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ABSTRACT. This paper presents mazimum power point tracking (MPPT) control for
photovoltaic systems with battery storage using the Takagi-Sugeno (T-S) fuzzy model
based approach. Under varying meteorological conditions, we consider a DC-DC' boost
converter to control the output power of a photovoltaic panel array. A T-S reference
model is used to generate the optimum trajectory, which must be tracked in order to
achieve optimal power point. Controller gains are obtained by solving a set of linear
matriz inequalities (LMIs). Furthermore, the proposed method eliminates the oscillation
disadvantage near the maximum power point while also reducing tracking time. Finally,
the simulation of the photovoltaic system using the proposed control demonstrates the
efficacy of the proposed algorithm even in the case of climate change.

Keywords: Photovoltaic system, Batteries, Boost converter, Maximum power point
traking, Takagi-Sugeno fuzzy systems

1. Introduction. Currently, the misdeeds of the massive use of fossil fuels for electrical
production, the demand for which is continuously growing are well-known greenhouse
effect, atmospheric pollution, disturbances and global warming, etc. This awareness, as
well as many other economic and political reasons, incites and motivates the scientific
community to reflect on the development of renewable energies and their optimal use.
Indeed, renewable energies such as photovoltaic (PV) offer many advantages because
there is no greenhouse gas emission during electricity production. Sunlight is available
everywhere and can be harnessed in the mountains as well as in the cities. However,
PV production is variable and strongly depends on climatic conditions (solar irradiation,
temperature) which are often unstable [1, 2, 3].

Therefore, due to their intermittent nature, PV systems cannot ensure a continuous
supply of energy on their own. In order to make that this energy is both reliable and
efficient, it is necessary to overcome two main problems related to the production of
photovoltaic energy in an isolated site: the operation difficulty at the optimal point and
the storage of the produced energy [4]. Because of their low cost and lengthy autonomy
[5], lead-acid batteries are extensively employed to store the energy produced by GPVs
on isolated sites, and they provide a pretty good performance/cost ratio.

The use of MPPT (maximum power point tracker) [5] is required to obtain the maxi-
mum energy from the PV generator regardless of climatic circumstances. The MPPT is
based on hardware and software aspects: DC-DC converter to adapt the load impedance
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to the source of the PV generator and an MPPT algorithm (maximum power point track-
ing) to achieve maximum power at all times [6]. Likewise, an enormous number of MPP
tracking algorithms have been developed in the literature. Techniques are very diverse
but all fix the operating point of the system by acting on the duty cycle of the DC-DC
converters and differ in degree of complexity, in the number of sensors required, in the
speed of convergence and cost of monitoring efficiency [7]. Each of these techniques has
advantages and disadvantages. The best known are the Perturb and Observe (P&O)
methods [8] and the incremental conductance (IC) methods [9]. These approaches have
the advantage of being simple to implement, but they are unstable (oscillations around the
maximum point). Improved versions of the P&O approach based on adaptive techniques
[10, 11] allow for the reduction or cancellation of oscillations around the maximum point,
but this adds complexity and does not solve the robustness problem (difficulty of following
quick changes in weather conditions) [12]. In order to overcome such difficulties, various
strategies have been developed, among which a successful approach is a Takagi-Sugeno
(T-S) fuzzy control.

Since 1985, T-S fuzzy systems have been used to control nonlinear systems and solve
many analysis and control design problems for these systems. In addition, T-S fuzzy
systems play a significant role in the synthesis of fuzzy controllers [13]. T-S fuzzy con-
trollers provide a simple analytical expression of the output generated as a function of the
considered inputs, which makes it possible to exploit numerical optimization mechanisms
for their synthesis such as least-squares algorithms [14, 15, 16]. This method has been
used in several works in order to solve the problem of tracking [17, 18]. Despite all of this
development, conservatism remains a problem that requires more research.

Based on the motivation above, we propose an MPPT T-S fuzzy controller of a pho-
tovoltaic system with variations of the temperature and the radiations. The designed
MPPT controller is developed to a PV system, including a PV module, a DC-DC boost
converter and a battery load. Sufficient conditions for the existence of an MPPT fuzzy
controller are presented using the quadratic Lyapunov function. Moreover, it is easy to
see that the controller parameters can be derived by solving a set of rigorous LMIs, using
existing LMI solvers. In comparison to the previous study methods, the MPPT fuzzy con-
troller presented in this paper has a powerful ability to force the PV generator to operate
very close to the maximum power trajectory, reducing the required sensors by estimating
the output voltage by an adaptation mechanism, and reduces the oscillations around the
MPP. The remainder of this paper is organized as follows. The PV system description
is presented in Section 2. Section 3 describes the T-S fuzzy modeling and identification.
In Section 4, the analysis based on the simulation results is conducted. The conclusion is
given in Section 5.

