying the following Park’s transformation on the system (5), i.e.

a

b

c

2

6
4

3

7
5 ¼

ffiffiffi
2

3

r

sinot cosot
1
ffiffiffi
2
p

sin: ot �
2p

3

� �� �

cos: ot �
2p

3

� �� �
1
ffiffiffi
2
p

sin: ot þ
2p

3

� �� �

cos: ot þ
2p

3

� �� �
1
ffiffiffi
2
p

2

6
6
6
6
6
6
6
6
4

3

7
7
7
7
7
7
7
7
5

d

q

o

2

6
4

3

7
5 ð6Þ

We obtain the following equations in the rotating d-q frame

vd ¼ ed þ Rid þ L
did
dt
þ oLiq

vq ¼ eq þ Riq þ L
diq
dt
� oLid

ð7Þ

8
>><

>>:

where vd and vq are d-q components of the PV inverter output voltage, ed and eq are d- q
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components of grid voltage, id and iq are d-q components of grid current and ω is AC grid

frequency.

Eq (8) shows the dependence between the AC output side and the DC input side by ignor-

ing the power losses in the PV inverter.

edid þ eqiq ¼ VdcIdc ð8Þ

where Vdc and Idc are the PV inverter’s input voltage and current, correspondingly. From Fig 1

we can write

C
dVdc

dt
¼ Ipv � Idc ¼ Ipv �

edid þ eqiq
Vdc

ð9Þ

where C is the DC link capacitance.

Fig 2 shows the P&O method flow chart [8] based MPPT system. The advantage of P&O

and Hill climbing [7] methods is that they are simple. However they have associated disadvan-

tage as mentioned in [8]. Basically P&O method measures solar cell power P and solar cell volt-

age V. If dP/dV >0 then the actual point is at the left side of MPP, otherwise point is on the

Fig 2. Flowchart of P&O-based MPPT algorithm.

https://doi.org/10.1371/journal.pone.0296797.g002
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right side of MPP. This process lasts until dP/dV = 0, as shown in Fig 2.

dP
dV
¼ 0) MPP

dP
dV

> 0) Left side of MPP

dP
dV

< 0) Right side ofMPP

ð10Þ

8
>>>>>><

>>>>>>:

3. PBSMC design of three-phase PV inverter for MPPT

3.1. Passivity

Eq (11) represents the dynamical nonlinear system.

_x ¼ f x; uð Þ

y ¼ hðx; uÞ
ð11Þ

(

The state vector of the scheme (11) is x 2 Rn. u 2 Rm and y 2 Rm corresponds to input and

output respectively.

The energy balance [2] can be written as;

H½xðtÞ� � H x 0ð Þ½ �
|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

Stored

¼

Z t

0

uT sð Þy sð Þds
|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}

supplied

� d tð Þ
|{z}
dissipate

ð12Þ

where H(x) represents storage function and d(t) is a nonnegative function that shows the dissi-

pation effects in practical engineering problems. In case of a continuous differentiable positive

semi-definite function H(x), the system (11) is strictly passive such that

uTy �
@H
@x

f x; uð Þ þ zyTy; 8 x; uð Þ 2 Rn�Rm ð13Þ

where z> 0. To acquire the asymptotic stability, Lemma 1 is required as below;

Lemma 1 [31]. Consider a system (11), the origin of the uncontrolled system, _x ¼ f x; 0ð Þ,

is asymptotically stable, when its output is strictly passive and zero-state detectable with a posi-

tive definite storage function H(x). Furthermore, if the storage function H(x) is unbounded

radially, then the origin is globally asymptotically stable.

If system (11) is non-passive and there still exists a positive definite storage function H(x)

and a feedback control law u = β(x) + kv such that _H � vy, then the feedback system is

passive.

As an outcome, the feedback passivation is applied as a primary step in a stabilization

design due to the additional output feedback,

v ¼ � �ðyÞ ð14Þ

where ϕ(y) is a sector-nonlinearity satisfying yϕ(y) > 0 for y 6¼ 0 and ϕ(0) = 0, which can

achieve _H � y� yð Þ � 0.
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3.2. Fractional-order sliding mode control

Fractional-order calculus is based on integration and differentiation in a non-integer order

domain, the fundamental operator aDa
t is defined as

aD
a

t ¼

da

dta
; a > 0

1; a ¼ 0
R t
a ðdtÞ

� a
; a < 0

ð15Þ

8
>>><

>>>:

where a and t are the lower and upper limits, while α 2 R is the operation order.

The Riemann Liouville (R-L) type [32] and Caputo type [31] are the two most prevalent

definitions of fractional-order calculus (FOC).

The fractional derivative plus integration using Riemann-Liouville (R-L) of a function f(t)
employing t, is specified by the αth order R-L fractional derivative and integration.

aD
a

t f tð Þ ¼
1

ɼ n � að Þ

dn

dtn

Z t

a

f tð Þ
ðt � tÞa� nþ1

dt ð16Þ

where ɼ(.) is the gamma function, n is the first integer > α, e.g. n − 1� α< n.

Moreover, the R-L for a fractional-order integral can be defined as;

aD
� a

t f tð Þ ¼
1

ɼ að Þ

Z t

a
ðt � tÞa� 1f tð Þdt ð17Þ

where ɼ(.) is Euler’s Gamma Function defined as, ɼ að Þ ¼
R1

0
e� tta� 1dt.

The Caputo fractional order derivative is given as,

aD
a

t f tð Þ ¼
1

ɼ n � að Þ

Z t

a

f nð Þ tð Þ

ðt � tÞa� nþ1
dt ð18Þ

where n is the first integer > α, e.g., n − 1� α< n. As before ɼ(.) is the Gamma function.

The Laplace conversion of the Caputo fractional-order derivative (18) is given by

Z 1

0
0D

a

t f tð Þe� stdt ¼ saL f ðtÞf g �
Xn� 1

k¼0
sk 0D

a� k� 1

t f tð Þjt¼0 ð19Þ

where L :f g is the Laplace operator. During initial conditions, the fractional order integration

with the operation order α can be done by the transfer function F sð Þ ¼ 1

sa in a frequency

domain.

It is important to calculate the numerical solution of fractional systems defined by fractional

differential equations. Here, the Oustaloup approximation [31] is adopted to approximate the

fractional differentiator for a recursive distribution of poles and zeroes, as given below,

sa � K
YN

n¼� N

1þ s
oz;n

� �

1þ s
op;n

� � ; a > 0 ð20Þ

where 2N + 1 is the number of poles and zeros, and K is the gain which makes both sides of Eq
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(16) to have unity gain at 1 rad/s. ωz,n and ωp,n are given as,

oz;n ¼ ob
oh

ob

� �ðnþNþð1� aÞ=2Þ=ð2Nþ1Þ

ð21Þ

op;n ¼ ob
oh

ob

� �ðnþNþð1þaÞ=2Þ=ð2Nþ1Þ

ð22Þ

where ωb and ωh represent the lower and upper limits of frequency of approximation, respec-

tively. In general ωb ωh = 1 and K ¼ oa
h.

Lemma 2 [31]. Consider the following autonomous system.

