
Research Article
Takagi–Sugeno State Delayed Feedback and Integral Control for
PV Systems: Modeling, Simulation, and Control

Hicham El Aiss , Karina A. Barbosa , Hector Chavez, and Carlos Rodriguez

Departamento de Ingenieria Electrica, Universidad de Santiago de Chile, Estación Central, Santiago, Chile

Correspondence should be addressed to Hicham El Aiss; hicham.elaiss@usach.cl

Received 10 June 2021; Revised 10 August 2021; Accepted 11 August 2021; Published 28 September 2021

Academic Editor: Laurentiu Fara

Copyright © 2021 Hicham El Aiss et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The integration of the large-scale photovoltaic systems has experienced significant growth, which is similarly expected to occur
with small-scale photovoltaic systems. Since small-scale systems must be simple in cost-effective components, control strategies
must be implemented in low complexity circuits. However, current maximum power point tracking (MPPT) algorithms are
generally complex and require electronic components to support variable control gains for different irradiance conditions,
preventing simple MPPT implementations suitable for small-scale photovoltaic systems. This paper proposes a new control
strategy to tackle the power tracking problem of the power systems. First, a dynamic model of the photovoltaic system is
described and converted into a Takagi–Sugeno (T-S) model. Then, an MPPT scheme is proposed in series with a fixed integral
and a fuzzy gain state delay feedback controller, which avoids the need for a variable control gain, simplifying the electronic
implementation of the control strategy. New delay-dependent stabilization conditions based on the Lyapunov-Krasovskii
functional are proposed in terms of a convex optimization problem, where the delayed feedback and integral gains are
designed simultaneously. Simulation results using Matlab and Simulink are used to validate the proposed method.

1. Introduction

The increasing demand for electrical energy and climate
change has fostered the need for clean energy. Integrating
these energies into the power system brings new technologi-
cal challenges to reevaluate the usual designs, operations, and
planning practices. Among clean energy technologies, photo-
voltaic (PV) systems have experienced significant growth
worldwide, due to cost reductions [1] in the last decades.
According to [2], the world total PV capacity has increased
at an average annual rate of 55% in the period 2009-2013.
This way, the development, modeling, and control of PV
systems have captured particular attention [3–6].

Although the growth of PV systems is currently associated
with large-scale plants, small-scale applications are now gain-
ing interest. Projections of IRENA [1] established small-scale
applications like rooftop PV, solar carports, and solar trees
as future trends in the industry’s development. In particular,

small-scale PV systems usually are close to demands (such as
a rooftop PV), increasing its cost-effectiveness as pointed out
in [7]. Other projections are in line with this premise of future
increase in small-scale PV [8, 9].

One limitation of small-scale PV applications is the low
performance of control algorithms. In small-scale applica-
tions, the control electronic cost is close to that of the power
electronic converter, so current small-scale PV devices usu-
ally count with very simple circuits, such as Pulse Width
Modulation (PWM) [10]. Nevertheless, this simplicity in
the electronic implementation has a negative impact on per-
formance [11]. It is then of interest to find better control
algorithms that are simple enough to utilize simple elec-
tronic implementation.

In general, MPPT control strategies tend to be complex
and MPPT systems are typically implemented in a DC-DC
power converter to provide power to different applications
[12, 5, 6, 13, 14]. In terms of the MPPT algorithms,
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currently, one can find the application of diverse techniques
(see, for example, [15–17] and [18, 19]). In [18], the authors
have presented a comparative analysis for the perturb and
observe (P&O) and the incremental conductance (INC)
techniques, which are the most widely used. The MPPT algo-
rithms must be implemented in an electronic converter, and
the boost converter has shown to be the simplest [20, 21]. Even
in the case of the boost converter, it can be noted that the
implementation of the control strategies leads to high-level
programming needs, and the use of expensive electronic digi-
tal signal processor (DSP) is standard [18, 22]. Advanced
MPPT algorithms lead to complex implementation frame-
works, preventing their use in small-scale applications.

