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Abstract: For this paper, the problem of energy/voltage management in photovoltaic (PV)/battery
systems was studied, and a new fractional-order control system on basis of type-3 (T3) fuzzy logic
systems (FLSs) was developed. New fractional-order learning rules are derived for tuning of T3-FLSs
such that the stability is ensured. In addition, using fractional-order calculus, the robustness
was studied versus dynamic uncertainties, perturbation of irradiation, and temperature and
abruptly faults in output loads, and, subsequently, new compensators were proposed. In several
examinations under difficult operation conditions, such as random temperature, variable irradiation,
and abrupt changes in output load, the capability of the schemed controller was verified. In addition,
in comparison with other methods, such as proportional-derivative-integral (PID), sliding mode
controller (SMC), passivity-based control systems (PBC), and linear quadratic regulator (LQR),
the superiority of the suggested method was demonstrated.

Keywords: type-3 fuzzy systems; fractional-order control; learning algorithm; battery;
photovoltaic system; stability; energy management; time-varying irradiation; temperature effect;
Lyapunov stability

1. Introduction

Today, photovoltaic (PV) panels are extensively used for energy production, due to their
renewability, availability, and clarity [1,2]. However, the main problem in the use of PV panels,
is their natural dependance to the weather conditions. Then, to get a stable output voltage, it is
necessary that PV panels to be combined with some energy storage systems, such as batteries.
A powerful management system is required to make a balance between energy generation, saving,
and consumption. The accurate management of this class of hybrid systems is so challenging because
of high dependence of renewable energy generators to the level of irradiation and temperature and the
existence of high level of uncertainties, such as time-varying output load.
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When it comes to system control, the main factors that should be fully considered are: the influence
of the irradiation, temperature, measurement errors of currents of PV /battery and output voltage,
mathematical dynamics uncertainties, and dynamic perturbation, such as variable output load.
The presented studies in this field can be classified in two general categories: classic control systems
and intelligent control systems. In the following, some of recent studies are investigated.

Up to now, many classic control systems have been developed for voltage/energy regulation in
PV /battery systems. For example, in Reference [3], the impact of cloudy day and energy demand
is considered, and the problem of voltage regulation is studied by supercapacitors and batteries.
In Reference [4], the lifetime of energy storage units and converters is taken to account, and the
reliability of PV /battrey systems is investigated. In Reference [5], considering the mathematical
model of units, a cost function is developed to effective use of battery and PV panel. In Reference [6],
a comprehensive control scheme is presented for voltage, frequency, and power management, and the
stability versus variable irradiation is studied. In Reference [7], by demand forecasting, a predictive
control system is designed for energy control and peak shaving. In Reference [8], a charging plan is
suggested to decrease the consumption cost of electricity energy, and the maximum power extraction in
PV panels is studied. In Reference [9], the switching frequency of converters is controlled by the theory
of synchronous reference frame to achieve optimal energy form PV panel, and the suggested method
is examined on IEEE-519 standard system. In Reference [10], a predictive controller by applying on
distributed inverters is designed to voltage control and power sharing problem. In Reference [11],
an adaptive controller optimized by the backpropagation algorithm is developed to carry out a voltage
balance, and the output power quality is investigated. In Reference [12], a coordinated control system
is proposed for voltage management, and the impact of fluctuation of energy generators is studied.

Recently, it was shown that fractional-order controllers result in effectively better control
proficiency in comparison with the integer-order counterpart [13-15]. However, this control approach
has rarely applied on PV /battery systems, and only some simple fractional-order controllers with
no stability guarantee have been developed. For example, in Reference [16], a simple proportional-
derivative-integral (PID) controller using fractional-order calculus is reformulated for a PV /battery
system, and it is optimized by grey wolf method. In Reference [17], similar to Reference [16],
the proportional-integral (PI) controller is developed based on fractional-order calculus, and its
superiority is shown in contrast to conventional PI controller. In Reference [18], a simple
fractional-order controller is optimized using root locus approach, and it is shown that fractional-order
controller results in better power extraction in various climate conditions, in contrast to the
integer-order one. In Reference [19], the fractional-order PID controller is designed for power flow
control between battery, PV panel, and output load, and its superiority versus a conventional PID
is studied. In Reference [20], a fractional-order sliding mode controller (SMC) is examined versus
an integer-order one. In Reference [21], a fractional-order PID control system is optimized using
Yin-Yang-Pair method, and it is compared with other conventional controllers.

In most of the above studies, the management techniques are designed on basis of mathematical
model of converters, PV, and battery storage systems. To deal with unknown mathematical
models, some controllers using fuzzy logic systems (FLSs) have been developed for this problem.
In Reference [22], the energy flow between battery and PV panel is controlled by an FLS such
that the maintenance cost of battery in versus of weather condition fluctuation to be decreased.
In Reference [23], an FLS-based controller is designed to improve lifespan of battery and it is shown
that the FLS-based controller attenuates the battery peak current about 0.22%. In Reference [24],
an FLS-based controller is suggested for frequency control and also the power fluctuations in large scale
systems is studied. In Reference [24], it is shown that the use of an FLS-based controller results in fast
response and better power control performance in noisy condition. In Reference [25], the superiority
of fuzzy controllers is shown in the improvement of life cycle of battery systems. In Reference [26], it is
shown that, by the use of an FLS-based energy management system, cost savings of more than 13%
can be achieved. In Reference [27], a fuzzy controller is applied on a PV /battery/diesel system, and
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its proficiency is studied. In Reference [28], the effectiveness of a fuzzy controller is examined under
partial shading conditions and variable temperature. In Reference [29], a fuzzy controller is designed
for power management, and it is shown that the power quality is improved by the use of FLS-based
control system.

