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This paper propose a robust ANFIS based on Luenberger observer for sensor-less control
of DSIM drives via backstepping control (BC) and supplied by a photovoltaic solar. The
maximum power delivery to the DSIM is achieved by boost converter which employs
P&O MPPT controller. It adjusts the duty cycle of the three-level DC-DC boost converter
for extracting maximum power from PV array. In addition, ANFIS is used in this study to
ameliorate the performance of this sensor-less control. However, to enhance the
performances of this control, we used an EV based dynamic emulator. Thus, we sized and
tested the global system under different metrological conditions. In Addition, we have
highlighted the comparative analysis between the suggested ANFIS-LO and conventional
observer. Finally, the obtained results show the efficiency of the suggested control scheme

and the improvements of ANFIS controller based on LO in a DSIM drive system.

1. INTRODUCTION

Nowadays, generating electricity from a photovoltaic (PV)
cell is mostly depending on adjusting ambient conditions, such
as temperature, irradiance, and associated loads with the
terminals to the PV system. In addition, employing non-
renewable energy sources to generate electricity upsets the
ecosystem's balance and results in significant pollution.

On the other hand, electrical sources’ process, as well as the
development of power electronic, which permits interest in
multiphase machines particularly, the DSIM. It has a lot of
advantages, such as: Power segmentation, great power,
ruggedness, high reliability, and strong stability for both low
and high speed [1-3]. However, this type of machines is used
in high-power, including traction like aircrafts and
electrical/hybrid vehicles [4-7].

Currently, several modern control techniques lead to
estimate speed and flux of the DSIM such as: Kalman filter
and Luenberger observer (LO). In this study, we focus on the
LO combined with ANFIS algorithm. Compared with the
other methods, backstepping techniques have attractive
advantages of robustness and a step-by-step procedure to
synthesize the feedback control laws based on the Lyapunov
functions [8]. To enhance the performance of DSIM, a lot of
studies have been done, one of which is the development of
the sensor-less control (SLC). SLC has a pivotal role to
minimize the system sensors number. The conventional SLC
can increase the efficiency of global system by brushing up
Artificial Intelligence techniques (Al), SLC for DSIM are
updated. Neural Network, Fuzzy Logic and ANFIS are
techniques which can ameliorate tracking speed than classical
approaches [9, 10]. Furthermore, the control strategy proposed
is a sensor-less BC based on ANFIS-LO. It has a good
performance because of the insensitivity to external
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disturbance and to the nonlinearity systems. A control
technique based on a backstepping controller using LO has
been developed by many researchers [11].

Obviously, carbon emissions from the combustion of fossil
fuels in vehicles are mostly to blame due to its pollution [12].
That’s why, the main justification for adopting renewable
resources rather than carbon emission that damages the
environment and harms the human life. Therefore, PV cells
can be installed on a vehicle's body because it is frequently
under direct sunlight [13]. The development and production of
photovoltaic cells have progressed to the point that they may
now be incorporated into the bodywork of vehicles.
Consequently, electric vehicles can be powered entirely or in
part by this technology [14]. On the other hand, this study
addresses sensor-less techniques using an ANFIS based on a
new model of a proportional integral (PI) controller in
adaptation mechanism. This contribution achieves the highest
level of LO output in terms of speed.

The structure of this study is well arranged below:

Section 2 designs the proposed system and clarifies the
DSIM drive of EV. Section 3 presents the nonlinear control
via backstepping control. The proposed SLC with ANFIS-LO
is developed in Section 4. Simulation tests are established, and
the suggested strategy is simulated to examine the
performance of a PV system, intended to verify the
effectiveness of the SLC under various scenarios applied to the
system are given in Section 5. Finally, Section 6 summarizes
the work done in the conclusions.

