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ABSTRACT In this article, a novel method based on interval type-3 fuzzy logic systems (IT3-FLSs) and
an online learning approach is designed for power control and battery charge planing for photovoltaic
(PV)/battery hybrid systems. Unlike the other methods, the dynamics of battery, PV and boost converters are
considered to be fully unknown. Also, the effects of variation of temperature, radiation, and output load are
taken into account. The robustness and the asymptotic stability of the proposed method is analyzed by the
Lyapunov/LaSalle’s invariant set theorems, and the tuning rules are extracted for IT3-FLS. Also, the upper
bound of approximation error (AE) is approximated, and then a new compensator is designed to deal with
the effects of dynamic AEs. The superiority of the proposed method is examined in several conditions and
is compared with some other well-known methods. It is shown that the schemed method results in high
performance under difficult conditions such as variation of temperature and radiation and abruptly changing
in the output load.

INDEX TERMS Fuzzy systems, learning algorithms, power management, type-3 fuzzy systems, adaptive
control, machine learning, artificial intelligence.

I. INTRODUCTION
Energy management is one of the hot topics in recent years.
Especially, solar energies and storage systems increasingly
attract attention. Solar energy has some features which have
caused studies in this field to be attractive. The sun is one of
the most abundant energy sources that do not pollute the envi-
ronment [1]–[3]. Using solar energy can directly affect on the
reduction of carbon footprint on the earth and the changing
of future climate. The maintenance cost of photovoltaic (PV)
panels is also remarkable less. However, themain drawback is
the high dependence of solar energy on weather conditions.
Then it is vital that the energy storage systems and energy
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management methods to be developed such that the maxi-
mum power to be extracted and the output load voltage to be
regulated on the reference level. The basic approach is the use
of boost converters to make a switching mechanism between
energy storage systems and PV panels [4], [5].

Recently, several control methods have been developed to
manage switching frequency such that the maximum power
to be extracted and the voltage to be kept on a reference
level in verses of load changes, the variation of temperature
and time-varying radiation. For instance, in [6], an optimal
charging plan is designed for battery, and energy consump-
tion in peak times is investigated. In [7], considering electri-
cal power cost, a predictive control system is presented for
energy control in the photovoltaic systems. In [8], by the use
of a gravitational search technique, a controller is designed
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for power management and for optimal battery charging.
In [9], a passivity-based control system is proposed, and
the effect of variation of load resistance is studied. In [10],
the frequency stability in a PV/battery/hydropower microgrid
is investigated by the use of a small-signal state-space model
to guarantee the desired power-sharing. In [11], an energy bal-
ance system is presented by the current control approach, and
the power-sharing between various units is studied. In [12],
by weather forecasting technique, the level of radiation is
predicted, and a battery charging pattern is designed. In [13],
the problem of battery overcharging and deep discharge is
studied by designing a supervision unit. In [14], by the use of
DC-DC converters and optimal control systems, the problem
of maximum power extracting is studied. In [15], the battery
charge balancing is studied by the use of a sliding mode
controller and its performance is examined considering the
European benchmark microgrid. In [16], a risk management
technique is proposed to generate a balanced hybrid energy
system such that the market price uncertainty is taken to
account.

One of the drawbacks of the reviewed energy manage-
ment systems is that the parameter and dynamic uncertainty
and uncertain weather conditions are not handled, effec-
tively. To cope with uncertain dynamics and parameters some
fuzzy logic system (FLS) based approaches have been intro-
duced [17]–[19]. For instance, in [20], a FLS based algo-
rithm is developed to guarantee the voltage stability in the
PV/battery system and the battery charging and discharging
strategy is studied. Similar to [20], in [21], an FLS based con-
troller is presented for the energy storage system such that the
stability of the PV system to be ensured. A fractionala-order
FLS controller is suggested in [22], for power/voltage control.
In [23], a supervisor system is designed by the use of FLSs to
construct a power balance between various energy generators
such as wind, PV, and diesel systems. In [24], to guarantee the
power availability, an FLS is designed and its effectiveness
is examined through a case study considering Morocco city.
In [25], considering electricity price and pollutant treatment
cost, a FLS based control system is designed to control the
battery system. In [26], a new algorithm is suggested using
FLSs to stabilize the output voltage and extract maximum
power in PV. In [27], charging/discharging plans of battery
systems using FLS are studied and the performance of the
suggested method is examined on multi-type of batteries.
In [28], the gains of the PI controller is optimized using
FLSs to extract optimal power in the PV/battery system
and the effectiveness of the FLS is shown by comparison
with the conventional P&O method. The well efficiency of
neural-fuzzy based controllers have been shown in other
control problems such as Markov jump and descriptor sys-
tems, networked systems, nontriangular systems, multiagent
systems and observer systems [29]–[34].