In the most of the above studies, a simple type-1 FLS was used to cope with unknown
mathematical models. However, high-order FLSs have more capability in practical nonlinear
systems [30-34]. In addition, the tuning process in the most of above mentioned controllers is done as
a non-adaptive and off-line approach. Furthermore, the robustness against fluctuation of irradiation
and abrupt variation of load demand are not investigated. By the above motivations, in the current
study, a new fractional-order control scenario was introduced on the basis of type-3 (T3)-FLSs such that
T3-FLSs are online-optimized through the robustness investigation against perturbations. The main
advantages are:

e A new type-3 fuzzy fractional-order control scenario is proposed.

e  The dynamics of PV, converters, and battery are assumed to be unknown and are perturbed by
variable irradiation, random temperature, and sudden changes in output load.

o The new fractional-order adaptation rules are derived for T3-FLS such that the stability to
be ensured.

e New combustors are proposed such that the robustness to be guaranteed.

2. Problem Formulation

2.1. General View

The general block diagram is shown in Figure 1, and the detailed control block diagram is given
in Figure 2. It is seen that the currents of the PV /battery I, /I, and output voltage V. are measured
by current and voltage sensors. In Figure 1, T3-FLSs (Fy, F>) are used for online dynamic estimation,
and the controllers (yp, jip) are designed on the basis of the online T3-FLS model. The parameters
of T3-FLSs (61, 61) and control gains (¢, 1) are online-tuned. The compensators (yicp, pcp) are
carried out through the robustness study on basis of fractional-order calculus, tracking errors (e1, e2),
and upper bounds of approximation errors (E; and E; ) such that a good robustness to be achieved
against dynamic perturbation and common irradiation and temperature disturbances. The detailed
descriptions are given in Theorem 1.

F
vy | v~ o) 1
« u N | )4
I P
)4 - >
—>
Fractional-order Vc
Controllers and o N— . . > T3-FLS —'
V* Compensators ‘ | ]
c u >
|
[ R
F2

Figure 1. The general block diagram of the suggested scheme.
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Figure 2. The detailed control diagram.

The output load energy is supplied by PV or battery at each sample time. If the required energy
cannot be supplied by the PV panel, then the battery systems get to work. In addition, whenever the
generated energy by PV panel is more than needed, the extra energy is stored in battery. The converters
are used to construct a switching mechanism between PV and battery. The schematic of the converter is
depicted in Figure 3. By considering the states of switchers SW1, SW5, and SW3, four modes, as shown
in Figure 4, can be derived [35]. If SW; and SW3 are open and SWj, is closed, then the switching mode
is obtained as shown in Figure 4a. If SW; and SW;, are closed and SW3 is open, the switching mode is
obtained as shown in Figure 4b. If SW; and SW; are open and SW3 is closed, the switching mode is
obtained as shown in Figure 4c. Finally, if SW; and SW3 are closed and SW), is open, then the switching
mode is obtained as shown in Figure 4d. For each switching mode, one state space formulation can
be written. Then, by taking the average of four state space representation, the dynamics of plant are
given as:
¢1 = (—ca+vp+capp) /1p
¢ = ¢ (61— 2/ R+gamp —app) )
63 = (—Gatp + 1) /1

where ¢1, 62, and g3 are the current of PV, current of battery, and load voltage, respectively. 1, /1, R,

and C are values of inductances, resistor, and capacitor in the converter. v, and v, are the voltages of
PV and battery, respectively, and yj, and p, are control signals.

Figure 3. The converter schematic.
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Figure 4. Switching modes of boost converters; (a): sw2 is closed and the other ones are open; (b): sw3 is

open and the other ones are closed; (c): sw3 is closed and the other ones are open; (d): sw2 is open and
the other ones are closed.

2.2. PV Modeling

By the single-diode modeling technique of PV panels, dynamics of PV are described as [36]:
gph = (lse + (T - T))xj)s, (2

I, = IphglG —exp ((Vp + IRsg) q/nTxy —1) £, 3
—; (R +Vp),

_ 1 1 3
by = exp {qu (Tr 23T +273> /KbA:| (T +273/T, +273)°¢,, (4)

where all parameter definitions are given in Table 1. As depicted in Figure 5, the power of PV panel is

not constant but is changed by its current. As it can be observed, at an optimal current, the maximum
energy can be achieved.

Table 1. Parameter definition of photovoltaic (PV); see Equation (2).

Parameter Description
n Cell Number
G (w/m?) Solar irradiation
xp J/K) Boltzmann’s constant
Eg (ev) Band-Gap energy
Rg, /Rs (QQ) Equivalent resistances
T (°C) Temperature of PV
q Electron charge
A Constant of the diode ideality
0y (A) Saturation current
T, (°C) Reference temperature

Kph (A) Photo generated currents
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Figure 5. The power trajectory of PV panel.
2.3. Battery Modeling
The battery dynamics can be given as Equations (5)-(8) [36]:
E (t) = = /Uvboclb + Epossdt (5)
I, >0
p=q b= (6)
m I, <0
Vp = =Ryl + Vpoc @)
50C (t) =E (t) /EMax (8)

where all parameter definitions in Equations (5)-(8) are given in Table 2.