0D
a

t z ¼ Cz; z 0ð Þ ¼ z0 ð23Þ

where z 2 Rn and C 2 Rn×n are asymptotically steady if jarg eig Cð Þð Þj > ap

2
, in which every ele-

ment of the state decays towards 0, like t−α. Moreover, system (23) is stable if

jarg eig Cð Þð Þj � ap

2
, with those critical eigenvalues satisfying jarg eig Cð Þð Þj ¼ ap

2
, have geometric

multiplicity one.

The fractional sliding surface along with the control law are the two primary characteristics

that SMC is based upon. According to the proposed control law, the system must track the

sliding surface. The suggested non-integer or fractional sliding mode surfaces are:

S1 ¼ e1 þ lD a� 1ðsigðe1Þ
g
Þ

S2 ¼ e2 þ lD a� 1ðsigðe2Þ
g
Þ

ð24Þ

e1 ¼ iq � i∗q ð25Þ

e2 ¼ Vdc � V∗
dc ð26Þ

where e1 and e2 are current and voltage tracking error respectively, Dα−1 is the R-L fractional

integral of (α − 1)th order, α, γ, and λ adds positive parameters along design attributes of (α<
1 and γ< 1).

The sig() function is given as,

sigðxÞg ¼ jxjgsgnðxÞ ð27Þ

where sgn(x) function is defined as:

sgn xð Þ ¼

x
jxj
; if x 6¼ 0

0; if x ¼ 0

ð28Þ

8
<

:

3.3. Pbsmc design

P&O technique in MPPT under different atmospheric conditions is applied to obtain the refer-

ence of a DC-link voltage V∗
dc. The reference of q-axis current i∗q is evaluated by the PV inverter

operator to regulate the unity power factor. The state vectors are given as x = (x1, x2, x3)T = (id,
iq, Vdc)

T, output y = (y1, y2)T = (iq, Vdc)
T, and input u = (u1, u2)T = (vd, vq)T. The tracking error

is defined as e ¼ ½e1; e2�
T
¼ ½iq � i∗q;Vdc � V∗

dc�
T
, where i∗q and V∗

dc are the reference currents

PLOS ONE Robust control of photovoltaic systems

PLOS ONE | https://doi.org/10.1371/journal.pone.0296797 February 7, 2024 11 / 47

https://doi.org/10.1371/journal.pone.0296797


and voltages. By differentiating the tracking error e until the control input u appears, we get,

_e1

€e2

" #

¼
f1ðxÞ

f2ðxÞ

" #

þ BðxÞ
u1

u2

" #

�
_i∗q
€V∗
dc

" #

ð29Þ

where,

f1 xð Þ ¼ �
R
L
iq þ oid �

eq
L

ð30Þ

f2 xð Þ ¼
_I pv
C
�
ed � R

L id � oiq �
ed
L

� �
þ eq � R

L iq þ oid �
eq
L

� �

CVdc
�

edid þ eqiq
� �

C2V2
dc

Ipv þ
ðedid þ eqiqÞ

2

C2V3
dc

ð31Þ

B xð Þ ¼
0

1

L

�
ed

LCVdc
�

eq
LCVdc

2

6
6
4

3

7
7
5 ð32Þ

To make above input–output linearization valid, control gain matrix B(x) must be non-sin-

gular during the whole operation range, which needs to satisfy the following equation, i.e.

det B xð Þ½ � ¼
ed

L2CVdc
6¼ 0 ð33Þ

As component ed is always different from zero, the above condition can always be satisfied.

A storage function for error tracking dynamics (29) is developed as,

H iq;Vdc; Idc
� �

¼
1

2
iq � i∗qÞ

2
þ

1

2
Vdc � V∗

dcÞ
2
þ

1

2

Idc
C
� _V ∗

dcÞ
2

ð34Þ

���

Here, the storage function H(iq, Vdc, Idc) consists of sum of heat produced by iq on a virtual

unit AC series-resistor plus heat produced by DC-link voltage Vdc as a virtual unit DC parallel

resistor. Whereas the heat generated by DC-link current Idc is flowing through a virtual unit

DC series-resistor.

The first term of storage function (34), e.g. 1

2
iq � i∗qÞ

2
�

tries to regulate power factor; while

the later terms, e.g., 1

2
Vdc � V∗

dcÞ
2

�
and 1

2

Idc
C �

_V ∗
dcÞ

2
�

show energy transformation from the solar

energy into electricity. The changes of PV output power are evaluated by the variation of DC-

link voltage Vdc and DC-link current Idc according to relationship (9).

Remark 1. MPPT is acquired by adaptable dc-link voltage Vdc (with a degree of 2). One

more goal is achieved to control the reactive power, which is controlled by iq (with a degree of

1). Therefore, storage function and tracking error dynamics only contain dc-link voltage Vdc

and reactive component iq at the same time as the d-axis current id is excluded. There are only

two inputs u1 and u2 but the total order of tracking error dynamics (29) is 3. The two inputs u1

and u2 are used to achieve the above-mentioned two goals (2+1 = 3). In this control theory, no

more inputs could be adopted for the controlling of the d-axis current id. Therefore, Eqs (7) to

(9) show that after the control of iq and Vdc, the id is indirectly controlled.

Remark 2. The third term of the storage function H, for example, 1

2

Idc
C �

_V ∗
dcÞ

2
�

, is actually

1

2
_Vdc �

_V∗
dcÞ

2
�

. The connection C dVdc
dt ¼ Idc may be used to get this directly. To offer a clearer

physical depiction of these two terms, this work does not openly employ their derivative but
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instead ultimately uses their corresponding connection. The DC-link current Idc plus DC-link

capacitor C of the storage function H, in particular, can be directly measured.

Differentiation of storage function (34) with respect to time is given as,

_H iq;Vdc; Idc
� �

¼ iq � i∗q
� � d

dt
iq � i∗q
� �

þ Vdc � V∗
dc

� � d
dt

Vdc � V∗
dc

� �
þ

Idc
C
� _V ∗

dc

� �
d
dt

Idc
C
� _V ∗

dc

� �

ð35Þ

Substituting
Idc
C ¼

dVdc
dt ¼

_Vdc in Eq (35) and simplifying gives

_H iq;Vdc; Idc
� �

¼ iq � i∗q
� �

�
R
L
iq þ oid �

eq
L
þ
u2

L
� _i ∗q

� �

þ
Idc
C
� _V ∗

dc

� ��

Vdc � V∗
dc

� �
þ

_I pv
C

�
ed � R

L id � oiq �
ed
L

� �
þ eq � R

L iq þ oid �
eq
L

� �

CVdc
�

edid þ eqiq
� �

C2V2
dc

Ipv þ
ðedid þ eqiqÞ

2

C2V3
dc

�
ed

LCVdc
u1 �

eq
LCVdc

u2 �
€V ∗

dc

�

ð36Þ

Design of PBSMC for system (29) is given as

u1 ¼ �
LCVdc

ed
€V ∗

dc � Vdc þ V∗
dc þ

eq
LCVdc

u2 �
_Ipv
C
þ
ed � R

L id � oiq �
ed
L

� �
þ eq � R

L iq þ oid �
eq
L

� �

CVdc
þ

edid þ eqiq
� �

CV2
dc

_V∗
dc þ n1

2

4

3

5ð37Þ

u2 ¼ L _i∗q � oLid þ Ri∗q þ eq þ n2 ð38Þ

where ν1 and ν2 denote additional inputs. Substituting values of u1 and u2 in Eq (36), together