The main disadvantages of the above reviewed fuzzy based
controllers for PV/battery system are that (1) simple FLSs are
used to copewith uncertainties, (2) the effects of time-varying
dynamics and radiations are not taken to account, (3) the

stability and robustness of FLS based controller are not stud-
ied and (4) the learning algorithmswith complicated structure
and computational cost are used. Recently improved type-
2 FLS (T2-FLS) and IT3-FLS have been presented [35]–[37].
It has been shown that improved FLSs result in higher perfor-
mance in the wide engineering applications such as: model
identification [38], fault detection problems [39], robotic sys-
tems [40], medical diagnosis systems [41], forecasting prob-
lems [42], control systems [38], classification problems [43],
image processing [44], decision-making systems [45], and so
on. Regarding above motivation, in current study a new FLS
based controller using IT3-FLSs is proposed for planing a
charge/discharge storage system and an output voltage reg-
ulator. The stability and robustness are studied and various
challenging conditions are considered, such as variation of
temperature, time-varying radiation, and unknown dynamics
of PV/battery system. The main contributions are:

• The effects of variation of temperature, abruptly changes
in output load and time-varying radiation are taken into
account and the uncertainties are estimated by IT3-
FLSs.

• The optimization of IT3-FLSs and control signals are
carry out by Lyapunov and LaSall’s theorems.

• The upper bound of AE is approximated and a compen-
sator is designed to cope with the effect of AEs.

• The dynamics of all units such as battery, PV and con-
vertors are considered to be fully unknown and the
effects of dynamic estimation errors are eliminated by
the suggested compensators.

II. PROBLEM DESCRIPTION
A. GENERAL INVESTIGATION
The block diagrams of the main hybrid system and control
system are depicted in Figs. 1-2. As it is seen, the system
includes PV, battery, boost convertor and bidirectional boost
convertor. The control objective is the planing of an appro-
priate charge/discharge plan for battery and an appropriate
current for PV to regulate the load voltage in a desired level.
In the following, the mathematical dynamics of all units are
illustrated.

FIGURE 1. The block diagram of PV/battery hybrid plant.

B. CONVERTERS
The Boost and bidirectional Boost convertors construct the
switching unit. The task of these units is to make a switching
mechanism between battery and PV. The model of switching
unit in the form of state space is written by taking average of
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FIGURE 2. The suggested control system.

FIGURE 3. Switching circuit modes.

four modes (see Fig. 3):

ẏ1 =
1
Lp

(
−y2 + y2up + Vp (y1)

)
ẏ2 =

1
C

(
y1 − y1up − y2/R+ y3ub

)
ẏ3 =

1
Lb
(−y2ub + Vb (y3)) (1)

where, Ip and Ib are the currents of PV and battery respec-
tively and Vc is the load voltage.

C. PV MODELING
The important approach to model behaviour of PV panel that
is frequently reported in many studies is the single-diode
approach: [46]

iph = s (ki (T − Tr )+ isc)

Ip = −io exp
(

q
nTkb

(
Vp + IpRsg

)
− 1

)
+ GIphg

−
(
IpRsg + Vp

)
/Rshg

i0 = exp
[
Egq
kbA

(
1

Tr + 273
−

1
T + 273

)](
T + 273
Tr + 273

)3

ir

(2)

FIGURE 4. The power of the PV panel as a function of its current.

where the parameters description is given in Table 1. The
power of PV as a function of its current is given in Fig. 4.
As it is observed, the maximum power is obtained in one
special current. The controller should adjust the current of PV
at this special level.