Table 2. Parameter description of battery system, see Equation (5).

Parameter Unit Description
Ry (Q) Battery internal resistance
Eloss (w) Power losses
Voc (v)  Voltage of battery open circuit
71 and 1 - Rates of charge and discharge
EMax 1)) Maximum storable energy

3. Uncertainty Estimation by Type-3 FLS

T3-FLSs are the generalization of T2-FLSs. The main idea for T3-FLS is presented in Reference [37],
which was developed in this study for dynamic identification of a practical system. The basic
superiority of T3-FLSs with respect to T2-FLSs is that, in type-3 membership functions (MFs), the upper
and lower of uncertainties are considered to be fuzzy set, while, in the type-2 MFs, the upper and
lower of uncertainties are considered to be crisp values. In this section, the proposed T3-FLS is
explained. The structure is given in Figure 6. T3-FLSs are used to deal with dynamic perturbation of

PV, battery, and other units. The details are given below.
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Figure 6. The general block diagram of type-3 (T3) fuzzy logic system (FLS).

(1) The inputs of T3-FLSs are ¢1 = I, g2 = v, 63 = I;. (2) For each inputg;, j = 1,2,3, two MFs

1 and ¢ 2 (see Reference [37]), upper standard division (T#.]k , and lower

j j 5j

standard division g - The type-3 MFs have one more degree of freedom, in contrast to the type-2
k

are considered with centers ¢ é

counterparts. It is seen that the secondary membership is also type-2 MF. For example, consider a
type-2 MF for input x in which its primary domain is between u and . In a type-3 MF for input x,
the upper and lower bounds of primary domain are not constant, but they are the fuzzy sets. For input
I,, one has:

pr

2 , ©)
g x (1= 1) = exp —('51 ~ ) /%5 I
2
gy (61 = 1p) = exp —<g1 —cl;,}p) /gfﬁ}p‘x
, (10)

2
— — _ A 2
g I (61 =1p) =exp <€l c%) /%5

where y is the value of secondary membership. 7 ¥ Ix and TUgk | ATe the upper and lower memberships
j j

for 1/3’5] Similarly to (9) and (10), for other inputs I, and V,, one has:

2
- _ _ _ A =2
Tt 1% (62 =1Ip) = exp (‘52 %) %5 1%

, , (11)
_ _ . . e =2
Aglea =t —ew (~(c2a—cp ) /0%,

2
Eﬂb‘X (c2=1) =exp| — (92 o Cﬂh) /glzf’} %

b

2 , 12)
_ _ . . e 2
tgler =t = (20 ) /oy
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- 2 ~2
T 1x (G3=Ve) =exp | — (93 - glf’lvc) / Py 1%
_ N2, N\ (13)
g2 |x (c3=V.) =exp —(Gs - CIVVC) / Pl
2, 2
Elf’lvc % (c3=V:)=exp | — ((53 Qlﬁlv) /Qﬂ/c‘_ 14)
2
- _ _ Y O 2
2, 1x (c3=Vc) =exp (93 C‘PZVC) /Q‘VVC‘K
(3) The lower rule firing is obtained as Equations (15) and (16):
52 = 7T71 1, 7071 |, 7072
2x T S X, =X
3
=TT Tl | T
O = Tl 175, 1Y , 15)
58 = TT52 (, TT52 |, T 52
ZX *l/’[p ‘&*wlb‘&*l/’vc‘&
E = o T T s
X 7lp]p ‘Xﬁlplb‘X*‘/JVc‘X
3 f— ~ ~ ~
C% = g 1x7 [T, Ix a6
(:8 =TT 157052 157052 (o
X *IPIP ‘X*lplb‘X*wVC‘X
Similarly, for the upper rule firing, one has:
-
Sx = T, T, I x
oo
Cx = ”w}p Igntﬁ}b xR, X
o _ve
6% = T T I I (17)
s -
Sx = T T, T,
- -
6% = T 1T 11 x
oo
S = Tt 17 1R x
o _vr
5% = Tl X 1Tk - (18)
s - -
6% = TR 1A [ x
(4) The output of Ey and F are:
£, = T
F, = 92 P2
where 6; and ¢; are:
0; = [Qilf v Oings éilr ey éiM] T
(20)

T,
¢i = {ﬂlr eor @iy Pitr s ‘/_’iM]
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where M represents number of rules. ¢ and P are:

5;: / (21)

nx 49
.2173] R :
j= F ot
o = = (%‘ 5}9‘)
L nx o,
L (%+x)
=1
ny 5;7(] 7 (22)
_211
=B (5;,%}_)
T Sl r=1,..,8
X
L (%+x,)

where 7, is number of slices.
4. Main Results

The control signals and tuning rules are summarized in the following theorem:

Theorem 1. For the given controllers as Equations (23) and (24), tuning rules as Equations (25)—(28),
and compensators as Equations (29) and (30), the asymptotic stability is guaranteed.