Notations: Through this paper, sym (M) represents M + M7*. M* denotes the trans-
pose of M. The symbol * represents the symmetric term in a block matrix. I denotes
the identity matrix with appropriate dimension. P > 0 (< 0) means that P is positive
(negative) definite matrices.

2. System Description and Modeling. The photovoltaic system used in this work
is shown in Figure 1. It is composed of an MSX60 PV module coupled to a DC-DC
converter and a battery load, driven by an MPPT assuming the maximum efficiency for
the energy transfer.

2.1. Modeling of the PV generator. As shown in Figure 2, the solar cell is equiva-
lent to a light current source connected in parallel with a diode and a shunt resistor, and all
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are coupled to a series resistor [19, 20]. The analytic expression of the current delivered
by the PV panel is given by

[pv = Iph — Iy — I, = [ph — I {exp (‘/;’”Z—Vislpv> _ {| . (‘/pv ‘;:js]pv) <1>
where
o KT
q
Ly = Lser + Ki(T — T,)] <i> (2)
1000

where I,,,, V,, and T' denote the output current, the output voltage and the cell temper-
ature of the PV module respectively; [, represents the diode’s saturation current, and it
is influenced by the temperature. We use the same data in [24]: n = 1.5 is the ideal PN
junction characteristic factor, K = 1.3805 x 1072 J/K, ¢ = 1.6 x 107 C denote the
Boltzmann’s constant and the electronic charge respectively. I, represents the generated
photocurrent, and it depends mainly on the radiation and cells temperature. I,.. and K;
denote the short-circuit current at a reference condition and the short-circuit temperature
coefficient respectively. T, and G are respectively the reference temperature and the solar
irradiance (W/m?). R, is the series resistance of the cell and Ry, is the parallel resistance
of the cell.

: L—
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FI1GURE 1. Global structure of the PV system with storage battery
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F1GURE 2. Equivalent circuit model of the PV cell

For a PV module composed of N, strings in parallel, the mathematical model can be
represented by the equation

Viw + Ry Voo + Rs 1y,
Ipw = Nplpn — Nplo {GXP (pn—VTp> - 1} - Ny (;)N—th) (3)
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where Ny is the number of cells in series per string.

Figure 3 shows P-V and I-V characteristics at different levels of solar irradiance G and
temperatures T'. It can be observed that the variation of the maximum power of PV panel,
changes highly as a function of the solar irradiation and the cell temperature. From these
curves, we can detect that the more temperature is low, the more cell generates power.
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FiGure 3. I-V and P-V characteristics of MSX60 PV in varying climatic
conditions for a typical clear day

2.2. DC-DC boost converter. The DC-DC boost converter is shown in Figure 1. The
dynamic model is described by two sets of linear differential equations according to the
switch’s states ON or OFF. In order to simplify the study, we will establish the MPPT

command when the battery is fully charged. The differential equation of a DC-DC boost
converter during the ‘ON’ state can be defined as [21]:

( deZut(t) _Cil(]L(t) — Ipy())
dip(t) 1 B
i ACI Ry 0 :
| dV;zt@ _ REQ Via(t)
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and during the OFF period we have
((dV,,(t) 1

—5 = —a(]L(t) — Ipv(t))
%t(t) = %va(t) - %IL(t) - %ch(t) (5)
dVio(t) 1 1

(at G olt) = RCQVC?@)

where Vpy, I, and Vs denote the output voltage, the inductor current and the input
voltage, respectively.
The state space equation during the ‘ON’ period is defined as follows:

z(t) = Ajx(t) + Ew(t) (6)
And the state space equation during the ‘OFF’ period is given by the following equation
z(t) = Asx(t) + Ew(t) (7)
where
0 - L o ] (0 -~ o ]
Cl Cl
1 Ry 1 Ry 1
Sl I L Rl I R A
1 1 1
0 0 - 0 —= -
L RCQ . L C12 RCQ -
1 Violt)
&
E=1 o |, z@)=| I(t) |, wt)= 1)
0 Vea(t)

