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Abstract: This paper presents the vector control of Induction Motor (IM) supplied by a photovoltaic generator
which is controlled by an adaptive Proportional-Integral (PI) speed controller. The proposed solution is used to
overcome the induction motor rotor resistance variation problem, which can affect negatively the performance of
the speed control. To overcome the rotor resistance variation, an adaptive Proportional-Integral controller is
developed with gains adaptation based on Adaptive Neuro-Fuzzy Inference System (ANFIS) in order to guarantee
a high performances of electric drive systems against the parametric variations. The proposed control algorithm is
tested by Matlab-Simulink. Analysis of the obtained results shows the characteristic robustness to disturbances of
the load torque and to rotor resistance variation compared to the classical PI control and Model Reference
AdaptiveSystem(MRAS)rotorresistanceobservers.
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1 Introduction is consumed by electric motors, of which 90% are in-
duction motors ([4],[5],[6]). Indeed, about 70% of
Renewable energies, such as, such as solar energy, industrial control systems use induction motors, due
wind energy, biomass energy, and hydro power come to their robustness, low cost and easy maintenance
from the sun, wind, biomass, water and heat. To- ([71,[81.[91,[11]). However, these advantages are ac-
day, solar energy is considered one of the most reli- companied by a great complexity related to the non-
able sources of energy available on a daily basis, re- linearity of induction motor model, or to the measura-
spectful of nature and free. The exploitation of this ble quantities number limitation [10]. Therefore, se-
renewable energy to produce electricity is carried out veral researches have been devoted to improving their
using a photovoltaic system [1]. The remotely isola- performances despite their control complexities de-
ted rural areas pose problems to rural energy mana- pending on the desired performance. The first cont-
gement and development of renewable energy sour- rol applications of induction motors were limited only
ces. The PhotoVoltaic panel (PV) is non-linear sy- to steady state. These applications were based on the
stem, which its optimum operating point ("Maximum scalar control, also known by (V/f)!control, which is
Power Point (MPP)”) depends on the irradiation, the characterized by its simplicity and low cost of implan-
temperature and the load variations. The extraction tation. Nevertheless, the scalar control cannot guaran-
of the maximum power from a PV is ensured by the tee a high performance due to the existence of an in-
Maximum Power Point Tracking (MPPT) algorithm. trinsic coupling between torque and flux.
Among the most used MPPT algorithms we can cite: In recently years, the technological advances in power
the traditional perturbation and observation method electronics fields and signal processing make possible
(P&O) and the incremental conductance method (I.C)
(2LI3D- !"The principle of the scalar control is to maintain a constant
Recent reports on the consumption of electrical ratio between the voltage (V') and the frequency (f), and the tor-
energy, show that 40% of that produced in the world que control is done by the action on the slip angular frequency.
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the design of a complex real time implementation con-
trol algorithms. The first control techniques that have
been developed to overcome the drawbacks of the sca-
lar control are: the Field Oriented Control (FOC) and
the Direct Torque Control (DTC) ([12],[13]). In the
literature, there are many field oriented control strate-
gies that differ essentially in the choice of the (d — q)
axes orientation. The most common is the Rotor Field
Oriented Control (RFOC) ([14],[15]). The RFO con-
trol techniques differ mainly in the method of determi-
ning the Park angle, which represents the field orien-
ted phase in the reference related to the stator. In
the case where the flux amplitude and the Park an-
gle are determined from the voltages measurement,
currents and electrical rotor frequency, this control
method is called Direct Rotor Field Oriented Control
(DRFOC) [16]. On the other hand, in the case of the
Indirect Rotor Field Oriented Control (IRFOC), the
stator currents and the rotor speed are the only ones
that must be measured to determine the Park angle
([171,[18]). The IRFOC is the most used in the indu-
stry over the past decades, because of its simple im-
plementation and does not require a flux sensor as in
DRFO control. The performance of the IRFO con-
trol strategy depend heavily on the knowledge of the
real motor parameters, particularly with respect to the
rotor resistance variation, which is considered as the
most critical changing parameter ([9],[10],[19],[20]).

To solve the problem of parametric variations, many
research have been developed based on the adaptive
control in order to improve the robustness of the con-
trol scheme. Among them, the adaptive control of
IM based on sliding mode observer [21] which shows
that the main drawback of this solution is the appea-
rance of the chattering phenomenon. The Model Re-
ference Adaptive Systems (MRAS) observer, is anot-
her solution presented in literature to overcome the ro-
tor resistance variation, but in ([22],[23]), the authors
show that this method doesn’t guarantee a high per-
formance of speed control. The works presented by
([101,[19],[24],[25]), which concerns the luenberger
and the backstepping observers, show that the use of
this type of adoptive control induction motor can lead
to the instability problems especially at low speed, if
the estimation error of the rotor resistance is greater
than its nominal value by 10%.