with the DC-link relationship (9) gives,

_H iq;Vdc; Idc
� �

¼ �
1

CRdc

_Vdc �
_V ∗
dcÞ

2
�
R
L

iq � i∗qÞ
2
þ _Vdc �

_V ∗
dc

� �
v1 þ

iq � i∗q
L

v2ð39Þ

��

where Rdc ¼
Vdc2

edidþeqiq

Differentiating Eq (24) we get

_S1 ¼
_iq � _i∗q þ lD

aðsigðe1Þ
g
Þ

_S2 ¼
_Vdc �

_V∗
dc þ lD aðsigðe2Þ

g
Þ

ð40Þ

Eqs (7) and (9) can be rewritten as

vq ¼ mqVdc ¼ eq þ Riq þ L
diq
dt
� oLid ð41Þ

C
dVdc

dt
¼ Ipv �

edid þ eqiq
Vdc

¼ Ipv �
ðedid þ eqiqÞmd

vd
ð42Þ

where we have made use of the following equations

vq ¼ mqVdc ð43Þ

vd ¼ mdVdc ð44Þ

where md(t) and mq(t) are d and q components of modulation signals for Sinusoidal Pulse
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Width Modulation (SPWM) that are modulating Vdc. Assuming i∗q and V∗
dc are constants or

slowly varying. Substituting Eqs (41) and (42) in Eq (40), the modified equations can be writ-

ten as

_S1 ¼ f1 :ð Þ þ Vdcmq þ r1 þ lD
aðsigðe1Þ

g
Þ ð45Þ

_S2 ¼ f2 :ð Þ þ xmd þ r2 þ lD
aðsigðe2Þ

g
Þ ð46Þ

where Dα is the R-L operator, ρ1 and ρ2 are model uncertainity terms [33] and

f1 :ð Þ ¼ �
eq
L
�
Riq
L
þ oid ð47Þ

f2 :ð Þ ¼ Ipv ð48Þ

x ¼ �
ðedid þ eqiqÞ

vd
ð49Þ

Based on Eqs (45) and (46), the proposed control law certifies the reference error (current)

tracking convergence and produces modulating signals md and mq for SPWM which can be

defined as,

mq ¼
� f1 :ð Þ þ lD a sig e1ð Þ

g
ð Þ þ kqsgnðS1Þ

h i

Vdc
ð50Þ

md ¼
� f2 :ð Þ þ lD a sig e2ð Þ

g
ð Þ þ kdsgnðS2Þ½ �

x
ð51Þ

where terms kd and kq signifies FOSMC sliding gains.

4. Stability analysis

The definition of Lyapunov function [33] for the stability of proposed FOSMC is described as

V tð Þ ¼
1

2
S2

1
þ S2

2

� �
ð52Þ

By taking time derivative of Eq (52) we get

_V tð Þ ¼ S1
_S1 þ S2

_S2 ð53Þ

Substituting Eqs (45) and (46) in Eq (53) we get

_V tð Þ ¼ S1ðf1 :ð Þ þ Vdcmq þ r1 þ lD
aðsig e1ð Þ

g
ÞÞ þ S2ðf2 :ð Þ þ xmd þ r2 þ lD

aðsig e2ð Þ
g
ÞÞ ð54Þ

Substituting Eqs (50) and (51) in Eq (54) we get

_V tð Þ ¼ S1 r1 � kqsgn S1ð Þ
� �

þ S2ðr2 � kdsgn S2ð ÞÞ ð55Þ

Considering sgn S1ð Þ ¼
jS1 j

S1
and sgn S2ð Þ ¼

jS2 j

S2

_V tð Þ ¼ ðS1r1 � kqjS1jÞ þ ðS2r2 � kdjS2jÞ ð56Þ
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Now assigning (kq = |ρ1| + ξq) and (kd = |ρ2| + ξd), where ξq and ξd are positive parameters.

Eq (56) yields

_V tð Þ � � xqjS1j � xdjS2j � � minðxq; xdÞðjS1j þ jS2jÞ ð57Þ

where min(ξq, ξd) represents minimum of (ξq, ξd). Eq (57) verifies the stability criteria, finite

time convergence of proposed FOSMC sliding surface S1 and S2. Therefore, _V tð Þ is negative,

and the proposed FOSMC system is asymptotic stable [33].

The additional inputs are then designed as

v1 ¼ f1 :ð Þ þ Vdcmq þ r1 þ lD
aðsigðe1Þ

g
Þ ð58Þ

v2 ¼ f2 :ð Þ þ xmd þ r2 þ lD
aðsigðe2Þ

g
Þ ð59Þ

The control laws are provided using Eqs (58) and (59) to slide the scheme on a sliding sur-

face and ensure rapid and robust tracking error convergence.

Remark 3. To avoid over-current, the classical linear PI and PID control technique is used

as an inner current-loop to manage the inverter’s three-phase current. The suggested PBSMC

system, on the other hand, is a nonlinear approach that lacks an inner current loop in its con-

trol law and cannot tolerate over-current. As a result, the over-current prevention devices [22]

will be turned on to prevent the over-current from increasing.

Fig 3 shows the overall structure of PBSMC. Three-phase current and voltage components

are converted into d-q components, which are controlled by the controller which work as a

passivity-based controller. An additional input of Eqs (58) and (59) are added to the PBC as

additional inputs which performed as SMC. Then d-q components are transformed into abc

components and given to SPWM. SPWM produces pulses at a switching frequency of 10 kHz.

5. Results and analysis

Three cases, i.e. solar irradiance changes, solar irradiance and temperature changes, and power

grid voltage drop are adopted. The performance indices of each case are thoroughly analyzed.

Fig 3. The overall PBSMC structure of the grid-connected PV inverter for MPPT.

https://doi.org/10.1371/journal.pone.0296797.g003
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5.1. Case studies

Three representative control systems, i.e, FOPID [32], PBFOPID control [32], and PBC con-

trol [5, 31] along with the proposed PBSMC system are simulated and analyzed under the sub-

sequent three cases, i.e. (a) Solar irradiance change in the presence of constant temperature;

(b) Solar irradiance change plus temperature variation; and (c) Power grid voltage drop; Fur-

thermore, because the control inputs may exceed the PV inverter’s acceptable capacity at some

operating points, their values are restricted in the range [-1.3, 1.3]. Tables 1 and 2 include a list

of PV system parameters from [48] as well as PBSMC parameters established by trial and

error.

Furthermore, the first solar irradiance and temperature, as well as the q-axis current iq = 0,

are set to their rated values, e.g., 1 kW/m2 and 25˚C. PV output power P is 95920 W, DC link

voltage Vdc is 730 V, and PV output current Ipv is 132.3 A, correspondingly, under such stan-

dard conditions.

The voltage mentioned in Table 1 is three phase line to line rms voltage, whereas that men-

tioned in the figure is single phase peak voltage, i.e.

Single phase peak voltage ¼ ð400=sqrtð3ÞÞx sqrtð2Þ ¼ 323:4 V:

Where ‘sqrt’ stands for the square root.