2. PROPOSED SYSTEM DESCRIPTION

The suggested structure of the PV nourished DSIM driven


https://crossmark.crossref.org/dialog/?doi=10.18280/jesa.570107&domain=pdf

EV system utilizing a three-level DC-DC boost converter (3-
LBC) is shown in Figure 1. It is composed of a solar PV system
and a DSIM connected to EV emulator. The DSIM is fed by
two voltage sources inverter (VSI). A DC link capacitor is
utilized in transient situations to reduce ripple when radiation
changes. Because of the 3-LBC with MPPT driver, which
tracks the maximum power regardless of the load value, solar
energy will create a consistent maximum power under its
irradiance and temperature. The P&O is the most widely used
method in practice because of its simplicity and good
competency to variations in sunlight [15, 16].
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Figure 1. Proposed sensor-less control based on an ANFIS of
DSIM drive supplied by PV system

2.1 PV system modelling
The operation of a photovoltaic cell is inferred from that of

a diode PN junction, as well as the equivalent scheme is
depicted in Figure 2.
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Figure 2. Equivalent electrical scheme of photovoltaic cell

By applying Kirchhoff's current law, the cell's terminal
current is [17]:

Lyy = Lpyp —Iqg — I
Vpv+Rslpy
I; =1, [e"( ) _ 1]

(1
[ = VootRsipy
P Rp
Therefore, the output current 7, is then written:
Vpu+Rslpy
g\ Vpv+Rsl
1,,U=ph—10[e< nkT )—1]—”"T”’" (2)

where, I, is the photocurrent (according to the temperature
and irradiation), and a term modeling the internal phenomena,
I, is the diode reverses saturation current, g is the elementary
charge constant, V), is the output voltage, R, and R, are the
cell's parallel and series resistance, respectively, # is the diode
ideality factor, between 1 and 5 in practice [18, 19], and  is
the Boltzmann constant.
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Table 1. Characteristics of PV array

Electrical Characteristics BP3160S
Optimum operation voltage 351V
Optimum operation current 4.55A
Open-circuit voltage 442V
Maximum power at STC 160 W
Short-circuit current 48 A
Peak Efficiency 16%
Number of Cells 72
Maximum System Voltage (V for UL) 600 V
Maximum System Voltage (V for IEC) 1000 V

This study is elaborated under MATLAB/Simulink
environment. It is composed of 2 PV modules. Every module
produces a maximum power of 160 W at 35.1V. Table 1
summarizes its standard electric characteristics. A PV cell is
defined by its characteristic curves: current-voltage (I-V) and
power-voltage (P-V) [20]. Their characteristic curves are
shown in Figures 3-5.

Figure 3 depicted simulation of PV module under constant
temperature (T=25°C) and  constant irradiation
(R=1000W/m?), then Figures 4-5 illustrated simulation PV
characteristic with varying irradiation and constant
temperature (T=25°C), varying temperature and constant
irradiation (T=1000W/m?), respectively.
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Figure 3. Close up view curves at R=1000W/m? and
T=25°C: Characteristics of (a) I-V and (b) P-V
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Figure 4. Characteristics of (a) I-V and (b) P-V
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Figure 5. Characteristics of (a) I-V and (b) P-V
2.2 Three-level boost converter

The main components of the PV generator's conversion
chain are the DC-DC converters.

They provide interfacing that enables matching between the
PV system and the inverter to recover the maximum power of
the photovoltaic generator [21-23].

Also, they offer interfaces which enable the PV system and
the inverter to operate together to recover the solar generator's
maximum power.
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Figure 6. Three-level boost converter structure

In this part, an integrated 3-LBC is designed to improve the
efficiency of a DC-DC converter used in the photovoltaic
application. It is shown in Figure 6.

Although the control of the circuit has been specifically
designed for a PV system, in a normal state, it behaves
similarly to a conventional topology. The entire array output
voltage and one of the motorized currents are used to drive
power switch S; to supply MPPT, as suggested by the misuse
of perturb and observe technique. The output voltages of the
dc-link electrical devices are balanced by power switch S». D;
and D; are forward biased and conducting and each output
capacitor is charged during the time when each S; and S is
OFF.