The main purpose of this paper is to design an adap-
tive control scheme for induction motor that allow
high performance using the Adaptive Neuro-Fuzzy
Inference System. The idea is to design an adaptive
PI speed controller which can ensure a good tracking
of the reference speed even in the presence of rotor re-
sistance variation. The adaptive mechanism of the PI
gains is ensured using an adaptive neuro-fuzzy con-
troller for each gain (k, and k;). The control law de-
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veloped in this paper does not propose the use of any
observer mentioned above so as not increase the com-
plexity of the control scheme, and guarantee a good
rotor flux orientation even in the case of rotor resis-
tance variation.

This paper is organized as follows: in Section 2, the
mathematical model of the induction motor, vector
control, PV panel and DC-DC boost converter are pre-
sented. In Section 3, the adaptive neuro-fuzzy control-
ler (ANFIS) for the PI controller gains adaptation is
presented. Simulation results are presented in Section
4, and compared with classical PI control and other
adaptive control. Finally, in Section 5 some comments
and conclusion are given.

2 System descriptions

The block diagram of the robust ANFIS vector cont-
rol is shown in Figure 1, which contain a PV array, a
boost converter working as a maximum power point
tracker (MPPT), an inverter and a motor motor con-
trolled by the proposed control algorithm.

D
3 DC - DC [] DC - AC
Z Converter Converter
Q« A A
Vabe
IFOC ]
MPPT ‘abe
Algorithm + DI

ANFIS |[Z

Figure 1: Synoptic diagram of the photovoltaic system
and induction motor.

2.1 Dynamic model of IM and problem for-
mulation

The IM dynamic mathematical model can be expres-
sed in the (d — ¢) rotaionnal reference frame as fol-

lows:

d - . .

dlsd = —Aisq + Wslsqg + 0L2L ¢rd + oL L. WrPrq +

d. . )

dlsqg = —Aisg — Wslsd — oL, L Swr(brd + O’LQL d)rq
d J— MRT y T
%gbrd =L, 'sd— frﬁbrd + wsiPrq
d _ MR, ; Ry
ﬂqbrq =L, 'sq— WslPrd — frqsrq
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where

Vsd, Vsq : d and ¢ components of stator voltages;

sd, bsq : d and ¢ components of stator currents;

Prds Orq : d and q rotor flux components;

Ls, L, : Stator and rotor inductances;

Rs, R, : Stator and rotor resistances;
M, o : Mutual inductance and total linkage coefficient;
Wr, Ws : Rotor and rotating frame angular velocity;

wsi = ws —wr : Slip angular frequency.

One of the most technical used to control the in-
duction motor is called Field Oriented Control FOC,
which allow the conversion of the three-phase stator
currents of an AC electric motor into two orthogonal
components that can be considered as vectors. The
first one allows adjustment of the magnetic flux of
the motor, while the second control the torque. In this
case, the control of AC motor becomes like that of a
DC motor, and allows to write:

(brd = ¢r

bo= 0 2
rq —

Based on what is mentioned above, the mathematical
dynamic model of IM (1) is transformed to a linear
model and is described by the following equations:

d .
Jitsd = f1+ pvsq
d .
dilsq = f2 + pusq

d M r
Eqsrd = 7 tsd — %gbrd

3)

%Qbrq =0= %isq — W5 Prd

where

1= —Xigg + wsisq + 0%2%9 Gra + ULZ\:ILS wr¢rq;
fo= _)\isq — Wglsd — %WTQSrd + %erq;
T = Il%—:andu: Uis.

The mechanical equation, the electromagnetic torque
and the slip frequency are is given by the following
equations:

“)

where
I'e, It : Electromagnetic and load torques;
J, f : The inertia of motor and friction coefficient;
Np : Number of pole pairs.
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Equations (3) and (4) show the non-linearity of the
induction motor which can be solved by adding the
compensations terms as illustrated in Figure 2. Also,
we can note that the slip angular frequency wy; de-
pends on rotor resistance, and a mismatch of the latter
doesnt guarantee a high-performance speed control.

(Regulation and decoupling] ( Induction Motor J

1 ] ;:
! s lsqg
I , |
-k I 7 * i , |
tsd PI sd 1
L ! % _
\ Controller b“ i 0“ (Rs + 0.Ls.5)"* :
!
| Y |
! * 1 ! I
ik vy ) ,
lsq | PI sq |1 Usq v
S : S =i isq
. Controller % i ‘ 96‘ (Rs +0.Ls.5) ‘ q
|
| ws(0.Lg.isqa + (M/Ly).¢pr) |V ws(0.Ls.igq + (M/Ly).¢r) :
I , |
T !

Figure 2: Structure of the compensation coupling
terms.

The PI speed controller determines the reference tor-
que to maintain the same speed. So, to calculate the
parameters of the controller, it must be assumed that
the dynamics of the stator currents is not involved in
the dynamics of the speed control loop because the
mechanical constant time is considerably greater than
the electric constant time. The correction gains of
the PI controller are determining using pole placement
method to fix the closed-loop system dynamics, which
are presented in [26] by the following equations:

ko o— 26ki _ _f
P wn Kr,
T 5)
7 Kr,
where ¢ is the damping ratio, w, the natural fre-
quency and K, %nsz ¢, the electromagnetic

torque constant.