As a result, the dynamics of the PV conversion system can be rewritten in the following
average model:

&(t) = [A1z(t) + Ew(t)]u(t) + [Asz(t) + Ew(t)](1 — u(t)) (8)
or equally,
B(t) = Asx(t) + (A1 — Ag)z(t)u(t) + Ew(t) (9)
as well,
t(t) = Agz(t) + B(z(t))u(t) + Ew(t) (10)
0
with u(t) € [0,1], where B(z(t)) = VCQT(t) and the duty ratio used as an input to

_I®)
Co
control the power switch is denoted by u(t).

2.3. The perturb and observe (P&O) MPPT algorithm. The simplicity of imple-
mentation of the P&O algorithm makes this technique the most widely used method in
PV systems [27]. The principle of this method consists in disturbing the Vpy voltage of
the GPV with a small amplitude around its initial value and analyzing the behavior of
the resulting power variation Ppy [22] (show in Figure 4). If after a voltage disturbance,
the PV power increases, the disturbance direction is maintained otherwise it is reversed to
resume convergence towards the new MPP. The algorithm illustrating the P&O method
is given in Figure 5.
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FIGURE 4. Operating principle of P&O method [22]
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FIGURE 5. Maximum power point tracking algorithm (P&O)

Remark 2.1. Despite the PE0O algorithm is easy to implement, it has mainly the following
problems.

1) The PV system always operates in an oscillating mode.

2) The operation of the PV system may fail to track the maximum power point.

The general requirements of maximum power point tracking are low cost, simple im-
plementation, and quick tracking under varying atmospheric conditions and minor power
fluctuations. The main objective of the current work is to propose a T-S fuzzy controller
for a PV system with battery storage with a guaranteed closed-loop stability region and
reduce oscillations.
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3. T-S Fuzzy MPPT Control Design. We will start with the boost converter’s dy-
namic model, which will lead to the Takagi-Sugeno model, which we will use in the fuzzy
control design stage.

3.1. T-S fuzzy model for the boost converter. The T-S fuzzy controller system
follows the so-called fuzzy rules, which include IF-THEN statements, fuzzy sets, logic, and
inference. These rules are extremely useful for depicting sophisticated controls and models
and for connecting input and output variables of fuzzy controllers. Use the method based
on T-S models proposed in [24], which are a very interesting mathematical representation
of PV system, because they allow obtaining sufficient LMI conditions both for the stability
analysis and controller gain design associated with each local model.
The T-S fuzzy functions for total membership are configured as follows:

{ z1(t) = Vea(t)
zo(t) = IL(t)

The membership functions of the T-S fuzzy model are obtained by following the oper-
ations given in [24] as follows

(11)

21(t) — 21,min
b Z( >> Zl,max - Zl,min

(
Fimax(2(8) = 1 = Fimin (2(2))
(2

22(t) — 22, min
F2 ,min ( )) - -

<2,max — #2,min
FQ,max(z(t)> =1- FQ,HliH(Z(t))

The expressions of the weighting functions h; used are as follows

hi(2(t)) = Fimin(2(t)) Fo,min(2(t))
ha(2(1)) = Fimin(2(t)) F2,max(2(2))
h3(2(t)) = Fimax(2(t)) Fo,min(2(1))
ha(2(t)) = F1max(2(t)) Fo,max(2(t))

The PV system is approximated by four fuzzy rules represented as follows:
Rule 1: If (Veo(t) is Fimin) and (I1(t) iS Fbmin) Then

& = Asx(t) + Byu(t) + Ew(t)
Rule 2: If (Veo(t) is Fimin) and (IL(t) i8S Fomax) Then

& = Asx(t) + Bou(t) + Ew(t)
Rule 3: If (Veo(t) is Fimax) and (I(t) is Fomin) Then

& = Ayx(t) + Bsu(t) + Ew(t)
Rule 4: If (Veo(t) is Fimax) and (I(t) i Fomax) Then

T = Asx(t) + Byu(t) + Ew(t)

0 0
‘/02 min (t) ‘/62 min (t)
B = L , B, = L )
_ILmin<t) _[LmaX(t)

Cz CZ
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0 0
‘/02 max (t) ‘/02 max (t)
B3 = L , By = L
Lpan(®) Tomax(t)
Cy Cy

The fuzzy rule-based system’s overall output is given by
4
B(t) = hi(2(t))(Asz(t) + Biu(t) + Ew(t)) (12)
i=1

In order to facilitate the design of fuzzy controller, the following lemma is needed [23].