5.2 Solar irradiance change

The step changes in solar irradiance are investigated as shown in Table 3;

This section aims to study the robust performance of the proposed control strategy under

solar irradiance change conditions. It is supposed that the system initially operates under solar

irradiance change conditions. Fig 4 shows that the three-phase voltages are sinusoidal but the

three-phase currents are dropped to 100 amperes at 0.2 sec because of dropping of solar irradi-

ance to 0.5 kW/m2, then rising to 150 amperes as the irradiance changed to 0.8 kW/m2 at 0.7

sec and recovered at 1.2 sec with the irradiance of 1 kW/m2 as shown in Fig 5. This causes the

output inverter current non-sinusoidal but the PBSMC is capable of removing oscillations

from the output voltage, thus the voltage waveform looks quite sinusoidal. Hence, the pro-

posed controller performance is good under irradiance change conditions. The THD of the

output voltage is within limits as per IEEE standards.

Figs 6 to 11 show how the responses of PV system alter when the solar irradiation changes.

The amalgamation of passivity and fractional-order sliding mode methods allows PBSMC to

Table 1. PV system parameters.

Typical peak power 213.15 W Series resistance 0.0848 Ω
Voltage at peak power 29 V Grid voltage 400 V

Current at peak power 7.35 A Grid frequency (f) 50 Hz

Short-circuit current 7.84 A Grid inductance (L) 0.003395 H

Open-circuit voltage 36.3 V Grid resistance Line (R) 1e-6 Ω
Temperature coefficient of Isc 0.12 A/C DC bus capacitance (C) 2955 µF

https://doi.org/10.1371/journal.pone.0296797.t001

Table 2. Parameters of proposed PBSMC and PI controller.

q-axis current control γ = 0.9 λ = 1500 Kq = 477 Kp = 5 Ki = 5000

DC-link voltage γ = 0.9 λ = 1500 Kd = 477 Kp = 5 Ki = 5000

https://doi.org/10.1371/journal.pone.0296797.t002
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provide the fastest tracking rate. Finally, the real-time difference of the storage function H(iq,
Vdc, Idc) shows that PBSMC has the quickest tracking speed (steepest slope) and the smallest

tracking error (lowest peak value). Figs 6 and 7 show the fast tracking of the reference by the

proposed controller. Fig 9 shows that reactive power injected into the grid is zero, i.e. real

power (Fig 8) is injected into the grid at unity power factor, by the proposed controller, how-

ever FOPID method could not achieve nonzero reactive power initially but it is tending

towards zero. Similarly, the proposed controller rendered the quadrature current, iq almost

Table 3. Three consecutive steps changes in solar irradiance.

Solar irradiance Time

1 kW/m2 0 sec

0.5 kW/m2 0.2 sec

0.8 kW/m2 0.7 sec

1 kW/m2 1.2 sec

https://doi.org/10.1371/journal.pone.0296797.t003

Fig 4. Three-phase voltages at the grid side under solar irradiance change.

https://doi.org/10.1371/journal.pone.0296797.g004

Fig 5. Three-phase currents at the grid side under solar irradiance change.

https://doi.org/10.1371/journal.pone.0296797.g005
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Fig 6. PV output power.

https://doi.org/10.1371/journal.pone.0296797.g006

Fig 7. DC link voltage Vdc.

https://doi.org/10.1371/journal.pone.0296797.g007

Fig 8. Real power (W).

https://doi.org/10.1371/journal.pone.0296797.g008
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Fig 11. Storage function (p.u).

https://doi.org/10.1371/journal.pone.0296797.g011

Fig 9. Reactive power (VAR).

https://doi.org/10.1371/journal.pone.0296797.g009

Fig 10. iq (amps).

https://doi.org/10.1371/journal.pone.0296797.g010
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zero, as shown in Fig 10. On the other hand FOPID method has nonzero iq, however it is tend-

ing towards zero.

Fig 12 shows grid side voltage and current corresponding to blue phase for FOPID under

solar irradiance change.

Fig 13 shows grid side voltage and current corresponding to blue phase for PBC under solar

irradiance change. As can be seen the voltage and current are in phase due to unity power

factor.

Fig 14 shows grid side voltage and current corresponding to blue phase for PBFOPID

under solar irradiance change. As can be seen the voltage and current are in phase due to unity

power factor.

Fig 12. Grid side voltage and current corresponding to blue phase for FOPID.

https://doi.org/10.1371/journal.pone.0296797.g012

Fig 13. Grid side voltage and current corresponding to blue phase for PBC.

https://doi.org/10.1371/journal.pone.0296797.g013
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Fig 15 shows grid side voltage and current corresponding to blue phase for PBSMC under

solar irradiance change. As can be seen the voltage and current are in phase due to quadrature

current being rendered zero.

5.2.1 Performance Indices of PV output power under solar irradiance change. The per-

formance indices of the four controllers, i.e. Integral absolute error (IAE), Integral time absolute

error (ITAE), and Integral square error (ISE) [31] are listed below. To investigate the whole

operating range of three cases, the simulation time T = 1.5 s was used. PBSMC has the lowest

IAE, ITAE, and ISE indices for PV output power with solar irradiance variation, as shown in

Figs 16 to 18 respectively. As a result, it performs better than the other three controllers.

The performance metrics are defined as follows,

IAEðtÞ ¼
Z t

0

jЄjdt ð60Þ

Fig 14. Grid side voltage and current corresponding to blue phase for PBFOPID.

https://doi.org/10.1371/journal.pone.0296797.g014

Fig 15. Grid side voltage and current corresponding to blue phase for PBSMC.

https://doi.org/10.1371/journal.pone.0296797.g015
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ITAEðtÞ ¼
Z t

0

tjЄjdt ð61Þ

ISEðtÞ ¼
Z t

0

Є2dt ð62Þ

where Є is the error. In case of tracking PV power, Є is defined as difference between reference

PV power and actual PV power, whereas in case of tracking Vdc*, Є is defined as difference

between reference Vdc and actual Vdc*.

Fig 16. IAE in Tracking PV power.

https://doi.org/10.1371/journal.pone.0296797.g016

Fig 17. ITAE in Tracing PV power.

https://doi.org/10.1371/journal.pone.0296797.g017
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5.2.2 Performances Indices of dc-link voltage Vdc under solar irradiance change. The

performance indices of the four controllers, i.e. IAE, ITAE, and ISE indices are listed below.

To investigate the whole operating range of three cases, the simulation time T = 1.5 s was used.

PBSMC has the lowest IAE, ITAE, and ISE indices for dc-link voltage Vdc during solar irradia-

tion variation, as shown in Figs 19 to 21. As a result, it performs better than the other three

controllers.

5.3 Temperature variation and solar irradiance change

Three-step changes in ambient temperature are explored.