The equations below represent the operation mode of the 3-
LBC [24]:

Vm - val + vaZ - (Ll + LZ) + VCl + VCZ

av,
i =0C—~ 2+ iour (3)
iLZ = CZ dVCZ + lout
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2.3 Mathematical modeling of DSIM

A state-space representation based on the reference frame
(a, B) can be used to model the motor. This model is given by
[25]:

d —
{Exaﬁ = AXop + BUyp @

Yaﬂ = CXa/g

S T
lisar isp1 isaz ispz Pra @rp]| represents the

T .
state vector, Ugp = [um1 Uspr Usaz usﬁz] denotes the input

where, X,p =

T
vector, Ypp = [im1 Isp1 Usaz isﬁz] represents the output
vector, A, B and C are matrices that define the electrical drive
dynamics.
The electromagnetic torque and the mechanical part can be
expressed by the following equation:
pL
(Te = Lm-:z [‘pra(lsp’l + 1532) Drp (isq1 +
lsaZ)]

Ues-w+ ko = (T, = T,)

)

where, T,,, T; generated and loaded torque, respectively, Ly,
L, mutual and rotor inductances, respectively, @rqs , isqp rOtor
flux and stator current, respectively, J; denotes the total inertia
moment, o rotor speed, & friction coefficient.

Taking into account the state-space representation by (4)
and using the state vector, we can write the previous system
by the following equation:

APra

a .. . .
E(lsal) =a; (_Rsllsal — Qylsgz — A3 dt ) +
biusqq
d . . . dprp
- (lsﬁl) =a (_Rslls[il — Aylgpy — A3 ) +
dt dt
blusﬁl
a ,. _ . . d@ra
E(lsaZ) = Q4 (_Rszlsaz — Aylgg; — A3 dt + (6)
b2usa2
d . . .
_(lsBZ) =ay (_Rszlsﬁz — Qzispy — a3 ) +
dt dt
bzus/iz
a . .
E(‘pra) =das (lsal + Lsaz) — AgPrq — A7P+p
d . .
E(‘prﬁ) = as(lsﬁl + lsBZ) — A¢Prpg T A7¢Prq
where,
1 LimlL L
a, = a, = mr’agz m
o(Lym+Lg) Lm+Ly Lp+Ly
RyL a L
as =12 q,=—>,a, = w,ag = —=
Lin+L L JmL
m T m mer
_ TL _ Lm _ _ (7)
Qg = —7,010 _L_‘L51 =Lg =L
m T
1 Lin by =b
(L+Ls) L +Ly) 1 2 4 1

2.4 EV dynamic model

The resistant torque is expressed by the EV model,
producing an image of resistant forces that oppose the vehicle's
motion.

Therefore, the entire force of resistance to the EV's motion
can be represented by [26]:



Fe=F+F+F+E ®)
with,

Fr =1/, pCrAV?

Fo = 1/2pCaA(Vin)2 (9)

E, = tmg sin(ap)
E. = Cmg

where, Fy: friction resistance, F,: aerodynamic resistance, F):
road profile resistance and F’: rolling resistance, p: air density,
C;, Ci C,: friction, aerodynamic and rolling resistance
coefficient, respectively, 4: vehicle cross sectional area, m:

vehicle mass, ¥ and V,: vehicle and wind velocity, respectively.

To emulate the real behavior of the EV, an emulator
structure is depicted in Figure 2. It consists of a drive DSIM
and a DCM is operating to emulate the dynamic characteristics
of EV. The DSIM is supplied by PV system, and using an
ANFIS sensor-less control for its speed.

3. BACKSTEPPING CONTROL OF DSIM

Backstepping control is one of the most reliable nonlinear
approaches. It has been used to control lot of types of electric
motors [27-29].

Further, the BC technique is a systematic, recursive and a
form of non-linear control design [30]. This method may
significantly increase the system's stability of the associated
Lyapunov function [31]. However, the BC is presented on the
basis of the step-by-step construction of the Lyapunov
function [32, 33].