The advanced MPPT proposals are based on variable
control gains, which is one of the reasons why they need
complex electronic implementations. Various control strate-
gies, such as neural networks [23], genetic algorithms [24,
25], and fuzzy controllers [26–29], have appeared in the
boost converter context. Generally speaking, developing a
new strategy to control the PV system is a challenge. In the
literature, several methods and technologies have been used
and investigated. In [30], the H∞ control approach based on
a fuzzy proportional-integral (PI) was used as a state feed-
back control in the control design and stability conditions
of the closed-loop PV system. In [31], the boost converter
was controlled using the T-S fuzzy parallel distributed com-
pensation (PDC) to ensure stability and zero tracking error.
To achieve MPPT under varying climatic conditions, the
authors in [32] propose an H∞ observer-based fuzzy con-
troller. To improve the efficiency of photovoltaic systems,
the authors in [29] have proposed to use a fuzzy controller
with adaptive gain. Two distinct rule bases were combined
in the proposed controller concept. The first rule base is
intended for adjusting the boost converter’s duty cycle, while
the second rule base is designed for online adjusting of the
controller’s gain. It is worth noting that the techniques
proposed in [29–32] compute their controller gains offline.
Theoretically, the above methods ensure good efficiency, fast
PV power convergence to the MPPT, and a smoother
steady-state response without oscillation around the MPPT.
These provide a stable PV power generation. The traditional
PI controller usually is sensitive to parameter variations,
resulting in a low stability margin [33]. A common aspect
of all these approaches is the variable nature of the different
control gains to respond to changing irradiance conditions,
which requires a complete processing framework. The rea-
son for variable gains relies on the fact that the underlying
nonlinear dynamics is addressed by defining different stabil-
ity regions, leading to constant control policies within each
stability region. The resulting control is then an aggregation
of various regions to cover the totality of the control space.
Hence, the control algorithm selects the control gain associ-
ated with the operating stability region, resulting in variable
gain algorithms. These variable gain algorithms are difficult
to implement with simple electronics, so they are not gener-
ally implemented in small-scale PV systems.

It is well known that frequency control using a fuzzy logic
controller (FLC) responds effectively to parameter variations.

In [34], FLC is carried out to enhance the system’s perfor-
mance. It has three stages: fuzzification, processing, and defuz-
zification. The robust observed-based MPPT control for PV
systems with a DC-DC buck converter is developed by [35],
using a Lyapunov approach and LMI formulation. In particu-
lar, a T-S model-based method has been used for the MPPT of
PV systems, resulting in fast convergence to the maximum
power and elimination of the oscillations around the maxi-
mum. Significant results for maximizing power point tracking
of PV systems were reported by [32, 36].

On the other hand, many LMI stabilization conditions
based on T-S fuzzy models have been proposed in the liter-
ature using the Lyapunov approach to design controllers for
nonlinear systems. The authors in [32, 30] present LMI sta-
bilization conditions of the PV model via fuzzy observer-
based and a fuzzy PI state feedback control, respectively. In
[37], a robust control problem of fuzzy time-delay systems
has been investigated throughout the Wirtinger-type integral
inequality and convex techniques to estimate the derivative
of Lyapunov-Krasovskii functional, ensuring robust asymp-
totic stability of the closed-loop systems. A robust H∞ static
output-feedback controller for discrete T-S fuzzy models
with input saturation constraint has been developed by
[38]. However, the authors of these works did not consider
the delay and the delay-control issues, which can destabilize
the closed-loop systems. To the best of our knowledge, a
state delayed feedback control has never been applied to
PV systems with DC-DC boost converter under disturbance
effect. The approximation of nonlinear systems to convex
structures makes it possible to formulate stability conditions
under LMIs [39]. Since LMIs are convex constraints, they
are simple to solve using a variety of available solvers,
including SeDuMi [40]. As a result, the stability/stabilization
criteria of the nonlinear system can be reduced to the feasi-
bility of a set of LMIs. In general, when the feedback gains
have been processed as variable parameters in the LMI feasi-
bility issue, automatic stabilizing control is generated from a
set of obtained LMIs.

This paper proposes a new control approach for a boost
converter in an MPPT PV application based on a state
delayed feedback approach and integral control. The contri-
bution is a new state delay feedback algorithm, which allows
the determination of a unique, constant controller gains for
irradiance’s different operating values, including the integral
gain. The proposal is based on new sufficient delay-
dependent criteria stated as a convex optimization problem
to ensure that the closed-loop system is asymptotically stable
and minimizes the exogenous impact on the boost con-
verter’s output. The theoretical formulation is verified by
numerical results using Matlab and Simulink, where a com-
plete simulation of the system is presented.

The organization of the paper is as follows. In Section 2,
the Takagi–Sugeno (T-S) fuzzy model for the PV system is
presented. The general control strategy proposed in this
paper is presented in Section 3, including the control design
approach. In Section 4, a complete simulation result is given,
considering the PV panel module: 1Soltech 1STH-FRL-4H-
250-M60-BLK. The last section presents the conclusion
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and general discussion about the proposed control approach
for a boost converter in an MPPT PV application.