It is supposed that the system operates under a solar irradiance change and temperature

variation condition. Fig 22 shows that the three-phase voltages are sinusoidal but the three-

Fig 18. ISE in tracking PV power.

https://doi.org/10.1371/journal.pone.0296797.g018

Fig 19. IAE in Tracking Vdc.

https://doi.org/10.1371/journal.pone.0296797.g019
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phase currents are dropped to 90 amperes at 0.2 sec because of dropping of solar irradiance to

0.5 kw/m2 and increase of temperature to 33 ˚C. Then the currents rise to 130 amperes as the

irradiance changed to 0.8 kw/m2 and temperature is increased to 40 ˚C at 0.7 sec and finally

the current is recovered at 1.2 sec with the irradiance of 1 kw/m2 and temperature dropped to

25 ˚C as shown in Fig 23. We can see that the increase in temperature caused drop in three-

phase current. This causes the output inverter current non-sinusoidal but the PBSMC is capa-

ble of removing oscillations from the output voltage, thus the voltage waveform looks quite

sinusoidal. Hence, the proposed controller performance is quite effective under irradiance

change and temperature variation conditions. Also, the Total Harmonic Distortion (THD) of

the output voltage is within limits as per IEEE standards.

Fig 20. ITAE in Tracking Vdc.

https://doi.org/10.1371/journal.pone.0296797.g020

Fig 21. ISE in tracking Vdc.

https://doi.org/10.1371/journal.pone.0296797.g021
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Meanwhile, the solar irradiance is adjusted as described in Table 4, with PV power and grid

power reducing to 50 KW at t = 0.2 seconds and then being restored at t = 1.2 seconds. How-

ever, during the lowering point, reactive power and iq current are at their maximum value. At

t = 0.2 seconds, the dc-link voltage drops and then restores at t = 1.2 seconds. Temperature

changes cause a lot of harmonics, uncertainties, and a reduction in dc-link voltage, yet PBSMC

immediately recovered the parameters.

The outcome of the PV system responses is shown in Figs 24 to 29, which reveals that

PBSMC has the best control performance amongst the four controllers since it has the maxi-

mum tracking speed with no overshoot. Figs 24 and 25 shows the fast tracking of the reference

by the proposed controller. Fig 27 shows that reactive power injected into the grid is zero, i.e.

real power (Fig 26) is injected into the grid at unity power factor, by the proposed controller,

Fig 22. Three-phase voltages at the grid side under solar irradiance change.

https://doi.org/10.1371/journal.pone.0296797.g022

Fig 23. Three-phase currents at the grid side under solar irradiance change.

https://doi.org/10.1371/journal.pone.0296797.g023
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however FOPID method could not achieve nonzero reactive power initially but it is tending

towards zero. Similarly, the proposed controller rendered the quadrature current, iq almost

zero, as shown in Fig 28. On the other hand, FOPID method has nonzero iq, however it is tend-

ing towards zero. In Fig 24, there is a reduction in PV output power due to change in

Table 4. Three consecutive steps changes in temperature.

Temperature Time

25 ˚C 0 sec

33 ˚C 0.2 sec

40 ˚C 0.7 sec

25 ˚C 1.2 sec

https://doi.org/10.1371/journal.pone.0296797.t004

Fig 24. PV output power (kW).

https://doi.org/10.1371/journal.pone.0296797.g024

Fig 25. DC link voltage Vdc.

https://doi.org/10.1371/journal.pone.0296797.g025
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temperature and irradiance, however PBSMC accurately tracks the reference value with the

least overshoot. In Fig 25, there is a drop in the level of dc link voltage, however it gets restored

after 1.2 s, in case of PBSMC. On the other hand FOPID and PBC have shown significant devi-

ation and very weak convergence behavior. In Fig 26, there is a reduction in real power due to

temperature and irradiance change, however, PBSMC has shown the maximum output real

power of all. In Fig 27, FOPID has shown significant fluctuations in the reactive power. Also

the reactive power is non-zero. Whereas in case of the remaining methods, the fluctuations are

around the horizontal axis and are quite less in amplitude. In Fig 28, FOPID has shown signifi-

cant fluctuations in the quadrature current. Also the quadrature current is non-zero. Whereas

Fig 26. Real power (W).

https://doi.org/10.1371/journal.pone.0296797.g026

Fig 27. Reactive power (VAR).

https://doi.org/10.1371/journal.pone.0296797.g027
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in case of the remaining methods, the fluctuations are around the horizontal axis and are quite

less in amplitude with PBSMC being the least. In Fig 29, FOPID has shown significant fluctua-

tions in the storage function. Also the value of storage function is non-zero in this case.

Whereas in case of the remaining methods, the fluctuations are around the horizontal axis and

are quite less in amplitude.

Fig 30 shows grid side voltage and current corresponding to blue phase for FOPID under

irradiance and temperature change. The current has reduced due to decrease in solar irradi-

ance. After 1.2 s, current is at normal level in FOPID.

Fig 31 shows grid side voltage and current corresponding to blue phase for PBC under irra-

diance and temperature change. The current has reduced due to decrease in solar irradiance.

Fig 29. Storage function (p.u).

https://doi.org/10.1371/journal.pone.0296797.g029

Fig 28. iq (amps).

https://doi.org/10.1371/journal.pone.0296797.g028
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After 1.2 s current is at normal level in PBC. As can be seen the current and voltage are in

phase due to unity power factor.

Fig 32 shows grid side voltage and current corresponding to blue phase for PBFOPID

under irradiance and temperature change. The current has reduced due to decrease in solar

irradiance. After 1.2s current is at normal range in PBFOPID. As can be seen the current and

voltage are in phase due to unity power factor.

Fig 33 shows grid side voltage and current corresponding to blue phase for PBSMC under

irradiance and temperature change. The current has reduced due to decrease in solar irradi-

ance. After 1.2s current is at normal level in PBSMC and oscillations have reduced during ini-

tial phase. As can be seen the voltage and current are in phase due to quadrature current

rendered to zero.

Fig 30. Grid side voltage and current corresponding to blue phase for FOPID.

https://doi.org/10.1371/journal.pone.0296797.g030

Fig 31. Grid side voltage and current corresponding to blue phase for PBC.

https://doi.org/10.1371/journal.pone.0296797.g031
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5.3.1 Performance indices of PV output power under the change in solar irradiance and

temperature. The performance indices of the four controllers, i.e. IAE, ITAE, and ISE indi-

ces are listed below. To investigate the whole operating range of the three cases, the simulation

time T = 1.5 s was used. PBSMC has the lowest IAE, ITAE, and ISE indices for PV output

power during solar irradiation and temperature change, as shown in Figs 34 to 36. As a result,

it performs better than the other three controllers.

5.3.2 Performance indices of dc-link voltage Vdc under the change in solar irradiance

and temperature. The performance indices of the four controllers, i.e. IAE, ITAE, and ISE

are listed below. To investigate the whole operating range of the three cases, the simulation

time T = 1.5 s was used. PBSMC has the lowest IAE, ITAE, and ISE indices for dc-link voltage

Vdc during solar irradiation variation, as shown in Figs 37 to 39. As a result, it performs better

than the other three controllers.

Fig 32. Grid side voltage and current corresponding to blue phase for PBFOPID.

https://doi.org/10.1371/journal.pone.0296797.g032

Fig 33. Grid side voltage and current corresponding to blue phase for PBSMC.

https://doi.org/10.1371/journal.pone.0296797.g033
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5.4 Power grid voltage drop

In the event of severe power grid voltage disruptions, fault ride-through (FRT) requires the PV

system to remain connected and contribute to the power grid, since disconnection may

impede voltage restoration during and after the fault [24, 26]. A power grid voltage decrease

from its original value (t = 0.3s-0.6s) at the standard operating condition is used to assess the

proposed approach’s FRT capacity shown in Figs 40 and 41. But the PBSMC is capable of

removing oscillations from the output voltage, thus the voltage waveform looks quite sinusoi-

dal. Hence, the proposed controller performance is quite effective under FRT. The relevant PV

system responses are shown in Figs 42 to 47.