The synthesis of this control is achieved in two successive
steps:

3.1 Step 1

This first step consists in identifying two errors, which
represents the speed and the rotor flux, respectively. In this
part, it is assumed that the machine parameters are known and
the errors chosen are denoted by: e; and e, to define the
stabilizing functions.

We define the racking errors by the following equation:

€1 = Wyef — W
1
{ez = ¢ref - ¢r (10)
By derivation of (10), we obtain:
61 = Wyper — @
{ ‘ 1 ; ref : (1 1)
€ = ¢ref - o

The first Lyapunov candidate function V; and its derivative
V; can be defined by the following equation:
1
vy = B (ef +e3)
Vi = (e161 + €,6,)
. 1 ; . ;

=€ [wref - E (alo(Lsﬁl + lsﬁ2)¢ref + kfa7
+TL)] + e; [qsref + a6¢r — Qs (isal + isaz)]

(12)

According to the Lyapunov stability, when V; is defined
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negative, the origins e; = 0 and e, = 0 of the system are
asymptotically stable.

Consequently, the following choice will satisfy the tracking
objectives:

, . J. . k
lsﬁlref + lsﬁZref = ﬁ(klel + Wyef + ﬁa7
TL
—= 13
+24) (13)
, . 1 ;
lsairef + lsa2ref = a_s (kzez + ¢ref + a6¢r)
Therefore, (12) can be rewritten as follows:
Vi = (—kie,% — kpe,2) <0 (14)

with, k;, k, are positive constants that control the closed loop
dynamics which must be chosen to ensure system stability, and
these are often acquired by adjustment.

3.2 Step 2

In this stage, the four stator currents generated by the first
step are adjusted to establish the control law. In this part, the
errors chosen are denoted by: e, e,,es and e5. We also
provide their error signals by the following equation:

(63 = is[i’refl - isﬁl

€4 = lsaref1 — lsa1

. . (15)
€5 = lspref2 — lsp2
€6 = isarefZ — isq2
Then, the dynamics of errors are expressed as follows:
(€3 = isﬂrefl - isﬁl
= isﬂrefl - b1usﬁ1 + 64
€, = isarefl — lsq1
= isarefl — byUsqq + 6,
L . (16)
€5 = lspref2 — lsp2
= isBrefZ - bzus[iz + 85
€ = isarefz — lsa2
= isarefz — byUgyy + 04
with,
. . dprp
61 =a, [_Rsllsﬁl — Aylgpy — Az d:
. . de
6, =a; [_Rsllsrxl — Qalsqz — A3 dtm]
. . dprp (17)
03 =a, [_Rsz lspz — Azlsp1 — A3 —;

— . . dPra
ba=a, [_Rsz lsaz — Q2lsq1 — A3 —;

The Lyapunov function V, which include these errors
(e, ey, es and e;) and its derivative V,are explained by the
following equation:

1
{V2=E(ef+ezz+e32+ef+esz+e§) (18)

VZ = (81é1 + ezéz + 63é3 + 6'4_é4_ + €5é5 + €6é6)

According to (11) and (16), Eq. (18) can be rewritten as
follows:



Vz = [_klelz - kzezz—k3e32 - k4€42
_ksesz - k6€62] < O
k3 >0,k,>0ks>0,kg>0

(19)

Therefore, the Lyapunov function derivative will be
negative if we impose the control as follows:

1 /.
UsBref1 = b_l(lsﬁrefl - 61 + k3e3)

1 /.
Usaref1 = _(lsarefl - 62 + k4e4)
iy (20)
UsBref2 = E (lsﬁrefz - 63 + kses)

1 /.
Usaref2 = E (lsarefz - 64 + kGeG)

4. PROPOSED ANFIS LUENBERGER OBSERVER FOR
SENSORLESS CONTROL

In this case, the state observer is employed to estimate the
rotor speed and flux components of DSIM by including an
adaptive mechanism based on the ANFIS. The proposed
scheme of the LO is shown in Figure 7.