1 N
pp = —— (Df¢1r — F1(g,01) — kper + picp) (23)
6281
1 N
up = —— (Dfcar — F2(6,02) — kpea + pey) (24)
G38»
D0y = v 1, (25)
D?éz = vGy¢2, (26)
D&, = vgi621p, (27)
Di &, = vGyG3ty, (28)
- e |G|
Hep = —E2 , (29)
e% +6
= e2|G
- _E ) 30
Heb 1€%+5 ( )

where v, 6, ky, kp, E;i = 1,2 are constant. tep and .y, represent compensators. ¢1, and ¢y, are reference
signals for ¢ and ¢y, respectively. e; and e, are errors that are defined as ¢; = ¢; — G- §; is defined as

~ ~

6i = Gi =6
Proof. The output dynamics (1) are:

61 =(=62+Vp(c1)) /Lp+ £

: ' (31)
¢2 = (61/C—Gaip/C = 62/ CR) + 2y
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To design yp and py, the dynamics of g1 and ¢; are estimated as suggested fractional-order
T3-FLS model: .
D¢y = F1(g,01) + &1620p
oA a A ’ (32)
D{¢, = F» (Q/ 92) + $7G3Hp

where Df¢;, i = 1,2 are the fractional derivatives, and §; and ¢ are the estimation of g; and ¢, . §; and
$, are the estimations of 1/L,, and 1/C, respectively. F; and F; are the T3-FLSs. From the universal
estimation feature of FLSs, the dynamics of g1 and ¢ in (32) can be written as:

D¢y = Ff (c,61) + 8fcopp + B

S A% ’ 33
Df¢>» = F; (6,62) + &563pp + E2 (33)

where £} and F; are optimal T3-FLS, and ¢} and ¢} are the optimal values of ¢; and ¢,, respectively.
E;, i = 1,2 are the approximation errors. From (32) and (33), the estimation error dynamics (§; = ¢; — ¢;)
can be obtained as:

D¢ = ﬁ1* (6,61)

; (6,61) + (81 — &1) camp + Ex (34)
D&, = B (¢, 62)

_ﬁl
—Fy(c,62) + (85 — $o) camp + B

Considering definitions:
0, =06 — 0

5 . (35)
8i=38 i
From (34), one has:
Di¢y = E1+0{ ¢1 + &162pp
ax AT 5 . (36)
DGy = Ex +0; 92 + Sh631p
Applying the control signals (23), (24), and (32) on the estimated model (32), one has:
Dfe; = _kpel + Heps (37)
Dier = —kpez + picp- (38)
To examine the robustness and stability, Lyapunov function is considered as:
v :1%% N %16%; %fﬁ:l;%e% 1575 - (39)
381 1 2082 T 29101 + 2,020,
By taking fractional time-derivative, D{V is written as:
D}V < D}¢¢ + Df¢,C, + Diterer + Diezen (40)

—381D881 — $8,D88, — 501 Dby — (I Do,
From (40), D}V becomes:
DfV < & (0] ¢1 + 628 pp + E2) + G (6392 + 6adomy + Er)

+e1 (_kpel + ,'l/lcp) + e (—k~b62 +1qu) . X . (41)
_%ng?é}l - %gszgz - %elTDéxel - %QzTD?GZ

From (41), one has:
DV < —kpli‘% + Hepe1 — kb(?% + Uepe2
+07 (11— 30361 ) + 6] (6292 — $D162) w)
+6, <§1€2Vp - %Df@l) + &y <§2€3Vb - %Df‘é&z)
+ExG; +E1Gp
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Considering tuning rules D8, = v¢¢;, i = 1,2, Df§, = vG162pp, and Dig, = vGrG3Hp,
D¢V becomes:
Df‘V < *kbeg — kpe% + Hepll + Heve2 + E2‘:1 + Eng' (43)

Then, one has:
D}V < —kye3 — kpe% + [Ea| [G1] + peper + ppea + [E1| |G, - (44)

Now, applying the compensators results in:

_ 5 2
DIV <~k ~kyeh + | Eal 6] ~ Ea | ] +
Ey| |6 — By |6y -2 4
[E1] 1G] — 1|€2|@

Then, it is proved that D¢V < 0. Considering Barbalat’s Lemma and from the fact that V is
bounded, the proof is completed. [J

5. Simulation Studies

The efficiency and good output voltage and power regulation performance of suggested technique
is shown in this section. Simulation and control parameters are given in Tables 3 and 4.

Table 3. Simulation parameters.

Parameter Value Parameter Value
L, 10 (mH) L, 12 (mH)
q 1.60 x10~1 n 45
P, 56 (w) isc 3.56 (A)
C 521 (uf) Ip 36 (mQ)
7 70 (mQY) ky 1.481 x10~23
T, (°C) k; 1.2 (A/k)
A 1.1 Vioe 9 (v)
i 5.97 x1078 (A) E, 1.42 (ev)
B1 0.95 B2 14
by, 25 (w) Wioss 25 (w)

Table 4. Control parameters.