Fig 34. IAE in tracking PV power.

https://doi.org/10.1371/journal.pone.0296797.g034

Fig 35. ITAE in tracking PV power.

https://doi.org/10.1371/journal.pone.0296797.g035

PLOS ONE Robust control of photovoltaic systems

PLOS ONE | https://doi.org/10.1371/journal.pone.0296797 February 7, 2024 31 / 47

https://doi.org/10.1371/journal.pone.0296797.g034
https://doi.org/10.1371/journal.pone.0296797.g035
https://doi.org/10.1371/journal.pone.0296797


Figs 42 and 43 show the fast tracking of the reference by the proposed controller. Fig 9

shows that reactive power injected into the grid is zero, i.e. real power (Fig 44) is injected into

the grid at unity power factor, by the proposed controller, however FOPID method could not

achieve nonzero reactive power initially but it is tending towards zero. Similarly, the proposed

controller rendered the quadrature current, iq almost zero, as shown in Fig 46. On the other

hand, FOPID method has nonzero iq, however it is tending towards zero.

In Fig 42, in case of FOPID, there are lot of oscillations in the PV output power in the fault

interval, i.e. 0.3 s to 0.6 s, however they get stabilized after 0.6 s. Similarly in case of PBC,

PBFOPID and PBSMC, there is a dip in the PV output power which is eliminated after 0.6 s. It

needs to be mentioned here that the PBSMC has the least dip and PV output power converges

fully to the reference power. In Fig 43, there is a reduction in the dc link voltage in the fault

Fig 36. ISE in tracking PV power.

https://doi.org/10.1371/journal.pone.0296797.g036

Fig 37. IAE in tracking Vdc.

https://doi.org/10.1371/journal.pone.0296797.g037
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region interval, however after 0.6 s, PBSMC and PBFOPID get converged to the reference volt-

age, whereas FOPID and PBC do not get converged.

In Fig 44, real power gets reduced in the fault region, in all the four controllers, and is

restored after the fault region. However there are still fluctuations in the real power after the

fault region. In Fig 45, in case of FOPID, there are oscillations in the reactive power inside and

outside the fault region. Also the reactive power is non-zero. However in the rest of the meth-

ods, i.e. PBC, PBFOPID and PBSMC, the reactive power is zero on the average, with some fluc-

tuations. In Fig 46, in case of FOPID, there are oscillations in the quadrature current inside

and outside the fault region. Also the quadrature current is non-zero. However in the rest of

the methods, i.e. PBC, PBFOPID and PBSMC, the quadrature current is zero on the average,

with some fluctuations. In Fig 47, in case of FOPID, there are large amplitude oscillations in

Fig 38. ITAE in tracking Vdc.

https://doi.org/10.1371/journal.pone.0296797.g038

Fig 39. ISE in tracking Vdc.

https://doi.org/10.1371/journal.pone.0296797.g039
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the storage function, however, for the rest of the methods they are quite less in amplitude and

the storage function is almost zero in case of PBSMC.

PBSMC can restore active power, DC-link voltage, and q-axis current produced by the fault

at the fastest rate and with the fewest oscillations. This may also be validated by looking at how

the storage function changes, for example, PBSMC can produce a small energy magnitude

shift and quick energy dissipation.

Fig 48 shows grid side voltage and current corresponding to blue phase for FOPID under

FRT. In the time interval, 0.3 s to 0.6 s, the current has increased from its normal value and

also is out of phase from the voltage, however after 0.6 s, the current attains its normal ampli-

tude and gets in phase with the voltage.

Fig 40. Three-phase voltages under fault ride through of a power grid.

https://doi.org/10.1371/journal.pone.0296797.g040

Fig 41. Three-phase currents under fault ride through of a power grid.

https://doi.org/10.1371/journal.pone.0296797.g041
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Fig 49 shows grid side voltage and current corresponding to blue phase for PBC under

FRT. In this case the current amplitude has reduced in the fault interval, 0.3 s to 0.6 s, however

after 0.6 s, the current comes back to its normal amplitude. Also the current is in phase with

the voltage.

Fig 50 shows grid side voltage and current corresponding to blue phase for PBFOPID

under FRT. Similar to the previous case, in this case, the current amplitude has reduced in the

fault interval, 0.3 s to 0.6 s, however after 0.6 s, the current comes back to its normal amplitude.

Also the current is in phase with the voltage.

Fig 51 shows grid side voltage and current corresponding to blue phase for PBSMC under

FRT. In this case the current amplitude has reduced in the fault interval, 0.3 s to 0.6 s, however

Fig 42. PV output power.

https://doi.org/10.1371/journal.pone.0296797.g042

Fig 43. DC link voltage Vdc.

https://doi.org/10.1371/journal.pone.0296797.g043
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after 0.6 s, the current comes back to its normal amplitude. Also the current is in phase with

the voltage.

5.4.1 Performance indices of PV output power under fault ride through a power grid.

Performance indices of the four controllers, i.e. IAE, ITAE, and ISE are listed below. To inves-

tigate the whole operating range of three cases, the simulation time T = 1.5 s was used. PBSMC

has the lowest IAE, ITAE, and ISE indices for PV output power during fault ride through to

the power grid, as shown in Figs 52 to 54. As a result, it performs better than the other three

controllers.

Fig 44. Real power (W).

https://doi.org/10.1371/journal.pone.0296797.g044

Fig 45. Reactive power (VAR).

https://doi.org/10.1371/journal.pone.0296797.g045
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5.4.2 Performance indices of dc-link voltage Vdc under fault ride through a power

grid. Performance indices of the four controllers, i.e. IAE, ITAE, and ISE are listed below. To

investigate the whole operating range of three cases, the simulation time T = 1.5 s was used.

PBSMC has the lowest IAE, ITAE, and ISE indices for dc-link voltage Vdc during fault ride

through at the power grid, as shown in Figs 55 to 57. As a result, it performs better than the

other three controllers.

Tables 5–7 show total values (integrated values of errors over the simulation time) of the

performance indicators IAE, ITAE and ISE corresponding to the three cases. As can be seen,

values corresponding to PBSMC are the least of all values.

Fig 47. Storage function (p.u).

https://doi.org/10.1371/journal.pone.0296797.g047

Fig 46. iq (amps).

https://doi.org/10.1371/journal.pone.0296797.g046
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Fig 48. Grid side voltage and current corresponding to blue phase for FOPID.

https://doi.org/10.1371/journal.pone.0296797.g048

Fig 49. Grid side voltage and current corresponding to blue phase for PBC.

https://doi.org/10.1371/journal.pone.0296797.g049

Fig 50. Grid side voltage and current corresponding to blue phase for PBFOPID.

https://doi.org/10.1371/journal.pone.0296797.g050
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Fig 51. Grid side voltage and current corresponding to blue phase for PBSMC.

https://doi.org/10.1371/journal.pone.0296797.g051

Fig 52. IAE in tracking PV power.

https://doi.org/10.1371/journal.pone.0296797.g052

Fig 53. ITAE in tracking PV power.

https://doi.org/10.1371/journal.pone.0296797.g053
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Fig 54. ISE in tracking PV power.

https://doi.org/10.1371/journal.pone.0296797.g054

Fig 55. IAE in tracking Vdc.

https://doi.org/10.1371/journal.pone.0296797.g055

Fig 56. ITAE in tracking Vdc.

https://doi.org/10.1371/journal.pone.0296797.g056
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Fig 57. ISE in tracking Vdc.

https://doi.org/10.1371/journal.pone.0296797.g057

Table 5. IAE indices of four controllers obtained in three cases.