Lemma 3.1. [23] For matrices T, Q, U, and W with appropriate dimensions and scalar
&, the inequality

T+WIQT +QW <0 (13)
1s fulfilled if the following condition holds:
T *

Q" vuw —eu—eur | <0

3.2. MPPT reference model. The goal of this section is to develop a fuzzy controller
that can follow a perfect reference model by driving the state of the PV system. The
state equation of the MPPT reference model is defined as follows:

T, (t) = Ava, (t) + 7 (t) (14)
where

_— 1 -

0 _a 0 Ipvopt

1 Ry 1 Cy Vovont

L L L< U Pt> ) T( ) O U pt R]pvopt

1 1

0 —(1—u, — 0

| 0 (1 o) RC, |

As shown in the above representation, the reference model (14) is also nonlinear via
the premise variable z, = (1 — u,) and can be described by the following two rules:

Rule 1: If (2,.(t) is Npin) Then z,.(t) = Aqq2,.(t) + r(t)

Rule 2: If (2,(t) is Npax) Then ,.(t) = Aoz, (t) + 7(t)

The membership and weighting functions are defined as follows:

2y t) — Zr,min
e (1)) = Nz (1)) = 20— Zrann

hQ(Zr(t)) = Nmax(zr(t)) =1- hl(zr(t))
The matrices of the reference model are defined as

[ 0 ! 0o | [0 ! 0o |
Cy Cy
1 RL 1 1 RL 1
Ar - - I 7 Ar,min ) A’/‘ - - - — 7 Ar,max
S 7 L L™ 2| I L L™
0 1 1 0 1 1
——Zr min - ~ “r,max -
i Cy 7 RCy | L Cy RCy |

The global T-S fuzzy reference model can be summarized as follows:

i(8) = ) bz (0) (A, (1) + (1)) (15)
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3.3. Fuzzy controller design. The main difference from the ordinary parallel distribut-
ed compensation controller is to add in the control law the term of the tracking error:

e(t) = z(t) — z,(t)

Thus, to operate at the maximum power point, we must ensure that the tracking error
converges to zero whatever the variations of insolation and temperature. As a result, the
trajectory tracking problem is modeled as a fuzzy state feedback control system, with the
following control law:

u(t) = Z hy(z ()5 (x () — (1)) = Z hy(=(8)) Ke(t) (16)

where K are linear feedback gain matrices to be developed.
The error dynamics of systems (12), (15), and (16) can be calculated as follows:

4 4 2

)= > hilz(O)hy(=(0) (= (D) [(As + Bikc)e(t)

i=1 j=1 k=1

T (Ay — Apa(t) + Ew(t) — r(0)]

Substituting the control law (16) in the fuzzy model (12) and using an augmented state-
space form, the closed-loop system is given by

(17)

4 2

z(t) = Z ‘ D halz (@) hy (2 (0) (2 () [Ain(t) + Eo(1)] (18)

where

=[] so-[50] 20-[F 7]
Ay [ A, +OBin AQ; Ak }

The disturbance due to the input voltage variation, including parameters (fp,q and
I,.,), is denoted by w(t), and r(t) represents the external input which depends on climatic
condition. The H,, performance can be formulated as follows to quickly attenuate the
effect of disturbance on closed loop control system:

/0 T30t < A2 /0 T ST (et (19)

WhereQ:{%l 8 :

This study uses the H,, tracking method to make the PV system track its maximum
power trajectory for different solar insolation and temperature levels, as well as guarantee
a specified attenuation level against the external disturbance effect.

Now, we shall present sufficient conditions for the existence of a T-S fuzzy controller (16)
that will force the PV generator to operate very close to the maximum power trajectory.
The benefit of this approach is to reduce the maximum power tracking error even when
climatic conditions change quickly. Based on the above analysis, we obtained the following
theorem.