Notations. The notations used in this paper are quite stan-
dard. Rn and Rn×n refer to, respectively, the n-dimensional
Euclidean space and n × n real matrices. The superscript
“T” means the transpose of a matrix. The notation P > 0
means the matrix P is a symmetric and positive definite.
The notation sðMÞ means M +MT .

2. T-S Fuzzy Model for the PV System

A first aspect of the analysis is constructing a functional
model of the PV system. A T-S model from the complex
nonlinear system that describes the PV system global
dynamic behavior allows obtaining an exact representation
using local submodels. Then, we will present the equations
from the PV panel and the DC-DC boost converter’s func-
tioning. The PV panel equations are related to the DC-DC
boost converter by a T-S fuzzy model were obtained from
[31, 32], which describes the PV system.

2.1. PV System Model. A PV cell is a system that converts
light into electricity through the photoelectric effect. A PV
cell is generally represented by an equivalent circuit [31,
32] shown in Figure 1.

From Figure 1, the PV current can be defined as follows:

Ipv = Iph − Id − Ish, ð1Þ

where Iph is the photon-current which is dependent on the
solar irradiance and can defined by the following:

Iph = Isc + KscΔTð Þ Sr
Sn

, ð2Þ

where Isc is the short-circuit current, Ksc is the parameter of
PV cell short-circuit current, ΔT = T − T ref is the variation
temperature, T ref is the reference temperature of PV cell,
Sr is the solar irradiation, and Sn is the nominal solar irradi-
ation. It is clear that the photon-current increases when the
temperature or the solar irradiation increases.

The diode current is defined as follows:

Id = Is exp
Vpvv + RsIpv

VT

� �
− 1

� �
, ð3Þ

where VT is the thermal voltage, Vpv is the photovoltaic out-
put voltage, Rs is the shunt resistance, and Is is the saturation
current which is represented by [31, 32]

Is = Irs
T
Tref

� �3
exp

QEbg
nKb

1
Tref

−
1
T

� �� �
, ð4Þ

where Q is the electronic charge, Ebg is the semiconductor
band-gab energy of the PV cell, Kb is the Boltzman constant,
n is the ideal PN-junction characteristic, and Irs is the
reverse saturation at Tref and Sn. The value of reverse satura-

tion current Irs may be evaluated through the open circuit
voltage Voc and the short circuit current Isc given by

Irs =
Isc

exp Voc/VTf g − 1 : ð5Þ

This way, the solar cell can be modeled.

2.2. DC-DC Boost Converter. The DC-DC boost converter
(Figure 2) is one of the simplest types of the switch-mode
converter [41, 42]. It consists of an inductor, a semiconduc-
tor switch, a diode, and a capacitor. The advantage of using
the DC-DC converter is that the efficiency is high [43],
because all the circuit elements, such as the inductor, capac-
itor, switch, and diode, present negligible losses. In practice,
the efficiency of the DC-DC converter exceeds 90%, which is
adequate for an energy converter. Due to the existence of
commutations, the boost converter operates in two modes:
the inductor stores energy, and the capacitor releases energy
when the switch is closed; the inductor releases energy, and
the capacitor stores energy when the switch is opened. Addi-
tionally, the output voltage can be varied with the duty cycle
of the commutator with a Pulse Width Modulation (PWM)
strategy. The topology is simple and effective.

Note that the boost converter is normally implemented
with a MPPT algorithm, so another converter is necessary
to consider a secondary application such as voltage DC
source, a battery charger, or a DC/AC inverter [44]. The
design of secondary conversion systems is out of the scope
of this work.

Regardless of the simplicity of the boost converter, its
dynamics are described by nonlinear models [30–32]. A
modeling approach based on a T-S fuzzy model is pre-
sented below.

2.3. T-S Fuzzy Model. An exact representation of the global
dynamic behavior of the PV system can be obtained by a
T-S model using local submodels. T-S models are usually
defined by if-then fuzzy-rules in the state space. The T-S
PV model developed in [31, 32] is described as follows:

_x tð Þ = 〠
4

i=1
θi z tð Þð Þ Ax tð Þ + Biu tð Þ +Dw tð Þð Þ, ð6Þ

y tð Þ = Ex tð Þ, ð7Þ

Rs
Vpv++

––

RshId

Ish

Iph

Figure 1: Solar cell equivalent circuit.
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where A ∈ Rn×n, Bi ∈ Rn×m, D ∈ Rn×w, and E ∈ Rny×n are
constant matrices with