D. BATTERY MODELING
The mathematical equations of battery is written as [46]:

E (t) = −
∫
WLoss + βIbVbocdt, Vb = Vboc − rbIb

β =

{
β1 Ib ≥ 0
β2 Ib < 0,

SoC (t) = E (t) /EMax (3)

where, the parameter descriptions are given in Table 2.

III. PROPOSED TYPE-3 FLS
The interval type-3 FLSs (IT3-FLSs) are developed to
handle more level of uncertainties [37]. In this study,
IT3-FLSs are used for online dynamic identification. The
structure of IT3-FLS (see Fig. 5) is explained step-by-step
in below:

1) The inputs of IT3-FLSs are y1 = Ip (t), y2 = Vc (t − τ),
y3 = Ib (t), where, Ip and Ib are the currents of PV and
battery, respectively and Vc is the load voltage. τ represents
the sample time.

2) For each input, two Gaussian membership functions
(MFs) (see Fig. 6) are considered. The centers of MFs are
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TABLE 1. Description the parameters of PV model.

TABLE 2. Description the parameters of battery model.

set to the upper and lower bounds of each input. For input Ip,
the upper and lower memberships are obtained as:

µ̄Ã1Ip |α

(
Ip
)
= exp

−
(
Ip − cÃ1Ip

)2

σ̄ 2
Ã1Ip |α



µ̄Ã2Ip |α

(
Ip
)
= exp

−
(
Ip − c̄Ã2Ip

)2

σ̄ 2
Ã2Ip |α

 (4)

µ
Ã1Ip |α

(
Ip
)
= exp

−
(
Ip − cÃ1Ip

)2

σ 2
Ã1Ip |α



µ
Ã2Ip |α

(
Ip
)
= exp

−
(
Ip − c̄Ã2Ip

)2

σ 2
Ã2Ip |α

 (5)

where, α is level of the horizontal slice. Ã1Ip and Ã
2
Ip are the

first and secondMFs for input Ip. cÃ1Ip
and c̄Ã2Ip

are the centers

of Ã1Ip and Ã
2
Ip , respectively. σ̄Ã1Ip |α

/σ Ã1Ip |α
and σ̄Ã2Ip |α

/σ Ã2Ip |α
are

the standard division for the upper/lower bounds of Ã1Ip and

Ã2Ip , respectively. Similarly, for input Ib, one has:

µ̄Ã1Ib |α
(Ib) = exp

−
(
Ib − cÃ1Ib

)2

σ̄ 2
Ã1Ib |α



µ̄Ã2Ib |α
(Ib) = exp

−
(
Ib − c̄Ã2Ib

)2

σ̄ 2
Ã2Ib |α

 (6)

µ
Ã1Ib |α

(Ib) = exp

−
(
Ib − cÃ1Ib

)2

σ 2
Ã1Ib |α



µ
Ã2Ib |α

(Ib) = exp

−
(
Ib − c̄Ã2Ib

)2

σ 2
Ã2Ib |α

 (7)

where, Ã1Ib and Ã2Ib are the first and second MFs for input
Ib. cÃ1Ib

and c̄Ã2Ib
are the centers of Ã1Ib and Ã

2
Ib , respectively.

σ̄Ã1Ib |α
/σ Ã1Ib |α

and σ̄Ã2Ib |α
/σ Ã2Ib |α

are the standard division for

the upper/lower bounds of Ã1Ib and Ã
2
Ib , respectively. Finally,

for input Vc, one has:

µ̄Ã1Vc |α
(Vc) = exp

−
(
Vc − cÃ1Vc

)2
σ̄ 2
Ã1Vc |α


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µ̄Ã2Vc |α
(Vc) = exp

−
(
Vc − c̄Ã2Vc

)2
σ̄ 2
Ã2Vc |α

 (8)

µ
Ã1Vc |α

(Vc) = exp

−
(
Vc − cÃ1Vc

)2
σ 2
Ã1Vc |α


µ
Ã2Vc |α

(Vc) = exp

−
(
Vc − c̄Ã2Vc

)2
σ 2
Ã2Vc |α

 (9)

where, Ã1Vc and Ã2Vc are the first and second MFs for input
Vc. cÃ1Vc

and c̄Ã2Vc
are the centers of Ã1Vc and Ã

2
Vc , respectively.

σ̄Ã1Vc |α
/σ Ã1Vc |α

and σ̄Ã2Vc |α
/σ Ã2Vc |α

are the standard division for

the upper/lower bounds of Ã1Vc and Ã
2
Vc , respectively. 3) The

output of f̂1 and f̂2 are:

f̂1 = θT1 ζ1
f̂2 = θT2 ζ2 (10)

where, θi and ζi are:

θi =
[
wi1, . . . ,wiR, w̄i1, . . . , w̄iR

]T
ζi =

[
ζ
i1
, . . . , ζ

iR
, ζ̄i1, . . . , ζ̄iR

]T
(11)

where, w̄il and wil are the parameters of l − th rule for i− th
IT3-FLS and R represents the number of rules. ζ

il
and ζ̄il are:

ζ̄l =

nα∑
j=1
ᾱj

z̄lµs=ᾱj
R∑
l=1

(
z̄lµs=ᾱj+z

l
µs=ᾱj

)
nα∑
j=1

(
ᾱj + αj

)

+

nα∑
j=1
αj

z̄lµs=αj
R∑
l=1

(
z̄lµs=αj+z

l
µs=αj

)
nα∑
j=1

(
ᾱj + αj

) , l = 1, . . . , 8 (12)

ζ
l
=

nα∑
j=1
ᾱj

zlµs=ᾱj
R∑
l=1

(
z̄lµs=ᾱj+z

l
µs=ᾱj

)
nα∑
j=1

(
ᾱj + αj

)

+

nα∑
j=1
αj

zlµs=αj
R∑
l=1

(
z̄lµs=αj+z

l
µs=αj

)
nα∑
j=1

(
ᾱj + αj

) , l = 1, . . . , 8 (13)

where, nα is the number of horizontal slices and:

ζ
l
=

nα∑
j=1
ᾱj

zlµs=ᾱj
R∑
l=1

(
z̄lµs=ᾱj+z

l
µs=ᾱj

)
nα∑
j=1

(
ᾱj + αj

)

+

nα∑
j=1
αj

zlµs=αj
R∑
l=1

(
z̄lµs=αj+z

l
µs=αj

)
nα∑
j=1

(
ᾱj + αj

) , l = 1, . . . ,R (14)

z
µs
= ᾱlj = µÃ

kIp
Ip
|ᾱj

(
Ip
)
µ
Ã
kIb
Ib
|ᾱj
(Ib) µÃkVcVc

|ᾱj
(Vc)

z
µs
= αj

l
= µ

Ã
kIp
Ip
|αj

(
Ip
)
µ
Ã
kIb
Ib
|αj

(Ib) µÃkVcVc
|αj
(Vc)

z̄µs = = ᾱj
l
= µ̄

Ã
kIp
Ip
|ᾱj

(
Ip
)
µ̄
Ã
kIb
Ib
|ᾱj
(Ib) µ̄ÃkVcVc

|ᾱj
(Vc)

z̄µs = αj
l
= µ̄

Ã
kIp
Ip
|αj

(
Ip
)
µ̄
Ã
kIb
Ib
|αj

(Ib) µ̄ÃkVcVc
|αj
(Vc) (15)

where, kIp = 1, 2, kIb = 1, 2 and kVc = 1, 2. The rules are
written as:

Rule #1 : If Ip is Ã1Ip |α and Ib is Ã1Ib |α and Vc is Ã1Vc |α

Then f̂i ∈
[
wi1, w̄i1

]
Rule #2 : If Ip is Ã1Ip |α and Ib is Ã1Ib |α and Vc is Ã2Vc |α

Then f̂i ∈
[
wi2, w̄i2

]
Rule #3 : If Ip is Ã1Ip |α and Ib is Ã2Ib |α and Vc is Ã1Vc |α

Then f̂i ∈
[
wi3, w̄i3

]
Rule #4 : If Ip is Ã1Ip |α and Ib is Ã2Ib |α and Vc is Ã2Vc |α

Then f̂i ∈
[
wi4, w̄i4

]
Rule #5 : If Ip is Ã2Ip |α and Ib is Ã1Ib |α and Vc is Ã1Vc |α

Then f̂i ∈
[
wi5, w̄i5

]
Rule #6 : If Ip is Ã2Ip |α and Ib is Ã1Ib |α and Vc is Ã2Vc |α

Then f̂i ∈
[
wi6, w̄i6

]
Rule #7 : If Ip is Ã2Ip |α and Ib is Ã2Ib |α and Vc is Ã1Vc |α

Then f̂i ∈
[
wi7, w̄i7

]
Rule #8 : If Ip is Ã2Ip |α and Ib is Ã2Ib |α and Vc is Ã2Vc |α

Then f̂i ∈
[
wi8, w̄i8

]
(16)