Theorem 3.1. Given positive scalars o and & the closed-loop system (18) is asymptotically
stable and the H., performance (19) with the attenuation level v is satisfied, if there are
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some matrices P > 0, P, > 0, P3, U, N;, i = 1,2,3,4 and a positive scalar v solution
for the following optimization problem.:

Wi, <0, k=1,2 (20)
Wigr + Wjix <0, k=12 (21
where
[ Vi Vi PE P—D Ve ]
x+ U2 RE PP U
Uik = * * —721 0 0 (22)
* * * —°I 0
E * * * —&U - Ut |
Uik = sym{PiAy + B;N;} + Q1 + o Py
\Illljzk =Pi(A— Ap) + P Ay + (AT P + )‘NJTBZT) +oab
WS, = €(PB — BU)+ N7 (23)
\I/?j?k = sym{Py(As — Arx) + PsArx} + aPs
V2, = ()(P2B, ~ ABU)
Furthermore, the controller gain matrices are given by K;j = U™'N;, j =1,2,...,7.

Proof: Suppose that Inequalities (20) and (21) hold. The feasible solution of this
inequality satisfies —£U —&U7T < 0, which implies that matrix U is nonsingular. Obviously,
the LMI conditions (20) and (21) can be rewritten as follows:

2 4 -1 4 2 4 4
> i [Z R Wi+ > Y hihy (Wi + U) | =33 Y hyphihy Uiy <0 (24)
k=1 =1 i=1 j=i+1 k=1 i=1 j=1
which is verified if
. T *
with
\Ijzljlk \I’}]'Qk PE P,—-P
V2 P E Py— P
ﬂjl = i ik 22 ’ ? )
* x  —y°l 0
* * * —~2T (26)
PB;, — B,U
0; <P2Bi_OABZ'U) Wy =U"[N; 00 0]
0
where Wij, Wi and W73 are defined in (22).
Applying Lemma 3.1 obviously, the following condition holds
PB; — B;U
Tiji + sym (P.B; B ABU) | g1 [N; 00 0]p<0 (27)

0
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From (27), we have

Tin Tz 0 0
* 0 0 0
* * * 0

where
Y1 = sym{(PB; — BZ-U)U_IN]}
Tij12 - N]TUiT(PQBZ — )\BlU)T

Substituting 7;; in (26) into (28) and applying the change of variables N; = UK, we
obtain

x U2 PE P;—P
* x =2 0 <0 (29)
* * * —~2T
q)lljlk = 3ym{P1 (A2 -+ BZKJ)} + Q1 -+ Oépl (30)
02 = Pi(Ay — Apk) + PoAyy, + (As + BIK)T Py + aPy
We note that P = [ ? ? } , the above inequality can be transformed to the next one:
2 I3
[ sym {PAijk*} +Q +aP —Pygl <0 (31)

Let us consider the Lyapunov function given by [26]
V(z(t) = z(t)" Pa(t) (32)

For the asymptotic stability with decay rate of the closed loop system, the condition is
defined as follows

V(z(t)) < —aV(z(1)) (33)
The derivative of (32) with respect to time satisfies
V() =33 > huhihy {[#(t) AL + 7 (1) BT] Pa(t) 5
+2(t)" P [Az(t) + Ew(t)] 2(t)}
From (33) we have that
Vi(z(t)) = V(z(t) + aV((t)) < 0 (35)
Taking account of (34), if (31) holds, it can be easily verified that
Vi(a(1) +2(t)" Qa(t) — 7w () w(t) <0 (36)

Integrating both sides of Inequality (36) from 0 to oo yields
/0 T idt + /0 T (@) 0x(t) - Yo e() dt
=V (z(c0)) — V(2(0)) + /OOO (Z(t)"Qz(t) — v*w(t) w(t)) dt < 0

For zero initial condition, we obtain (19). This completes the proof. O
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Remark 3.1. It should be noted that in |21, 24], the MPPT control for photovoltaic was
studied using the LMI method, and a T-S reference model is constructed to provide the
desired trajectory that must be tracked. In contrast to the previously stated LMI design
methods, this paper uses the T-S fuzzy model based approach to present an MPPT con-
trol for photovoltaic systems with battery storage. The proposed method includes neither
transformation matrices nor equality constraints, which simplifies the numerical solution.
Moreover, the introduction of the scalar parameters £ = a = A = 1 can ensure the feasi-
bility of the results, but the selection of a, X and & provides extra free dimensions in the
solution space for the design condition.