A =

−
RL

L
−
1
L

1
L

1
C2

−
1

RC2Þ
0

−
1
C1

0 0

2
66666664

3
77777775
, B1 =

VC2min

L

−
ILmin
C2

0

2
666664

3
777775, E =

1 0 0
0 1 0

" #
,

B2 =

VC2min

L

−
ILmax
C2

0

2
666664

3
777775, B3 =

VC2max
L

−
ILmin
C2

0

2
666664

3
777775B4 =

VC2max
L

−
ILmax
C2

0

2
666664

3
777775,D =

0
0
1
C1

2
6664

3
7775,

ð8Þ

and

x tð Þ =
IL tð Þ
VC2 tð Þ
Vpυ tð Þ

2
664

3
775,w tð Þ = Ipυ tð Þ,

θ1 z tð Þð Þ =U1,min ∗H1,min, θ2 z tð Þð Þ =U1,min ∗H1,max,
θ3 z tð Þð Þ =U1,max ∗H1,min, θ4 z tð Þð Þ =U1,max ∗H1,max,

ð9Þ

with U1,min, U1,max, H1,min, and H1,max are the membership
functions.

The choice of the membership function (MF) of the
model significantly affects its performance. Since there is
no exact procedure in the literature for calculating these
membership functions, the best guideline may be the trial
and error method. There are various types of membership
functions, such as triangle, trapezoid, and Gaussian. The best
way to achieve system performance is to use membership
functions with a minimum number of changeable parame-
ters. For example, the Gaussian MF was defined by mean
and variance, while Sigmoidal MF was represented by a set
of two points.

Remark 1. The representation (6) is given by using the sector
bounded nonlinearity. This technique is usually applied to
obtain linear submodel. Furthermore, the global model (6)
is operated in the space ½IL,minIL,max� × ½Vc2,minVc2,max�.

Note that most physical systems involve time delays in
their behavior, and in PV systems, delays can occur from
the charging and discharging of electronic components. This
delay may be small due to the construction of electronic
components, but it is still necessary to take them into
account. In general, the delay effect is not taken into consid-
eration when using the boost converter directly. Neverthe-
less, it is known that delays are sources of instability of the
system’s performance and a source of uncertainties. Hence,
to deal with the delay effect when using the boost converter,
we propose to control the boost converter by using state
delay feedback and the integral (I) controller. The next sec-
tion presents the control strategy, including a numerical
approach to the control design proposed in this work.

3. Control Strategy

The general control strategy proposed in this work can be
seen in Figure 3, where the PV panel inputs are the temper-
ature T and the solar irradiation Sr , while the PV panel
outputs are the PV panel current lpv and voltage Vpv. The
general goal is to design both controllers the integral and
the state delay feedback together with the MPPT in order
to transfer the maximum power from the PV panel.

In this paper, a reference voltageVmppt is obtained by using
the perturb and observe (P&O) algorithm (see Figure 4) in
order to get the maximum power point tracking (MPPT).

The proposed control strategy described in Figure 3
shows that the integral control input is the difference
between Vmppt and Vpv. This implies that the input is the
slope, as shown in Figure 4. Moreover, it noted that slope
as input does not mean that a disturbance supplied to inte-
gral control since the slope parameter is part of the MPPT
algorithm, and there is a different way to build it.

The strategy used to control the boost converter is
shown in Figure 3. The idea behind using the integral con-
troller (I) and the state delay feedback is that the stability
region provided does not display any discontinuity, which

Vout
C2

U(t)

Vin

RL

g
S

D

C1

L

+ +

+ +

Figure 2: DC/DC boost converter.
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allows a more flexible selection of the controller’s gains,
which can be constant in particular. The integral controller
is used to regulate the error between the MPPT output and
the PV panel voltage. The state delay feedback is used to

command the boost converter and represent the delay’s
effect on the boost functioning. The control law is defined as

u tð Þ = u1 tð Þ + u2 tð Þ, ð10Þ

where u1ðtÞ is the overall state delay feedback described in
the fuzzy rule if-then as follows:

u1 tð Þ = 〠
4

i=1
θi z tð Þð ÞKdix t − hð Þ, ð11Þ

and h is the constant delay, xðtÞ ∈ Rn is the system state, and
Kdi ∈ Rm×n are the delay-feedback controller gains. More-
over, u2ðtÞ is the integral controller given by

u2 tð Þ = KI

ð
e tð Þdt, ð12Þ

Integral
controller (I)

Vpv

Vpv

x (t)

lpv

lpv

MPPT algorithm
Vmppt

T

Sr

+

–
+

+

State delay
feedback

PV
panel

DC-DC
converter En

er
gy

sto
ra

ge

Figure 3: Schema block control method to PV model.
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Start

Yes

Yes No

No

No Yes

Calculate power
Ppv (k) = Vpv (k) × Ipv (k)

Vmppt (k) =
Vpv (k) + slope

Vmppt (k) =
Vpv (k) – slope

Vmppt (k) =
Vpv (k) + slope

Vmppt (k) =
Vpv (k) – slope

Figure 4: P&O algorithm flowchart.