Remark 1: Fig. 6 shows that, in the type-3 MFs, the sec-
ondary membership is not a crisp value but it is a fuzzy set.
Also a horizontal slice a levelµs = αk is equal with two slices
at levels µs = αk and µs = ᾱk in type-2 counterpart.

IV. POWER MANAGEMENT AND STABILITY ANALYSIS
In this section the controllers up/ub are formulated. The main
results are summarized in below.
Theorem 1: The closed-loop system is asymptotically sta-

ble if control signals and compensators are designed
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FIGURE 5. The structure scheme of the IT3-FLS.

FIGURE 6. The interval type-3 membership function [37].

as (17-18) and tuning rules for parameters of IT3-FLSs and
estimated upper bound of approximation error (AE) are con-
sidered as (19-20).

up =
(
−f̂1 (y, θ1)− λ1e1 + spc

)
/b̂1

ub =
(
−f̂2 (y, θ2)− λ2e2 + sbc

)
/b̂2 (17)

spc = −
ˆ̄E1 |ỹ1|

e1∣∣e21∣∣+ ε
sbc = −

ˆ̄E2 |ỹ2|
e2∣∣e22∣∣+ ε (18)

˙̂
θ1 = γ ỹ1ξ1,

˙̂
θ2 = γ ỹ2ξ2

˙̂b1 = γ ỹ1up,
˙̂b2 = γ ỹ2ub (19)

˙̂
Ē1 = γ |ỹ1|
˙̂
Ē2 = γ |ỹ2| (20)

where, spc and sbc are compensators, λi, i = 1, 2 are positive
constants, and e1 = ŷ1−y1d and e2 = ŷ2−y2d are the tracking
errors and y1d and y2d are the optimal signals, γ is adaptation
rate, f̂i (y, θi, i = 1, 2) are IT3-FLSs, λi, i = 1, 2 are positive
constants, Ēi, i = 1, 2 are above bound of AE, ˆ̄E1 and ˆ̄E2 are
estimated upper bound of AE and ε is a small constant.

Proof: The dynamics of y1 and y2 in (1) are rewritten as
follows:

ẏ1 =
1
Lp

(
−y2 + Vp (y1)

)
+
y2
Lp
up

ẏ2 =
1
C

(
y1 − y1up − y2/R

)
+
y3
C
ub (21)

To design up and ub, one can has:

˙̂y1 = f̂1 (y, θ1)+ b̂1up
˙̂y2 = f̂2 (y, θ2)+ b̂2ub, (22)

where ŷ1, ŷ2, b̂1 and b̂2 are the estimation of y1, y2, y2/Lp
and y3/C , respectively and f̂1 and f̂2 are the IT3-FLSs. The
structure and parameters of IT3-FLSs f̂1 and f̂2 are illustrated
in the previous section. From (21) and (22), the dynamics of
ỹ1 = y1 − ŷ1 and ỹ2 = y2 − ŷ2 are:

˙̃y1 =
1
Lp

(
−y2 + Vp (y1)

)
− f̂1 (y, θ1)

+

(
y2
Lp
− b̂1

)
up

˙̃y2 =
1
C

(
y1 − y1up − y2/R

)
− f̂2 (y, θ2)

+

(y3
C
− b̂2

)
ub (23)
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From (23), one has:

˙̃y1 = f̂ ∗1
(
y, θ∗1

)
− f̂1 (y, θ1)+

(
b̂∗1 − b̂1

)
up

+
1
Lp

(
−y2 + Vp (y1)