Parameters Value Equation
E,i=1,2 10 (29) and (30)
o 0.9 (23) and (24)
kp, ky 100 (23) and (24)
1 0.01 (29) and (30)
v 0.1 (25)-(28)
gliﬂvc' Q(Ij,l]p and Qﬁl]b -10 (12)—(14)
El/}ZVC’ El]’z]r, and ELI')zIb 10 (11)—(13)
- S,i=12 12)—(14
%5, %, and Ty I =1 5 (12)-(14)
oo, 0 oo, j= 11)—(1
Utp’v(’ all)’zp and UlP’zb'] 1,2 10 (11)—(13)
X [0.60.81] (12)and (13)
X [00.20.4] (12)and (13)

Example 1. In this example, the normal condition is taken to account such that the irradiation is assumed to be
fixed at level 300 w/m?. The trajectories of g;, i = 1,2 and power of PV P and controllers y,, and y;, are shown
in Figures 7—11. From Figures 7—11, one can realize that the suggested scenario results in desired regulation



Electronics 2020, 9, 1455

12 0of 19

performance, and the control signals have smooth shape. It is seen that the trajectories of the current of PV I,
and the output voltage V. are converged to the desired level less than 10 s.

PV current (A)

PV power (W)

Load voltage (v)

Control signal

(=]
[

(4]
[

S
[

w
[

N

-

°O

-
n
o

40 80
Time (s)

Figure 7. Example 1: Trajectory of ¢;.
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-
o
o

©
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o

B
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Figure 8. Example 1: Trajectory of P.
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-
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Figure 9. Example 1: Trajectory of ¢».
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Figure 10. Example 1: Trajectory of 1.
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Figure 11. Example 1: Trajectory of ;.

Example 2. In this example, the irradiation is changed from 200 w/m? into 600 w/m? at time t = 55 s and
also the temperature is changed as T = 50 — 10sin(t). The trajectories of g;, i = 1,2 and power of PV P and
controllers pip, and py, are shown in Figures 12-16. It is observed that a well power regulation is achieved in spite
of time-varying temperature and irradiation. It is seen that the effect of variation of irradiation is well handled,

and output voltage is well requlated on its desired level. In addition, the current of PV track its optimal level in
less than 10s.
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Figure 12. Example 2: Trajectory of ¢1.
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Figure 16. Example 2: Trajectory of yy,.

Example 3. In this example, a Gaussian noise with variance 0.05 is added to temperature and the temperature
is randomly changed between 30 and 50, irradiation is changed as same Example 2, and output load is suddenly
changed from 70 (QQ) into 40 (QQ) at time t = 55s. The trajectories of ¢;, i = 1,2 and power of PV P and
controllers py, and py, are shown in Figures 17-21. It can be realized that a well tracking performance is achieved
versus abrupt changes in load, time-varying temperature, and variable irradiation. In addition, it should be
remembered that the dynamics of all units are unknown for the controller unit. It is seen that the effect of noise is
also well eliminated, and the output voltage well tracks the reference signal. It should be noted that the T3-FLSs
have better performance is noisy conditions, in contrast to the type-2 counterparts.
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Figure 21. Example 3: Trajectory of ;.

Example 4. For the last example, a numerical and graphical comparison is provided with conventional PID [38],
PBC [39], SMC [40], LQR [41], and our method on the basis of integer-order calculus (I0C). The simulation
conditions are the same as Example 3 with the difference being that temperature and irradiation are changed at
times t = 40s and t = 80, respectively. The values of mean square errors (MSEs) in Table 5 and the trajectories
of 1y and V. in Figure 22 clearly show the superiority of the suggested control scenario. It is observed that
the suggested method on the basis of fractional-order calculus (FOC) results in more accurate power/voltage
requlation proficiency. It is seen that, when the dynamic perturbation occurrs at times 40 s and 80 s, the classic
controllers LQR and PID failed to track reference signals. Furthermore, the settling time for the suggested
controller is less than the others we compared.

Table 5. Example 4: Mean square error (MSE) Comparison.

Signal
Method
c1 62
LOR [41] 0.8259 148.9198
PBC [39] 0.9579  11.2450
PID [38] 1.1029  15.2295
SMC [40] 0.5161 9.3327

Our method by IOC  0.3101 0.9114
Our method by FOC  0.2021 0.8102

—————— Our method by 10C e GG wersesees PBC
<3- = = = Our method by FOC - PID Target ||
‘.é’ Our method without compensators (29-30) LQR
g Lo\ Lome —
o Ay e |

\\ ‘I\; o -
|
80 120
Time (s)

30

Load voltage (v)

15 ‘
40 80 120
Time (s)

Figure 22. Example 4: Trajectory of V; and I, by different controllers.
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Remark 1. It should be noted that the perturbations, such as changes of irradiation, output load,
and temperature, are not predicted. But, these perturbations are considered as a part of dynamic uncertainties.
The dynamic uncertainties are handled by the online optimization of T3-FLSs and compensatots.

Remark 2. From the trajectories of I, and V¢ in all Examples, a small initial over shout can be seen. This problem
is the cost of unknown dynamics assumption. In other words, the dynamics of all units are assumed to be
unknown and are estimated by the suggested T3-FLSs. Furthermore, the effects of dynamic perturbations, such as
changes of irradiation, temperature, and output load, are considered as a part of approximation error. The effect
of approximation errors are eliminated by the online optimization of T3-FLSs and compensators. Because of
stability considerations, the adaptation rate of T3-FLSs are chosen to be small. On the other hand, the upper
bound of approximation errors in compensators are concentratively considered to be large. Then, it takes few
times for requlation error to be reached on the zero level, and a small over shout begins to be seen. Howeuver,
if the upper bounds of approximation errors are decreased, the initial peaks are diminished, but settling time is
increased, and the subsidence of requlation error takes more time.