Table 1: PV panel module: 1Soltech 1STH-FRL-4H-250-M60-
BLK.

Specifications Values

Cells per module (Ncell) 60

Series parallel 1

Maximum power 248.977W

Voltage at maximum power point 30.7V

Current at maximum power point 8.11 A

Open circuit voltage 38.4V

Short-circuit current 8.85A
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with KI the integral controller gain and eðtÞ = Vmppt − Vpv
the error between the MPPT output and the PV output.

The integral controller produces the output signal given
by u2ðtÞ, which is proportional to the integral of the input
signal eðtÞ. This Vmppt is compared with the PV voltage
(Vpv), and the integral controller receives an error signal
(ðtÞ). The desired response can be achieved by designing
the integral gain (KI). Once the boost converter receives
energy from the PV panel, the integral controller starts to
function, the value of the duty cycle varies, and the input
value sensed by the integral controller changes.

The main advantage of the proposed control is its sim-
plicity, mainly because now it is considered a unique con-
stant integral controller for all levels of irradiation. It is
well known that the integral controller is used in many
applications since it can be implemented practically with
basic electronic components [45–48], which significantly
simplifies the implementation and costs.

3.1. Control Design. Based on the experimental step
response, Ziegler-Nichols and other authors have proposed
several rules, for tuning the PI controller [49–51]. Several
results associated with the analytical calculation of the gain
margin, the phase margin of the delayed systems, and the
time-delay ratio have considered [49]. These rules can, of
course, be applied to known mathematical models. Such
rules suggest a set of values of Kp and KI that will ensure
the stable operation of the system. However, the resulting
system may present performance issues, such as excessive
overshoots, in which case fine-tuning rules are required until
an acceptable result is obtained. The fine-tuning rules of
Ziegler-Nichols provide a systematic way of choosing the
values of controller gains.

Next, a convex approach is proposed in order to design
both the integral and state delay feedback controllers,

obtaining the gains KI and Kdi for i = f1, 2, 3, 4g that will
be used to generate the DC-DC boost converter control
signal. In order to obtain the latter, replace (10) and (11)
into (6):

_x tð Þ = A tð Þx tð Þ + Ad tð Þx t − hð Þ +D tð Þw tð Þ + B tð ÞKI f e tð Þð Þ,
ð13Þ

y tð Þ = Ex tð Þ, ð14Þ
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Figure 5: Variation of irradiation.

0 0.5 1 1.5 2 2.5
Time (s)

Po
w

er
 am

pl
itu

de

0

50

100

150

200

250

300

PVPower

BoostPower
IdealPower

Figure 6: PV power under various levels of irradiation.

6 International Journal of Photoenergy



where

A tð Þ = 〠
4

i=1
θi z tð Þð ÞAi, B tð Þ = 〠

4

i=1
θi z tð Þð ÞBi,

Ad tð Þ = B tð ÞKd tð Þ,D tð Þ = 〠
4

i=1
θi z tð Þð ÞDi, f e tð Þð Þ =

ð
e tð Þdt:

ð15Þ

It is also assumed that there exists a positive scalar α
such that f TðeðtÞÞf ðeðtÞÞ < αxTðtÞxðtÞ, ∀t > 0.

The control technique used helps to display the delay in
the system formulation and also to show the effect of the
delay on the boost converter. Furthermore, a delay-
dependent condition of the closed-loop system can be easily
provided. Moreover, to minimize the impact of the

exogenous disturbances on the output of the boost con-
verter, the H∞ performance index J is introduced.

J =
ðt
0
yT sð Þy sð Þ − γ2�ωT sð Þ�ω sð Þ� �

ds, ð16Þ

where γ is a positive scalar.
Our aim is to develop a delay-dependent stabilization

method, which provides a controller gain KðtÞ and integral
control parameter KI such that the closed-loop system (13)
is stable for any positive constant delay h and the H∞ per-
formance index J < 0 for all t > 0. The next theorem presents
a convex-based approach to solve this problem.