)
1 − f̂

∗

1
(
y, θ∗1

)
+

(
y2
Lp
− b̂∗1

)
up

˙̃y2 = f̂ ∗2
(
y, θ∗2

)
− f̂2 (y, θ2)+

(
b̂∗2 − b̂2

)
ub

+
1
C

(
y1 − y1up − y2/R

)
− f̂ ∗2

(
y, θ∗2

)
+

(y3
C
− b̂∗2

)
ub

(24)

where, f̂ ∗1
(
y, θ∗1

)
and f̂ ∗2

(
y, θ∗2

)
are optimal IT3-FLS and b̂∗1

and b̂∗2 are optimal gains. From (24), consider the following
definitions:

E1 =
1
Lp

(
−y2 + Vp (y1)

)
1 − f̂

∗

1
(
y, θ∗1

)
+

(
y2
Lp
− b̂∗1

)
up

E2 =
1
C

(
y1 − y1up − y2/R

)
− f̂ ∗2

(
y, θ∗2

)
+

(y3
C
− b̂∗2

)
ub

(25)

From equations (24)-(25), it is concluded that:

˙̃y1 = E1 + θ̃T1 ξ1 + b̃1up
˙̃y2 = E2 + θ̃T2 ξ2 + b̃2ub (26)

where ξ1 and ξ2 are defined in (12-13) and the variables θ̃ and
b̃ and are described as:

θ̃1 = θ̂
∗

1 − θ̂1, θ̃2 = θ̂
∗

2 − θ̂2

b̃1 = b̂∗1 − b̂1, b̃2 = b̂∗2 − b̂2 (27)

Considering the estimated dynamics of ŷ1 and ŷ2, up and ub
can be written as:

up =
(
−f̂1 (y, θ1)− λ1e1 + spc

)
/b̂1

ub =
(
−f̂2 (y, θ2)− λ2e2 + sbc

)
/b̂2 (28)

Considering (28) and (22), the dynamics of e1 and e2 can be
written as:

ė1 = −λ1e1 + spc
ė2 = −λ2e2 + sbc (29)

To stability analysis, consider a Lyapunov function as:

V =
1
2
ỹ21 +

1
2
ỹ22 +

1
2
e21 +

1
2
e22

+
1
2γ

b̃21 +
1
2γ

b̃22 +
1
2γ
θ̃T1 θ̃1 +

1
2γ
θ̃T2 θ̃2

+
1
2γ
˜̄E2
1 +

1
2γ
˜̄E2
2 (30)

where, ˜̄Ei, i = 1, 2 are defined as:

˜̄E i = Ēi − ˆ̄E i (31)

where, Ēi is the upper bound of AE Ei, and ˆ̄E i represents the
estimation of Ēi. From (30), V̇ becomes:

V̇ = ˙̃y1ỹ1 + ˙̃y2ỹ2 + ė1e1 + ė2e2

−
1
γ
b̃1
˙̂b1 −

1
γ
b̃2
˙̂b2 −

1
γ
θ̃T1
˙̂
θ1 −

1
γ
θ̃T2
˙̂
θ2

−
1
γ

˜̄E1
˙̂
Ē1 +−

1
γ

˜̄E2
˙̂
Ē2 (32)

From equations (29) and (26), V̇ is rewritten as:

V̇ = ỹ1
(
θ̃T1 ξ1 + b̃1up + E1

)
+ ỹ2

(
θ̃T2 ξ2 + b̃2ub + E2

)
+ e1

(
−λ1e1 + spc

)
+ e2

(
−λ2e2 + sbc

)
−

1
γ
θ̃T1
˙̂
θ1 −

1
γ
θ̃T2
˙̂
θ2 −

1
γ
b̃1
˙̂b1 −

1
γ
b̃2
˙̂b2

−
1
γ

˜̄E1
˙̂
Ē1 +−

1
γ

˜̄E2
˙̂
Ē2 (33)

The equation (33) can be rewritten as:

V̇ = spce1 + sbce2 − λ1e
2
1 − λ2e

2
2

+ θ̃T1

(
ỹ1ξ1 −

1
η

˙̂
θ1

)
+ θ̃T2

(
ỹ2ξ2 −

1
η

˙̂
θ2

)
+ b̃1

(
ỹ1up −

1
η

˙̂b1

)
+ b̃2

(
ỹ2ub −

1
η

˙̂b2

)
+E1ỹ1 + E2ỹ2 −

1
γ

˜̄E1
˙̂
Ē1 +−

1
γ

˜̄E2
˙̂
Ē2 (34)