The observer equation is given by:

d /- ~
(E (Xaﬁl,z) = AXaEI,Z + BUaﬁl,Z + KL(YaBLZ

~Yep1,2) e2y)

Yaﬁl,z = CXaﬁl,Z

where, K; is the observer gain matrix.

By using PI controller for speed adaptive mechanism, we
obtain:

@ = ky(MPrp — A2Bra) + ki [QaPrp—=22Pra) dt  (22)
where, A; and A, are errors between the estimated and real

components. k, and k; are proportional and integral positive
gains.

d
u el _
i {thﬁﬁ—AXaﬁ+BUa v
Yﬂ‘ﬁ = CXLT,B'
Mechanism
R adaptation
K
I
" R ﬁ;
A |+ >

Figure 7. ANFIS-LO scheme
4.1 ANFIS-PI controller

ANFIS is employed to emulate, both the neural and fuzzy
inference system behavior. Also, it looks like adaptive
network emulator of the adaptive Takagi-Sugeno’s fuzzy
controllers, witch defined for fuzzy inference systems (FIS).
The ANFIS can utilize the Takagi-Sugeno (TS) fuzzy model
due to its efficiency. The controller seeks for smoothless as a
result of Artificial Neural Network (ANN) backpropagation
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algorithms.

The proposed ANFIS uses two inputs: the first for the error
and the second for the change of error. The general scheme of
an ANFIS of this system is shown in Figure 8. For the first
layer, MFs will be described in each of the inputs. In the
second layer, each node calculates the firing strength of the
rule which is normalized in the third layer. TS fuzzy model
contains two common rules, which are depicted as:

I: if e=A4, and de=B,, then fi = a1 e=+b de + ci

II: if e=A> and de=B», then f, = a» e=+br de + c»

where, 4;, Bi and a;, b;, c; are fuzzy sets input and defined in
the training plant, respectively.

Layerl iLayer2 { Laver3 { Layer4 i Layer >
e Ade
e b | I
D
n @
Out
.y Sm
1

Figure 8. ANFIS scheme with two parameter inputs

In this section, the main contribution is to clarify an ANFIS-
PI controller which can follow the reference speed.

However, this structure can also provide high performance
of the developed sensor-less control with mechanism
adaptation of the LO. As well as providing better sensitivity,
and ameliorate the closed-loop system’s overall stability. The
control structure for DSIM speed regulation with an ANFIS is
presented in Figure 9.
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Figure 9. Structure of ANFIS based PI controller

The control output can be deduced as follows:

u(t) = [kee(t) + knce(®)]kg (23)
The parameters of Eq. (22) are determined using the
following expression:

ky = kekg
where, K., K4, and Kz are the inputs and output scaling factors,
respectively. The training, checking and testing data for the
ANFIS controller are obtained from the fuzzy based-PI
controller. The fuzzy controller uses a TS type FIS with two
inputs and a single output. Figure 10 shows the training data
for the ANFIS controller.
The inputs membership functions obtained after training are
shown in Figures 11(a) and (b). The epoch’s number is 100 for
training. The MF’s number for the input variables is 5 and 3,



and the number of rules is 15. Therefore, the ANFIS used here
contains a total of 61 fitting parameters, of which 16 (2*5+2*3)
are the premise parameters and 45 (3*15) are the consequent
parameters. Then, the Figure 12 shows the ANFIS model
structure.
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Figure 10. The training error
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Figure 11. Membership functions of input variables: (a) e
and (b) Ae
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Figure 12. ANFIS controller structure

5. SIMULATION RESULTS AND DISCUSSION

The main objective of this section is to investigate the
performance of the suggested ANFIS sensor-less controller
with backstepping technique for the DSIM drive, which the
nominal parameters are illustrated in Table A1l (see Appendix).