Cases IAE indices FOPID PBFOPID PBC PBSMC

Solar irradiance change IAEP 21 5.5 6.5 4

IAEVdc 100 48 78 45

Solar irradiance and temperature change IAEP 27 12.5 16 11

IAEVdc 88 45 100 43

Power grid voltage drop IAEP 30 6.5 7.5 5

IAEVdc 100 28 87 25

https://doi.org/10.1371/journal.pone.0296797.t005

Table 6. ITAE indices of four controllers obtained in three cases.

Cases ITAE indices FOPID PBFOPID PBC PBSMC

Solar irradiance change ITAEP 5 1.8 2.5 0.5

ITAEVdc 60 28 48 25

Solar irradiance and temperature change ITAEP 5 4 4 3.5

ITAEVdc 60 26 53 23

Power grid voltage drop ITAEP 5 2.2 3.2 0.8

ITAEVdc 60 13 35 10.5

https://doi.org/10.1371/journal.pone.0296797.t006

Table 7. ISE indices of four controllers obtained in three cases.

Cases ISE indices FOPID PBFOPID PBC PBSMC

Solar irradiance change ISEP 5000 1050 1300 1000

ISEVdc 12500 3600 11500 3500

Solar irradiance and temperature change ISEP 5000 1100 1800 1000

ISEVdc 11500 3500 8000 3300

Power grid voltage drop ISEP 5000 1050 1150 950

ISEVdc 15000 3000 15000 2800

https://doi.org/10.1371/journal.pone.0296797.t007
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5.5 Total harmonic distortion (THD)

The total harmonic distortion [49] is a measure of the amount of harmonic distortion present

in a signal and is defined as the ratio of sum of powers of all the harmonic components to the

power of the fundamental frequency. Mathematically,

THD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V2
2
þ V2

3
þ V2

4
þ . . .

� �q

V1

ð63Þ

where, Vn is the RMS value of the nth harmonic voltage and V1 is the RMS value of the funda-

mental component.

5.5.1 Solar irradiance change. Fig 58 shows the THD in grid side voltage corresponding

to the four control systems, FOPID, PBFOPID, PBC and PBSMC with variable irradiance and

constant temperature. As can be seen, proposed PBSMC has least THD. Similarly Fig 59 shows

THD in grid side current corresponding to the four control systems. Again as can be seen pro-

posed PBSMC has least THD.

5.5.2 Solar irradiance and temperature change. Fig 60 shows the THD in grid side volt-

age corresponding to the four control systems, FOPID, PBFOPID, PBC and PBSMC with vari-

able irradiance and temperature. As can be seen, proposed PBSMC has least THD. Similarly

Fig 58. THD in Vabc (voltage) at grid side for variable irradiance.

https://doi.org/10.1371/journal.pone.0296797.g058

Fig 59. THD in Iabc (current) at grid side corresponding to variable irradiance.

https://doi.org/10.1371/journal.pone.0296797.g059
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Fig 61 shows THD in grid side current corresponding to the four control systems. Again as

can be seen proposed PBSMC has least THD.

5.5.3 Power grid voltage drop. Fig 62 shows the THD in grid side voltage corresponding

to the four control systems, FOPID, PBFOPID, PBC and PBSMC with power grid voltage

drop. As can be seen, proposed PBSMC has least THD. Similarly Fig 63 shows THD in grid

Fig 60. THD in Vabc (voltage) at grid side corresponding to variable irradiance and temperature.

https://doi.org/10.1371/journal.pone.0296797.g060

Fig 61. THD in Iabc (current) at grid side corresponding to variable irradiance and temperature.

https://doi.org/10.1371/journal.pone.0296797.g061

Fig 62. THD in Vabc (voltage) corresponding to FRT.

https://doi.org/10.1371/journal.pone.0296797.g062
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side current corresponding to the four control systems. Again as can be seen proposed

PBSMC has least THD.

6. Conclusion

A novel PBSMC technique for a grid-connected three-phase PV inverter is suggested in this

research to capture the maximum possible solar energy under various operating conditions

and disturbances. The following is a summary of the findings: (1) a storage function linked

with the DC-link voltage, is constructed for the PV system based on the passivity theory, with

the physical features of each term extensively researched and evaluated. (2) A unique sliding

surface for FOSMC framework is proposed based on R-L theorem (3) The stability and finite

time convergence of FOSMC is proved by employing Lyapunov stability criteria. (4) FOSMC

is implemented as additional input to the passivized system to reshape the storage function

and to significantly increase the robustness of the closed loop system in the presence of PV

inverter and its parameter uncertainities. (5) Simulated outcome of case study reveal that

PBSMC outperforms FOPID, PBC, and PBFOPID controllers under different atmospheric

conditions.

Under solar irradiance change, the tracking time of PV output power is 0.025 seconds due

to PBSMC, however FOPID, PBC, EPBFOPID, have failed to converge fully. Similarly, under

this condition, the dc link voltage has tracked the reference voltage in 0.05 seconds however

the rest of the methods either could not converge, or converge after significant amount of

time. Similarly, under solar irradiance and temperature change, the photovoltaic output power

has converged in 0.018 seconds, due to PBSMC, however remaining methods fail to converge

or track fully. Under same condition, the dc link voltage has minimum tracking error due to

PBSMC as compared to the other methods. Under power grid voltage drop, the photovoltaic

output power converges to the reference power in 0.1 seconds, whereas other methods failed

to converge fully.
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Fig 63. THD in Iabc (current) at grid side corresponding to FRT.

https://doi.org/10.1371/journal.pone.0296797.g063
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1. Gil-González W. J.-M. (2020). Passivity-based control of power systems considering hydro-turbine with

surge tank. IEEE Transactions on Power Systems, 35(3).

2. Wang J. M. (2017). Study of passivity-based decoupling control of T-NPC PV grid-connected inverter.

IEEE Transactions on Industrial Electronics, 64(9), 7542–7551.

3. Yang B. J. (2016). Nonlinear maximum power point tracking control and modal analysis of DFIG based

wind turbine. International Journal of Electrical Power & Energy Systems, 74, 429–436.

4. Shen Y. Y. (2017). Adaptive wide-area power oscillation damper design for photovoltaic plant consider-

ing delay compensation. IET Generation, Transmission & Distribution, 11(18), 4511–4519.

5. Bao, X. W. (2012). The maximum power point tracking technology of passivity-based photovoltaic grid-

connected system. In Proceedings of The 7th International Power Electronics and Motion Control Con-

ference (pp. (Vol. 2, pp. 1372–1376)). IEEE.