Remark 3. The regulation accuracy and speed of the suggested controller depend on the modeling accuracy and
speed. In other words, if the estimation error reaches zero level in less time, accordingly, the subsidence of the
requlation error is increased. On the other hand, it has been shown in literature that, by the use of fractional-order
calculus, the nonlinear dynamics can be modeled with more accuracy. Because of this motivation, the suggested
controller was designed on basis of fractional-order calculus, and its effectiveness is shown in Example 4.

6. Conclusions

In this study, a new control approach considering T3-FLSs and fractional-order calculus was
developed for voltage/power management in PV /battery systems. The uncertain time-varying
dynamics are online-modeled by the suggested fractional-order T3-FLS. Because of one more degree of
freedom in type-3 MFs, the capability of type-3 MFs to represent the high level of uncertainties is more
than the type-2 and type-1 counterparts. It should be noted that the secondary membership in type-3
MFs is a type-2 ME. The new factional-order tuning rules are derived to optimize T3-FLS such that the
stability to be guaranteed. In addition, the robustness is ensured by the adaptive compensators. In four
simulation examples, the superiority and well performance of the suggested control scenario was
demonstrated. In the first example, a normal condition was taken to account. In the second example,
the impacts of variable irradiation and temperature were examined. In the third example, in addition
to the variable irradiation and temperature, an abrupt change in output load was also applied on
the system as dynamic perturbation. Finally, in the last example, a comparison with other popular
techniques was completed. For future studies, the optimization of the value of fractional-order and
the rule database of the suggested fuzzy controller can be considered. Also the uncertainties can be
estimated with other intelligent systems such as group method for data handling neural networks
(GMDH-NNSs) and the fuel cells can be added to PV /Battery system to ensure the maximum charging
of battery. Furthermore, the upper bound of approximation error (AE) is assumed to be known and
fixed in this paper, for the our future studies, the upper bound of AE is online estimated and then
a new compensator in integer-order calculus is designed to deal with the effects of AEs and by the
Lyapunov and LaSalle’s invariant set theorems the asymptotic stability is investigated.

Author Contributions: The authors contributed to this work as follows. A.M. (Amirhosein Mosavi), M.S., S.S.B.
and A.M. (Ardashir Mohammadzadeh) contributed in Writing—original draft; Formal analysis; Investigation;
Software and Methodology and S.N.Q. contributed in Writing—review; Formal analysis; Investigation and
Methodology. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We acknowledge the support of the German Research Foundation (DFG) and the
Bauhaus-Universitdt Weimar within the Open-Access Publishing Programme.

Conflicts of Interest: The authors declare no conflict of interest.



Electronics 2020, 9, 1455 18 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Verma, P,; Garg, R.; Mahajan, P. Asymmetrical interval type-2 fuzzy logic control based MPPT tuning for PV
system under partial shading condition. ISA Trans. 2020, 100, 251-263. [CrossRef] [PubMed]
Shamshirband, S.; Rabczuk, T.; Chau, KW. A survey of deep learning techniques: Application in wind and
solar energy resources. IEEE Access 2019, 7, 164650-164666. [CrossRef]

Sahin, MLE.; Blaabjerg, F. A hybrid PV-battery/supercapacitor system and a basic active power control
proposal in MATLAB/simulink. Electronics 2020, 9, 129. [CrossRef]

Sandelic, M.; Sangwongwanich, A.; Blaabjerg, F. Reliability Evaluation of PV Systems with Integrated
Battery Energy Storage Systems: DC-Coupled and AC-Coupled Configurations. Electronics 2019, 8, 1059.
[CrossRef]

Nengroo, S.H.; Kamran, M.A.; Ali, M.U.; Kim, D.H.; Kim, M.S.; Hussain, A.; Kim, H.J. Dual battery storage
system: An optimized strategy for the utilization of renewable photovoltaic energy in the United Kingdom.
Electronics 2018, 7, 177. [CrossRef]

Yi, Z.; Dong, W.; Etemadi, A.H. A unified control and power management scheme for PV-battery-based
hybrid microgrids for both grid-connected and islanded modes. IEEE Trans. Smart Grid 2017, 9, 5975-5985.
[CrossRef]

Barchi, G.; Pierro, M.; Moser, D. Predictive Energy Control Strategy for Peak Shaving and Shifting Using
BESS and PV Generation Applied to the Retail Sector. Electronics 2019, 8, 526. [CrossRef]

Kamal, T.; Karabacak, M.; Hassan, S.Z.; Ferndandez-Ramirez, L.M.; Riaz, M.H.; Riaz, M.T.; Khan, M.A_;
Khan, L. Energy management and switching control of PHEV charging stations in a hybrid smart micro-grid
system. Electronics 2018, 7, 156. [CrossRef]

Beniwal, N.; Hussain, L; Singh, B. Control and operation of a solar PV-battery-grid-tied system in fixed and
variable power mode. IET Gener. Transm. Distrib. 2018, 12, 2633-2641. [CrossRef]