Theorem 2. Consider the photovoltaic system described in (6).
Based on the control strategy (10) with (11), the closed-loop sys-
tem (13) is asymptotically stable with H∞ performance J < 0, if
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there exist positive matrices X, ~Q, and ~R and matrices
Yi, i = f1, 2, 3, 4g and KI and scalars λ, h, ρ, and γ such
that the following inequalities are satisfied.

~Ψii < 0, i = 1≤,2, 3≤,4f g, ð17Þ

Ψ̃ij +Ψ̃ji < 0, 1i < j4, ð18Þ

where

with

�Π ij = AiX BiY jDiBiKI

� 	
,

~Σ = ΣΩ = EX 0 0 0½ �,
Ω = diag X, X, I, If g,

�Ψ
i
11 = ~Q − ~R + sym AiXf g,

~Ψ
ij
12 = ~R + BiY j,

~Ψ
i
13 =Di,

~Ψ
i
14 = BiKI ,

~Ψ22 = −~Q − ~R:

ð20Þ

If the conditions in (17) are satisfied, the controller gains
are defined as follows:

Kdi = YiX
−1, i = 1, 2, 3, 4f g and KI : ð21Þ

Moreover, f TðeðtÞÞf ðeðtÞÞ < 1/pxTðtÞxðtÞ, ∀t > 0.

Proof. The proof can be found in Appendix.

Theorem 2 proposes sufficient conditions to design the
state delay feedback and integral controller in (10), in order
to ensure that the T-S PV model is stable and minimizes the
impact of exogenous disturbances on the output of the boost
converter. Since the proposed stability conditions (17) are
Linear Matrix Inequality (LMI) conditions, for a given upper
bound delay h and a scalar λ, the controller gains ðtÞ and KI
can easily be determined using effective convex optimization
algorithms [39]. On the other hand, note that the traditional
state feedback controller (without delay) may lead to more
conservative results since they are independent of the delay,
which tends to be conservative, especially when the actual
delay is small. Although the traditional state feedback con-
troller (without delay) has the advantage of being simple to

implement, its performance cannot be better than that of a
delayed state-feedback controller, which uses the available
information about the size of the delay. The delayed state-
feedback controller could be viewed as a compromise between
improving performance and implementation simplicity.

Remark 3. Note that the gains of all controllers in the pro-
posed scheme are computed offline. Thus, the need for com-
plex control electronics during the control action is not
required. Besides, the simulation test (online control) needed
only a couple of gains (K and Kdi) to get the desired objec-
tives. The considerations set out above show the simplicity
and importance of the scheme proposed.

Next, this paper focuses on implementing state delay
feedback with an integral controller to transfer the maxi-
mum energy from the PV panel to the boost converter’s out-
put. Particular attention has been paid to the design of an
integral controller parameter KI and state delay feedback
simultaneously. For this reason, the parameters obtained
from Theorem 2 will be used to simulate the PV system.
Note that, since the conditions on Theorem 2 are a linear
function of γ, it is possible to solve an optimization problem
in order to minimize the H∞ performance index J .

4. Simulation Result

In order to evaluate the proposed control strategy in
Figure 1, an actual PV module is considered, whose specifi-
cations are listed in Table 1. Also, we consider the boost con-
verter parameters in Figure 2 as in [30] that are L = 10mH,
RL = 0:01, C1 = 500μF, C2 = 100μF, and R = 20Ω.

The first step is to obtain the integral gain KI and state
delay feedback gains in order to ensure that the maximum
energy from the PV panel to the boost converter’s output. In
order to solve this problem numerically using convex optimi-
zation algorithms, Theorem 2 has been applied with h = 0:25
and λ = 0:005, and it is also assumed that KI < −1:9, which
are values that maintain the convexity of the problem. In this

~Ψ

�Ψ
i
11 �Ψ

ij
12 ~Ψ

i
13 ~Ψ

i
14

∗ Ψ~
2200∗∗−γI0∗∗∗−I� λh

YT
ij

〠~T
XT

In

0
0
0

2
666664

3
777775∗

~R − 2λX00∗∗−γI0∗∗∗−ρIn�

2
666666664

2
666666664

ð19Þ
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case, the following gains were simultaneously computed off-
line: KI = −2:0665 and the T-S fuzzy controller gains.