6. Kandemir E. C. (2017). A comprehensive overview of maximum power extraction methods for PV sys-

tems. Renewable and sustainable energy reviews, 78, 93–112.

7. Xiao, W. et al. (2004). A modified adaptive hill climbing MPPT method for photovoltaic power systems.

In 2004 IEEE 35th annual power electronics specialists conference (pp. (Vol. 3, pp. 1957–1963)). (IEEE

Cat. No. 04CH37551).

8. Mohanty S. S. (2016). A grey wolf-assisted perturb & observe MPPT algorithm for a PV system. IEEE

Transactions on Energy Conversion, 32(1), 340–347.

9. Zakzouk N. E. (2016). Improved performance low-cost incremental conductance PV MPPT technique.

IET Renewable Power Generation, 10(4), 561–574.

10. Krommydas, K. F. (2013). Stability analysis of photovoltaic systems driven by advanced MPPT control-

lers. 21st Mediterranean Conference on Control and Automation. IEEE.

11. Liu F. D. (2008). A variable step size INC MPPT method for PV systems. IEEE Transactions on indus-

trial electronics, 55(7), 2622–2628.

12. Leyva R. A.-P.-S. (2006). MPPT of photovoltaic systems using extremum-seeking control. IEEE trans-

actions on aerospace and electronic systems, 42(1), 249–258.

13. Logue D. L. (2001). Optimization of power electronic systems using ripple correlation control: A dynamic

programming approach. IEEE 32nd Annual Power Electronics Specialists Conference (pp. ( Vol. 2, pp.

459–464)). (IEEE Cat. No. 01CH37230.

14. Kadri R. G. (2010). An improved maximum power point tracking for photovoltaic grid-connected inverter

based on voltage-oriented control. IEEE transactions on industrial electronics, 58(1), 66–75.

15. Mitkowski W. et al. (2015). Tuning of the half-order robust PID controller dedicated to oriented PV sys-

tem. In Advances in Modelling and Control of Non-integer-Order Systems (pp. (pp. 145–157)). Cham:

Springer.

PLOS ONE Robust control of photovoltaic systems

PLOS ONE | https://doi.org/10.1371/journal.pone.0296797 February 7, 2024 45 / 47

https://doi.org/10.1371/journal.pone.0296797


16. Ramadan H. S. (2017). Optimal fractional order PI control applicability for enhanced dynamic behavior

of on-grid solar PV systems. International Journal of Hydrogen Energy, 42(7), 4017–4031.

17. Lalili D. M. (2013). State feedback control and variable step size MPPT algorithm of three-level grid-con-

nected photovoltaic inverter. Solar Energy, 98, 561–571.

18. Armghan H. A. (2008). Backstepping based non-linear control for maximum power point tracking in pho-

tovoltaic system. Solar Energy, 159, 134–141.

19. Kumar N. S. (2015). Sliding-mode control of PWM dual inverter-based grid-connected PV system:

Modeling and performance analysis. IEEE Journal of Emerging and Selected Topics in Power Electron-

ics, 4(2), 435–444.

20. Mohomad H. S. (2017). Disturbance estimator-based predictive current controller for single-phase inter-

connected PV systems. IEEE Transactions on Industry Applications, 53(5), 4201–4209.

21. Khan, M. F., Islam, R. U., Iqbal, J. Control strategies for robotic manipulators. IEEE International Con-

ference on Robotics and Artificial Intelligence 2012, Rawalpindi, Pakistan, pp. 26–33

22. Dwivedy S. K. (2006). Dynamic analysis of flexible manipulators, a literature review. Mechanism and

machine theory, 41(7), 749–777.

23. Ortega R. V. (2008). Control by interconnection and standard passivity-based control of port-Hamilto-

nian systems. IEEE Transactions on Automatic control, 53(11), 2527–2542.

24. Van der Schaft A. J. (2000). L2-gain and passivity techniques in nonlinear control. Springer ( Vol. 2).

London: Springer.

25. Aranovskiy S. O. (2016). A robust PI passivity-based control of nonlinear systems and its application to

temperature regulation. International Journal of Robust and Nonlinear Control, 26(10) 2216–2231.

26. Tofighi A. et al. (2011). Power management of PV/battery hybrid power source via passivity-based con-

trol. Renewable Energy, 36(9), 2440–2450.

27. Giraldo, O. D. (2018). Passivity-based control for battery charging/discharging applications by using a

buck-boost DC-DC converter. IEEE green technologies conference (pp. (pp. 89–94)). (GreenTech):

IEEE.

28. Mojallizadeh M. R. (2016). Adaptive passivity-based control of a photovoltaic/battery hybrid power

source via algebraic parameter identification. IEEE Journal of Photovoltaics, 6(2), 532–539.

29. Biel, D. et al. (2017). Passivity-based control of active and reactive power in single-phase PV inverters.

In 2017 IEEE 26th International Symposium on Industrial Electronics (ISIE, (pp. 999–1004).

30. Khan O., Pervaiz M., Ahmad E., Iqbal J. (2017). On the derivation of novel model and sophisticated con-

trol of flexible joint manipulator. Revue Roumaine des Sciences Techniques-Serie Electrotechnique et

Energetique, 62(1): 103–108.

31. Yang B. Y. (2018). Passivity-based fractional-order sliding-mode control design and implementation of

grid-connected photovoltaic systems. Journal of Renewable and Sustainable Energy, 10(4), 043701.

32. Yang B. Y. (2018). Energy reshaping based passive fractional-order PID control design and implemen-

tation of a grid-connected PV inverter for MPPT using grouped grey wolf optimizer. Solar Energy, 170,

31–46.

33. Ullah M.I., Ajwad S.A., Irfan M., Iqbal J. (2016). Non-linear control law for articulated serial manipula-

tors: Simulation augmented with hardware implementation. Elektronika Ir Elektrotechnika, 22(1): 3–7.

34. Ahmad S., Uppal A.A., Azam M. R., Iqbal J. (2023). Chattering free sliding mode control and state

dependent Kalman filter design for underground coal gasification energy conversion process. Electron-

ics, 12(4), 876.

35. Sun Yougang, Xu Junqi, Qiang Haiyan, Lin Guobin. (2019). Adaptive neural-fuzzy robust position con-

trol scheme for maglev train systems with experimental verification [J]. IEEE Transactions on Industrial

Electronics, 66(11): 8589–8599.

36. Sun Yougang, Xu Junqi, Chen Chen, Hu Wei. (2022). Reinforcement Learning-based Optimal Tracking

Control for Levitation System of Maglev Vehicle with Input Time Delay[J]. IEEE Transactions on Instru-

mentation and Measurement, 71:1–13.

37. Belkhier Youcef, Achour Abdelyazid, Shaw Rabindra Nath, et al. (2021). Fuzzy Supervisory Passivity-

Based High Order-Sliding Mode Control Approach for Tidal Turbine-Based Permanent Magnet Syn-

chronous Generator Conversion System, actuators, MDPI, 10(5).

38. Belkhier Youcef, Rabindra Nath Shaw Miroslav Bures, et al. (2022). Robust interconnection and damp-

ing assignment energy-based control for a permanent magnet synchronous motor using high order slid-

ing mode approach and nonlinear observer, Energy Reports, Elsevier, 8: 1731–1740.
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