5.1 Comparisons between the ANFIS-LO controller and
conventional LO controller

In this study, to validate the proposed approach and
demonstrate its effectiveness, we subjected our DSIM to a load
varying over time. We also introduced parametric variations,
order of +50% at t = 6s. The simulation results are given in
Figures 13-24. On the other hand, this simulation study will be
based on two scenarios: firstly, it is intended that the
temperature remains constant and the irradiation has the
profile illustrated in the Figure 13. Secondly, the temperature
has the profile presented in the Figure 19 and the irradiation is
supposed to be constant. For both scenarios, we will discuss
the transient behavior as well as the steady-state response.

1000 T l

800 ‘ ‘

Irradiation (Wim?)

600 ‘
400

200 : - : l
o} 1 2 3 4 5 6 7

time(s)
Figure 13. Irradiation profile

5.1.1 The first scenario

In this case, the temperature T=25°C and an irradiation
varying between 200W/m? to 1000W/m?, the obtained results
of this scenario are shown in Figures 13-18.

The analysis reveals the electromagnetic torque and rotor
flux follow well their references. Decreased irradiation level
causes the DSIM's speed decrease, and increased irradiation
level causes the speed to increase. From the simulation results
shown in Figure 15, it is easy to see that the speed response in
the first scenario is very good, so the speed error is nearly zero
in the stable mode. ANFIS sensor-less controller can provide
a very good dynamic response when the EV is operating, as
shown in Figure 18.
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Figure 18. Electric vehicle linear speed

5.1.2 The second scenario

In this case, the irradiation R=1000W/m? and the
temperature varying between T=15°C to T=55°C, the obtained
results of this scenario are shown in Figures 19-24.
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Figure 19. Temperature profile

It can be seen, from the Figure 20, that the boost converter
produces a fixed voltage to power the inverter.

GO0

Figure 15. Reference, real and emulated rotation speed S00|
(upper plot) in case of rotor resistance variation at t = 6s, and =400
speed error (lower plot) £ 200
S
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Figure 20. Output voltage of boost converter
0.2
0 According to the simulation results above, we can see the
0 1 2 3 4 5 6 7

good ANFIS sensor-less control performance for estimated
speed tracking in different weather conditions. The rotor flux
is nearly identical to the reference. So, the obtained results are
sufficient and confirmed the efficiency of the suggested
control.

Acually, the proposed ANFIS-LO controller improves the
performance metrics in both transient and steady state

response in comparison to the conventional LO as shown in
Table 2.

Table 2. Comparison of ANFI-LO and LO control strategies

Robustness to

Control Estimation Convergence
Strategies Accuracy Speed Para.lm.e ter
Variations
LO + + -
ANFIS-LO ++ ++ ++
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Figure 24. Electric vehicle linear speed
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6. CONCLUSION

This paper has proposed a sensor-less BC using the LO with
an ANFIS adaptation mechanism of DSIM drive aimed at
applying electric vehicles fed by PV. To test the system’s
performance, we have used two scenarios, decreased and
increased by variation in irradiation and temperature level, in
the simulation results. Thus, these results have demonstrated
the efficiency and the performance of the suggested scheme
for the transient behavior as well as the steady-state response
even at different reference speed with EV. In Addition, we
have highlighted the performance of the suggested control.

The projected work will address the development of the
proposed control by using other techniques.
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NOMENCLATURE

ANFIS  Adaptive neuro-fuzzy inference system
DSIM Double stator induction motor

EV Electric vehicle

PV Photovoltaic

MPPT  Maximum power point tracker

P&O Perturb and Observe

LO Luenberger Observer

Greek symbols

o Reference frame of o axe
B Reference frame of 3 axe
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c Dispersion coefficient
P Air density, Kg/m®
Subscripts

S Series

sh Shunt

ph Photon

S Stator

r Rotor

L Load

APPENDIX

Table Al. DSIM parameters

Nominal Parameter Used Value
DSIM nominal power 4.5Kw
Rotor/Stator resistance 3.72Q

Rotor inductance 0.006H

Stator inductance 0.022H

Magnetizing inductance 0.3672H
Inertia moment 0.0625kg.m?

Friction coefficient 0.001N.m.s/rad