Kd1 = 10 − 3 0:1204 − 0:0043 0:0003½ �,
Kd2 = 10 − 3 0:1207 − 0:0035 − 0:0067½ �,
Kd3 = 10 − 4 −0:2964 0:0174 0:0035½ �,
Kd4 = 10 − 3 −0:3905 0:0112 0:0210½ �:

ð22Þ

To verify the performance of the boost converter by using
the proposed control strategy in the transient and steady-state
period, Equation (23) shows the Sigmoidal membership func-
tions used by the state delay feedback. The irradiation changes
are proposed in Figure 5. The irradiation profile has transient
mode at 0.5 s, 1 s, 1.5 s, and 2 s. Figure 6 shows the PV and
boost converter power. Figure 7 shows the evolution of the
control law applied. Figure 8 illustrates the Simulink model

of the PV model control, and Figure 9 displays the Simulink
model of control strategy implemented.

U1,min =
1

1 + e1:2 IL−1ð Þ , ð23Þ

H1,min =
1

1 + e−2:5 VC2−0:3ð Þ : ð24Þ

From Figure 6, the power generated by the boost converter
is close to the MPPT value. It can be seen that the MPPT con-
dition is reached for a variety of irradiance conditions while
the dynamic behavior occurs in a smooth manner with low
picks and oscillations. Also, output power varies proportional
to input irradiance, as normally seen in MPPT applications.

As shown in Figure 10, the dynamic trajectory of system
follows a MPPT path. Since the algorithm for MPPT is P&O,
an oscillatory behavior is observed, as normally occurs in

PDC control [I_L]
I__L

Vpv

Vc_2

<V_PV>

[Vc2]

Control law

Integral controller

I (S)

V_pv<V_PV>

Vmppt

[V_mppt] + ++–

[Control_law]

Duty

D P

State delay feedback

I_L

Vc2

Vpv

h1
h2
h3
h4

Figure 9: Simulink block model of control strategy.
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these cases. The oscillation is not significant, with a steady-
state ripple less than 2%. Furthermore, the proposed MPPT
control can detect all the maximum power points, particu-
larly those of small irradiation, while the INC and P&O
MPPT control ones have not been detected (see [30, 32]
and references therein). This means that the proposed
MPPT control can effectively maintain the PV system oper-
ating at the MPPT for all the irradiation.

Figure 11 displays the Simulink block used to calculate
the efficiency of the PV model based on the control strategy,
where “Gain1” shows the maximum power at 1000W/m2.
Figure 12 shows the efficiency of the PV model control cal-
culated. It can be seen that the efficiency decreases while
the transient behavior occurs, which shows that the opera-

tion is not close to MPPT during the transient behavior. In
steady state, the efficiency is close to 95%, which is an
acceptable efficiency for these applications.

Note that the controller gains were obtained offline,
which implies less computation complexity and less time
in computation than using the sliding mode control and
fuzzy logic control method. The sliding mode control
method used the online calculation and required more accu-
rate time to calculate [5, 6]. Besides, the fuzzy logic control
method has a complex implementation [52] and requires
the active power at each instant k, which takes more accurate
time. Moreover, an additional electronic component needs
to be connected between the boost converter and the load
that introduces additional cost charges [6, 52], which is not

Efficiency
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|u|

Solar_irradiation

[Vpv]
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+
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×
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Figure 11: Simulink block model of calculating efficiency.
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required for the proposed approach in this paper. Further-
more, the introduction of constant time delay allows to pro-
vide a delay-dependent condition of the PV system, which is
ignored in other existing works [5, 6, 52].

5. Conclusion

This paper proposes a Takagi–Sugeno state delayed feedback
and integral control for a boost converter in a PV application.
The proposal obtains constant control gains, regardless of the
nonlinear nature of the phenomena that usually leads to vari-
able control gains from stratifications of the stability regions.
The control framework is based on delay-dependent stabiliza-
tion conditions using a Lyapunov-Krasovskii functional, lead-
ing to a convex optimization problem, where the delayed
feedback and integral gains are obtained simultaneously via
LMI. By simulation results, one can see that the oscillations
and efficiency of the results are adequate for PV applications,
showing the applicability of the method. Note also that the
proposed control strategy is simple to implement and achieves
acceptable performance. In terms of simplicity, all the gains
necessary for the control implementation are constant and
do not require online processing; instead, the gains are com-
puted offline and then implemented to be proportional to
the input signals. In terms of performance, the proposed
method shows accurate MPPT tracking, acceptable steady-
state efficiency (about 95%), and low steady-state ripple (less
than 2%). These aspects show a proposal that simplifies the
electronic implementation of MPPT algorithms for small-
scale PV developments.