Shan, Y.; Hu, J.; Liu, M.; Zhu, J.; Guerrero, ]. M. Model Predictive Voltage and Power Control of Islanded
PV-Battery Microgrids With Washout-Filter-Based Power Sharing Strategy. IEEE Trans. Power Electr. 2019,
35, 1227-1238. [CrossRef]

Kalla, U.K; Kaushik, H.; Singh, B.; Kumar, S. Adaptive Control of Voltage Source Converter Based Scheme
for Power Quality Improved Grid-Interactive Solar PV-Battery System. IEEE Trans. Ind. Appl. 2019,
56, 787-799. [CrossRef]

Hu, J.; Shan, Y.; Xu, Y.; Guerrero, ].M. A coordinated control of hybrid ac/dc microgrids with PV-wind-battery
under variable generation and load conditions. Int. J. Electr. Power Energy Syst. 2019, 104, 583-592. [CrossRef]
Zhang, Q.; Li, Y,; Shang, Y.; Duan, B.; Cui, N.; Zhang, C. A fractional-Order kinetic battery model of
lithium-Ion batteries considering a nonlinear capacity. Electronics 2019, 8, 394. [CrossRef]

Kapoulea, S.; Bizonis, V.; Bertsias, P.; Psychalinos, C.; Elwakil, A.; Petrds, I. Reduced Active Components
Count Electronically Adjustable Fractional-Order Controllers: Two Design Examples. Electronics 2020, 9, 63.
[CrossRef]

Do, T.C.; Tran, D.T,; Dinh, T.Q.; Ahn, K.K. Tracking Control for an Electro-Hydraulic Rotary Actuator Using
Fractional Order Fuzzy PID Controller. Electronics 2020, 9, 926. [CrossRef]

Yang, B.; Yu, T.; Shu, H.; Zhu, D.; An, N.; Sang, Y.; Jiang, L. Energy reshaping based passive fractional-order
PID control design and implementation of a grid-connected PV inverter for MPPT using grouped grey wolf
optimizer. Solar Energy 2018, 170, 31-46. [CrossRef]

Ramadan, H. Optimal fractional order PI control applicability for enhanced dynamic behavior of on-grid
solar PV systems. Int. |. Hydrog. Energy 2017, 42, 4017-4031. [CrossRef]

Al-Dhaifallah, M.; Nassef, A.M.; Rezk, H.; Nisar, K.S. Optimal parameter design of fractional order control
based INC-MPPT for PV system. Solar Energy 2018, 159, 650-664. [CrossRef]

Reddy, VM.S.; Sreenivasulu, Y. Fractional Order PID Control for Solar PV and Battery Storage Systems
using Three-Level NPC Inverter. Int. ]. Adv. Technol. Innov. Res. 2016, 8, 2348-2370.

Yang, B.; Yu, T,; Shu, H.; Zhu, D.; Sang, Y.; Jiang, L. Passivity-based fractional-order sliding-mode control
design and implementation of grid-connected photovoltaic systems. ]. Renew. Sustain. Energy 2018,
10, 043701. [CrossRef]


http://dx.doi.org/10.1016/j.isatra.2020.01.009
http://www.ncbi.nlm.nih.gov/pubmed/31955950
http://dx.doi.org/10.1109/ACCESS.2019.2951750
http://dx.doi.org/10.3390/electronics9010129
http://dx.doi.org/10.3390/electronics8091059
http://dx.doi.org/10.3390/electronics7090177
http://dx.doi.org/10.1109/TSG.2017.2700332
http://dx.doi.org/10.3390/electronics8050526
http://dx.doi.org/10.3390/electronics7090156
http://dx.doi.org/10.1049/iet-gtd.2017.1095
http://dx.doi.org/10.1109/TPEL.2019.2930182
http://dx.doi.org/10.1109/TIA.2019.2947397
http://dx.doi.org/10.1016/j.ijepes.2018.07.037
http://dx.doi.org/10.3390/electronics8040394
http://dx.doi.org/10.3390/electronics9010063
http://dx.doi.org/10.3390/electronics9060926
http://dx.doi.org/10.1016/j.solener.2018.05.034
http://dx.doi.org/10.1016/j.ijhydene.2017.01.122
http://dx.doi.org/10.1016/j.solener.2017.11.040
http://dx.doi.org/10.1063/1.5032266

Electronics 2020, 9, 1455 19 of 19

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Yang, B.; Yu, T,; Shu, H.; Zhu, D.; Zeng, F; Sang, Y.; Jiang, L. Perturbation observer based fractional-order
PID control of photovoltaics inverters for solar energy harvesting via Yin-Yang-Pair optimization.
Energy Convers. Manag. 2018, 171, 170-187. [CrossRef]

Javed, K.; Ashfaq, H.; Singh, R.; Hussain, S.; Ustun, T.S. Design and performance analysis of a stand-alone
PV system with hybrid energy storage for rural India. Electronics 2019, 8, 952. [CrossRef]

Rai, N.; Rai, B. Control of fuzzy logic based PV-battery hybrid system for stand-alone DC applications.
J. Electr. Syst. Inf. Technol. 2018, 5, 135-143. [CrossRef]