From (19), V̇ is rewritten as:

V̇ = −λ1e21 − λ2e
2
2 + spce1 + sbce2 + E1ỹ1 + E2ỹ2

−
1
γ

˜̄E1
˙̂
Ē1 +−

1
γ

˜̄E2
˙̂
Ē2 (35)

From (31) and (35), V̇ , becomes:

V̇ = −λ1e21 − λ2e
2
2 + spce1 + sbce2 + E1ỹ1 + E2ỹ2

−
1
γ

(
Ē1 − ˆ̄E1

)
˙̂
Ē1 +−

1
γ

(
Ē2 − ˆ̄E2

)
˙̂
Ē2 (36)

From (36), it is concluded that:

V̇ ≤ −λ1e21 − λ2e
2
2 + spce1 + sbce2

+ Ē1 |ỹ1| + Ē2 |ỹ2|

−
1
γ

(
Ē1 − ˆ̄E1

)
˙̂
Ē1 +−

1
γ

(
Ē2 − ˆ̄E2

)
˙̂
Ē2 (37)

The inequality (37) can be simplified as:

V̇ ≤ −λ1e21 − λ2e
2
2 + spce1 + sbce2

+ Ē1

(
|ỹ1| −

1
γ

˙̂
Ē1

)
+ Ē2

(
|ỹ2| −

1
γ

˙̂
Ē2

)
+

1
γ

ˆ̄E1
˙̂
Ē1 +

1
γ

ˆ̄E2
˙̂
Ē2 (38)

By substituting (20) into (38), one has:

V̇ ≤ −λ1e21 − λ2e
2
2 + spce1 + sbce2

+
1
γ

ˆ̄E1
˙̂
Ē1 +

1
γ

ˆ̄E2
˙̂
Ē2 (39)

Substituting spc and sbc from (18), yields:

V̇ ≤ −λ1e21 − λ2e
2
2 +
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−
ˆ̄E1 |ỹ1|

e21∣∣e21∣∣+ ε − ˆ̄E2 |ỹ2|
e22∣∣e22∣∣+ ε

+
1
γ

ˆ̄E1
˙̂
Ē1 +

1
γ

ˆ̄E2
˙̂
Ē2 (40)

From (20) and (43), one has:

V̇ ≤ −λ1e21 − λ2e
2
2 +

−
ˆ̄E1 |ỹ1|

e21∣∣e21∣∣+ ε − ˆ̄E2 |ỹ2|
e22∣∣e22∣∣+ ε

+
ˆ̄E1 |ỹ1| + ˆ̄E2 |ỹ2| (41)

The inequality (41) is simplified as:

V̇ ≤ −λ1e21 − λ2e
2
2

−
ˆ̄E1 |ỹ1|

(
e21∣∣e21∣∣+ ε − 1

)

−
ˆ̄E2 |ỹ2|

(
e22∣∣e22∣∣+ ε − 1

)
(42)

From the fact that e21 ≈
(∣∣e21∣∣+ ε) and e22 ≈ (∣∣e22∣∣+ ε), one

has:

V̇ ≤ −λ1e21 − λ2e
2
2 ≤ 0 (43)

From (43), it is seen that V̇ ≤ 0, when:

ei = 0, ỹi 6= 0, b̃i 6= 0, θ̃i 6= 0, ˜̄E i 6= 0 (44)

Since the objective of the control system is to derive ei = 0
and the invariant set of the closed-loop system do not include(
ỹi, b̃i, θ̃i, ˜̄E i

)
, then from La Salle’s invariant set theorem the

asymptotic stability is concluded. The proof is completed. �
Remark 2: The convergence speed of the suggested con-

troller depends on the values of λ1, λ2 in (17) and estimation
accuracy of IT3-FLSs.
Remark 3: Although the dynamics of units are considered

to be unknown, however, to implement the suggested con-
troller, it is need that the currents of PV and battery and
output voltage to be measured, accurately. For the future
studies, the possibility of removing the measurement of all
states can be studied.