4. Simulation Results. We use numerical simulation in this section to demonstrate
the efficiency and the benefits of the fuzzy controller approach applied to the boost DC-
DC converter for the PV system with storage system, under variable climatic conditions,
a comparison was made between the proposed T-S fuzzy controller and the traditional
perturb and observe (P&O) algorithm. Here, we are using an MSX60 PV module, whose
specifications are listed in Table 1. The parameters of the boost converter are chosen

s [28], C; = 100 uF, L = 3 mH, R, = 0.001 Q, R = 30 Q, Cy = 100 uF. A lead-acid
battery from the PowerSafe T-S series is used as the storage device. Table 2 shows the
key characteristics of battery at temperature of (25°C). Figure 6 shows a diagram that
illustrates the proposed fuzzy controller.

TABLE 1. MSX60 PV module

Parameters Abbreviation | Value
Maximum power Popt 60 W
Maximum current Lpopt 3.5 A
Maximum voltage Vivopt 171V

Short circuit current I 3.8 A
Open circuit voltage Ve 211V

TABLE 2. Lead acid battery parameters

Parameters Name Value
C Nominal capacity 200 Ah
Rpa Internal resistor | 0.64 x 12 (7.68 mS2)
Epa Nominal voltage 2x12V (24 V)

By solving the LMIs condition in Theorem 3.1, we get the minimum H., disturbance
attenuation level v, = 0.3, and the following controller gains.

K; =[0.0012 —0.0462 —0.1088], K, =[—0.0000 0.0611 — 0.0034]
K3 = [0.0002 0.0008 — 0.0229], K, = [0.0002 0.0106 — 0.0506]

In order to verify the validity of the designed control scheme, real profile measurements
temperature and solar irradiance were used. Figure 7 depicts an example of real daily
climate data from the National Institute of Meteorology for the region of Oujda, Morocco.

The first simulation focuses on controlling the boost DC-DC converter in the event of
weather changes, using the proposed MPPT method. The comparison results between
P&O and our method are depicted in Figures 8-10.

These figures, in particular, show the responses of the PV current, PV voltage, and
PV power to varying solar irradiation and temperatures. The T-S fuzzy controller, as
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previously mentioned, has a fast dynamic response without oscillation. By examining
Figures 8-10, it is clear that the proposed solution effectively generates the MPP tracking.
For instance, the maximum irradiance and temperature levels during the interval time
t = [2,6] s are G = 600 W/m? and T' = 42°C, respectively. The optimum current and
voltage of the PV module in this condition are about 1.81 A and 18.3 V, respectively. The
maximum power of the PMPP PV module under the same irradiance and temperature
conditions is PMPP = 35 W (Figure 3). We confirm that the proposed control successfully
tracks the maximum power of the PV system with a relative uncertainty of 5.36% which
corresponds to an efficiency of 94.63%.

By comparing the P&O algorithms, it is shown that the system’s performance under
the proposed approach yields a good dynamic performance characterized by a smoother
curve, faster response, and the best tracking of the reference trajectory.

This simulation also allowed us to see the behavior of the battery associated with the
PV system controlled by the fuzzy T-S controller. The SOC profile for one cycle is shown
in Figure 11, where I, denotes the battery current and Vj, denotes the voltage, with I, < 0
during charging and [, > 0 during discharge.
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The second simulation aims to show the influence of ambient temperature on the state
of charge and discharge of the battery. The battery storage voltage (V) and current (1)
under the change of solar irradiance are shown in Figure 12 for different temperatures.
We notice that the SOC of the battery varies considerably with temperature. At high
temperatures, the SOC increases more slowly which corresponds to a slower charge. The
influence of temperature appears during battery charging, but during discharge the curves
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are parallel, indicating that the battery is discharging at the same rate regardless of the
ambient temperature.

The obtained simulation results demonstrate that the TS fuzzy method outperforms
the P&O algorithms in terms of tracking performance. The provided control method can
ensure closed-loop system stability and its gains are parameterized in terms of a linear
matrix inequality problem that can be solved efficiently.

5. Conclusions. The MPPT technique for a PV conversion method for a class of T-S
fuzzy continuous-time method was studied in this paper. Using the Lyapunov function,
appropriate conditions are extracted for the existence of a fuzzy controller. The design
conditions are in linear matrix inequalities (LMIs) format. Our methodology helps us to
minimize tracking time even while considering changing climatic conditions, which is an
advantage over other literature approaches. It should be pointed out that the introduction
of the slack variables provides more flexibility but the computational complexity increases.
This result will be extended to fuzzy observer-based control using a buck converter.
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