Zainuri, M.A.AM.; Radzi, M.A.M.; Soh, A.C.; Abd Rahim, N. Development of adaptive perturb and
observe-fuzzy control maximum power point tracking for photovoltaic boost dc—dc converter. IET Renew.
Power Gener. 2013, 8, 183-194. [CrossRef]

Chen, YK,; Wu, Y.C; Song, C.C.; Chen, Y.S. Design and implementation of energy management system with
fuzzy control for DC microgrid systems. IEEE Trans. Power Electr. 2012, 28, 1563-1570. [CrossRef]

Garcfa, P; Torreglosa, J.P.; Fernandez, L.M.; Jurado, F. Optimal energy management system for stand-alone
wind turbine/photovoltaic/hydrogen/battery hybrid system with supervisory control based on fuzzy logic.
Int. ]. Hydrog. Energy 2013, 38, 14146-14158. [CrossRef]

Abd Nafeh, E.S.A. Fuzzy logic operation control for PV-diesel-battery hybrid energy system. Open Renew.
Energy J. 2009, 2, 70-78. [CrossRef]

Feng, X.; Gooi, H.; Chen, S. Hybrid energy storage with multimode fuzzy power allocator for PV systems.
IEEE Trans. Sustain. Energy 2014, 5, 389-397. [CrossRef]

Balamurugan, R.; Nithya, R. FC/PV Fed SAF with fuzzy logic control for power quality enhancement. Int. J.
Power Electr. Drive Syst. 2015, 5, 470. [CrossRef]

Lee, C.L.; Lin, C.J. Integrated Computer Vision and Type-2 Fuzzy CMAC Model for Classifying Pilling of
Knitted Fabric. Electronics 2018, 7, 367. [CrossRef]

Lin, C.J.; Lin, C.H.; Wang, S.H. Using a Hybrid of Interval Type-2 RECMAC and Bilateral Filter for Satellite
Image Dehazing. Electronics 2020, 9, 710. [CrossRef]

Shamshirband, S.; Chronopoulos, A.T. A new malware detection system using a high performance-ELM
method. In Proceedings of the 23rd International Database Applications & Engineering Symposium, Athens,
Greece, 10-12 June 2019; pp. 1-10.

Castillo, O.; Atanassov, K. Comments on fuzzy sets, interval type-2 fuzzy sets, general type-2 fuzzy sets
and intuitionistic fuzzy sets. In Recent Advances in Intuitionistic Fuzzy Logic Systems; Springer: Midtown
Manhattan, NY, USA, 2019; pp. 35-43.

Mohammadzadeh, A.; Kaynak, O. A novel general type-2 fuzzy controller for fractional-order multi-agent
systems under unknown time-varying topology. |. Franklin Inst. 2019, 356, 5151-5171. [CrossRef]

Krein, PT.; Bentsman, J.; Bass, R.M.; Lesieutre, B.L. On the use of averaging for the analysis of power
electronic systems. IEEE Trans. Power Electr. 1990, 5, 182-190. [CrossRef]

Lin, B. Conceptual design and modeling of a fuel cell scooter for urban Asia. J. Power Sour. 2000, 86, 202-213.
[CrossRef]

Mohammadzadeh, A.; Sabzalian, M.H.; Zhang, W. An interval type-3 fuzzy system and a new online
fractional-order learning algorithm: theory and practice. IEEE Trans. Fuzzy Syst. 2019.[CrossRef]

Sung, SW.; Lee, J.; Lee, LB. Process Identification and PID Control; Wiley Online Library: Hoboken, NJ, USA,
2009; Volume 6.

Tofighi, A.; Kalantar, M. Power management of PV /battery hybrid power source via passivity-based control.
Renew. Energy 2011, 36, 2440-2450. [CrossRef]

Mojallizadeh, M.R.; Badamchizadeh, M.; Khanmohammadj, S.; Sabahi, M. Designing a new robust sliding
mode controller for maximum power point tracking of photovoltaic cells. Solar Energy 2016, 132, 538-546.
[CrossRef]

Kirk, D.E. Optimal control theory: an introduction; Courier Corporation: Washington, DC, USA, 2012.

@ (© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.enconman.2018.05.097
http://dx.doi.org/10.3390/electronics8090952
http://dx.doi.org/10.1016/j.jesit.2018.02.007
http://dx.doi.org/10.1049/iet-rpg.2012.0362
http://dx.doi.org/10.1109/TPEL.2012.2210446
http://dx.doi.org/10.1016/j.ijhydene.2013.08.106
http://dx.doi.org/10.2174/1876387100902010070
http://dx.doi.org/10.1109/TSTE.2013.2290543
http://dx.doi.org/10.11591/ijpeds.v5.i4.pp470-476
http://dx.doi.org/10.3390/electronics7120367
http://dx.doi.org/10.3390/electronics9050710
http://dx.doi.org/10.1016/j.jfranklin.2019.05.006
http://dx.doi.org/10.1109/63.53155
http://dx.doi.org/10.1016/S0378-7753(99)00480-2
http://dx.doi.org/10.1109/TFUZZ.2019.2928509
http://dx.doi.org/10.1016/j.renene.2011.01.029
http://dx.doi.org/10.1016/j.solener.2016.03.038
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Problem Formulation
	General View
	PV Modeling
	Battery Modeling

	Uncertainty Estimation by Type-3 FLS
	Main Results
	Simulation Studies
	Conclusions
	References