V. SIMULATION STUDIES
The performance of the suggested powermanagement system
is examined through simulations. The value of parameters of
the considered models are given in Table 3. The other control
parameters as: γ = 0.5, ε = 0.1, λi = 50, i = 1, 2, c̄ÃIb

= 4,
c̄ÃIP
= 4, cÃIb

= 0, cÃIP
= 0, c̄ÃVc = 24, cÃVc = 10, σ̄ÃIb

=

4, σ̄ÃIP
= 4, σ ÃIb

= 2, σ ÃIP
= 2, σ̄ÃVc = 10 and σ ÃVc = 5.

Remark 4: The centers and the standard divisions of MFs
for inputs of IT3-FLSs are determined on basis of input range,
but the consequent parameters are online updated. The other
parameters λi should be positive, ε is a small constant and
0 < γ ≤ 1

A. SCENARIO 1
For 1-th scenario, the radiation is considered to be fixed at
level 450w/m2. The trajectories of signals Ip,P,Vc are shown
in Figs. 7-9 and controllers up/ub are given in Figs. 10-11. One
can observes that, a well tracking response is achieved and the
control signals have good shape with no chattering.

FIGURE 7. Scenario 1: Current of PV.

FIGURE 8. Scenario 1: Power of PV.

FIGURE 9. Scenario 1: Load voltage.

FIGURE 10. Scenario 1: up.

FIGURE 11. Scenario 1: ub.

B. SCENARIO 2
In the second scenario the capability of the suggested scheme
is examined under difficult condition. The temperature, load
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TABLE 3. Simulation parameters.

FIGURE 12. Scenario 2: Current of PV.

FIGURE 13. Scenario 2: Load voltage.

FIGURE 14. Scenario 2: Power of PV.

and radiation are considered to be time-varying such that,
temperature is changed from 11 to 50 (◦C) at time t = 30s,
the load is varied from 75 into 35 (�) at time t = 100s and
the irradiation is changed from 450 into 251 (w/m2) at t =
70s. The trajectories of signals Ip, P, Vc are given in Figs. 12-
13 and the signals up and ub are shown in Figs. 15-16.
From Figs. 12-13 one can see a well robustness performance
against time-varying temperature, load and radiation. Also,
a good output voltage regulation is achieved and the power of
PV well tracks the changes of conditions.
Remark 5: The simulation are carried out by Matlab

2018a, i7-4720HQ CPU 2.60 GH. The simulation time is
about 129s.

FIGURE 15. Scenario 2: Control signal up.

FIGURE 16. Scenario 2: Control signal ub.

C. COMPARISON
To better show the capability of the proposed mechanism,
a comparison with some other well-known regulators is pro-
vided such as PID controller [47], linear quadrature regulator
(LQR) [48], passivity based regulator (PBR) [49], and sliding
mode control scheme (SMC) [50]. The comparison results are
given in Table 4 in term of mean square error (MSE). It is seen
that the schemed controller results in better regulation per-
formance. To further examination of the effectiveness of the
suggested FLS based controller, another comparison is given
by considering other type of FLS in the schemed controller.
After 20 times repeating of simulation, the minimum (Min)
and maximum (Max) of MSE are given in Table 5. The
results in Table 5, clearly show the superiority of the proposed
IT3-FLS.
Remark 6: The simulation results show that the designed

control scheme performs desirably and the output voltage
remain fixed under various perturbations such as variation
of load and irradiation.
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TABLE 4. MSE comparison considering various regulators.

TABLE 5. MSE Comparison considering various fuzzy neural networks.

VI. CONCLUSION
In this study a new approach has been presented for power
management in PV/Battery systems. A new IT3-FLS has
been designed to estimate the uncertain dynamics. The
robustness and stability analysis have been done by taking
an appropriate Lyapunov function and some tuning rules
have been extracted for IT3-FLS and control signals. A new
compensator has been proposed to cope with the effects of
dynamic estimation error. In various scenarios the capability
of the proposed method has been examined. For the first one,
a normal condition has been considered and it has been shown
that the current of PV, output voltage and power of PV are
regulated in the desired levels. For second one, in addition
to the variation of temperature and time-varying radiation,
an abruptly changing in output load has been also considered.
It has been observed that a well performance is achieved.
For the last examination, to better show the superiority of
proposed scheme, two comparisons with some other well
known controllers and other FLS have been given. For the
future studies, the effect of actuator failure on stability and
the possibility of removing the measurement of all states can
be considered.
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