Appendix

Proof of Theorem 2. Let us consider the Lyapunov-
Krasovskii functional described as follows:

V x tð Þð Þ = xT tð ÞPx tð Þ +
ðt
t−h

xT sð ÞQx sð Þds

+ h
ð0
−h

ðt
t+λ

_xT sð ÞR _x sð Þdsdλ:
ðA:1Þ

Calculating the time derivative of (A.1), we obtain

_V x tð Þð Þ = 2xT tð ÞP _x tð Þ + xT tð ÞQx tð Þ − xT t − hð ÞQx t − hð Þ
+ _xT tð Þh2R _x tð Þ + h

ðt
t−h

_xT sð ÞR _x sð Þds:

ðA:2Þ

Using the Jensen’s inequality, we have

_V x tð Þð Þ ≤ 2xT tð Þ P _x tð Þ + xT tð ÞQx tð Þ
− xT t − hð ÞQx t − hð Þ + _xT tð Þh2R _x tð Þ
+ xT tð Þ − xT t − hð Þ
 �

R x tð Þ − x t − hð Þð Þ:
ðA:3Þ

Assume that the function f ððtÞÞ is bounded and satisfies
the following condition:

f T e tð Þð Þf e tð Þð Þ < αxT tð Þx tð Þ⇒ 0 < αxT tð Þx tð Þ − f T e tð Þð Þf e tð Þð Þ,
ðA:4Þ

where α = 1/ρ. Adding the right side of (A.4) to (A.3),
we obtain

_V x tð Þð Þ ≤ 2xT tð ÞP _x tð Þ + xT tð ÞQx tð Þ − xT t − hð ÞQx t − hð Þ
+ _xT tð Þh2R _x tð Þ + xT tð Þ − xT t − hð Þ
 �

R x tð Þ − x t − hð Þð Þ
+ αxT tð Þx tð Þ − f T e tð Þð Þf e tð Þð Þ:

ðA:5Þ

Consider now the H∞ performance index J in (16).
Under zero initial condition, we have

J <
ðt
0

_V x sð Þð Þ + γ−1yT sð Þy sð Þγ �ωT sð Þ�ω sð Þ� �
ds =

ðt
0
ξTs Ψξsds,

ðA:6Þ

where

Ψ =

Ψ11 Ψ12 Ψ13 Ψ14
∗ Ψ22 0 0
∗ ∗ −γI 0
∗ ∗ ∗ −I

2
666664

3
777775 + h2ΠTRΠ + γ−1ΣTΣ:

ðA:7Þ

with

ξTs = xT tð ÞxT t − hð ÞwT tð Þf T e tð Þð Þ
h i

,

Π = A tð ÞAd tð ÞD tð ÞB tð ÞKI½ �,
Ψ11 =Q − R + αI + sym P A tð Þf g,
Ψ12 = R + P Ad tð Þ,
Ψ13 = PD tð Þ,
Ψ14 = P B tð ÞKI ,
Ψ22 = −Q − R:

ðA:8Þ

To design the controller gains, we define the follow-
ing matrix Ω = fX, X, I, Ig with X = P−1. Pre- and post-
multiplying Ψ by Ω and its transpose, we obtain

~Ψ =ΩT ΨΩ =

~Ψ11 ~Ψ12 ~Ψ13 ~Ψ14

∗ ~Ψ22 0 0

∗ ∗ −γI 0

∗ ∗ ∗ −I

2
6666664

3
7777775

+ΩT h2ΠT λ λ2R−1
 �−1
λΠ + γ−1ΣT Σ

n o
Ω:

ðA:9Þ
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By using relaxation method, Equation (A.9) can be
described as follows:

~Ψ = 〠
4

i=1
θ2i z tð Þð Þ~Ψii + 〠

4

i=1
〠
4

i<j
θi z tð Þð Þθi z tð Þð Þ ~Ψij + ~Ψji

� 
:

ðA:10Þ

By considering the variable changes ~Q = XQX and
~R = XRX, and the controller design Y ðtÞ = K ðtÞ with
Schur Complement Lemma and right-hand side of
inequality (A.11), we obtain conditions in (17).

λR−1 − X

 �

R λR−1 − X

 �

> 0⟺ −λ2R−1 < ~R − 2λX:
ðA:11Þ

If conditions in (17) are satisfied, it means that
(A.10) is satisfied. This implies that J < 0, and the
closed-loop system is asymptotically stable with H∞ per-
formance. This completes the proof.
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INC algorithm: Incremental conductance algorithm
FLC: Fuzzy logic controller
LMIs: Linear matrix inequalities
MF: Membership function
MPPT: Maximum power point tracking
PDC: Parallel distributed compensation
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PI: Proportional-integral
PV systems: Photovoltaic systems
PWM: Pulse width modulation
T-S model: Takagi–Sugeno model.
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