2.2 Photovoltaic array model

The operation of a photovoltaic cell is often described
by the single diode model, this model is generalized
to a photovoltaic module by considering it as a set of
identical cells connected in series and/or in parallel.
The modeling of the elementary cell is based on an
equivalent electrical circuit [27]. In this study we use
a single diode model shown in Figure 3.

The PV panel is composed of Np parallel modules.
Each one including Ng serial connected photovoltaic
cell serial. The fundamental equation for PV model is
given by [2]:

Ly = Nplpn — Nplo [exp (Wepleefel) — 1]
(6)
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where:

I,,:Output current of solar cells (Ampere);

I, :Photocurrent (Ampere);

Vpo:Output voltage of solar cells (Volt);

R, Rs:Parallel and series resistance, respectively;
¢:Electron charge (1.60222 x 10~12C);
k:Boltzmanns constant (1.381 x 10723/ K);

a:P — N junction ideality factor;

1o, Ip-:Real and reference cell reverse saturation
current, respectively;

Krp:Temperature coefficient of the short circuit
current;

T,T,cr:Reference temperature of Solar Cells (Kel-
vin);

G, Grey:Irradiance and reference irradiance;
Eg:Silicon bandgap energy (E,=1.12¢V);
I,.:Short-circuit current.

2.3 Boost converter model

The power generated by the photovoltaic panel is
fed to a boost converter, which is controlled using
an MPPT controller based on Perturb and Observe
technique (P&Q). The boost converter is used to am-
plify the generated DC voltage of the panel. The
Duty (D) cycle for switching is determined by the
Maximum Power Point Tracking (MPPT) controller,
which determines the present climatic condition and
produces an optimum value of duty cycle, as shown in
Figure 4.

In steady state, the output voltage of the boost conver-
ter can be expressed by the following equation:

Ur = 125V (€))
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Figure 4: Boost converter.
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3 ANTFIS Control Based on PI Gains
Adaptation

The adaptive neuro-fuzzy inference is designed based
on a combination of Artificial Neural Network (ANN)
and Fuzzy Logic Controller (FL.C). The ANN is used
to identify the patterns and conforms to them to deal
with altering environments, and the Fuzzy Inference
Systems (FIS) combine the human knowledge to con-
trol the system ([2],[28]).

Two common fuzzy models, the Mamdani and
Takagi-Sugeno-Kang (TSK), are defined for FIS. The
ANFIS can only use the TSK fuzzy model due to its
high calculative efficiency. The controller provides
smooth less in convergence because of the fuzzy TSK
inference and adaptability as a result of ANN back-
propagation algorithms. The general structure of a
five-layer ANFIS system is shown in Figure 5. For the
first layer, MFs will be defined for each of inputs.In
the second layer, each node via multiplication calcu-
lates the firing strength of a rule which is normalized
in layer 3. Two common rules in TSK fuzzy model
are defined as:

Rulel :if x is Ay and yis By, then f| = a1x+b1y+
C1;
Rule 2 : if x is Ay and yis Ba, then fo = asx+boy+
Co.

Where a;, b; and c¢; are the design parameters defined
in the training plant. Also, A; and B; are the fuzzy
sets input.

The model structure is determined using the inputs,
output, MFs, and the relationship among them in Mat-
lab environment. After that, the inputs and output
training data set should be collected to train the AN-
FIS which can estimate the MFs parameters by either
back propagation algorithms alone or the so-called hy-
brid mode which is a combination of Least Squares
Estimation (LSE) and back propagation.

The adaptive PI controller structure whose parameters
are adjusted by an adaptive neuro-fuzzy inference sy-
stem. The ANFIS generates the parameters of the PI
controller k, and k; depending on the error between
the reference and the system response as shown in
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Figure 5: Five-layer ANFIS system.

Figure 6 to ensure high performance of the develo-
ped control law with compensation of the rotor resis-
tance variation effect. The proposed controller uses
two ANFIS: the first generates the %, gain and the se-
cond generates k; via another auxiliary parameter (.
The adaptive neuro-fuzzy inference system of the PI
controller is shown in Figure 7.

ANFIS [ ---
* Z i
Qr < Classicgl’ PI Induction 2
contybller Motor

’
’

»

Figure 6: Block diagram of the ANFIS gains adapta-
tion of the PI controller.

_,
)
&

()?

_____________________________

|

Figure 7: Block scheme of the proposed speed control
loop using ANFIS.

As indicated in Figure 4, the PI parameters are deter-
mined from two adaptive neuro-fuzzy inference sys-

tems whose outputs are auxiliary parameters k;/n’ kg
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and inputs are the error between the real and reference
speed (eq, ), and its derivative (Aegq,.).

The output of the two fuzzy controllers are standardi-
zed in intervals between zero and 1. The parameters
k, and k; are determined using the following equati-
ons:

kp = K., ki (10)
ko=t (i

The Neural Network Controller (NNC) is used to es-
timate the PI controller gains. The network is trained
for 1000 epochs and the target error is set to 2.4%.
The training error waveform is shown in Figure 8, and
the structure of ANFIS for this controller is presented
in Figure 9. The advantages of the method are its ra-
pid tracking speed and high tracking accuracy.

Training Error

0.0246

0.0244

Error

0.0242

0.0240

200 400 600 800 1000

Epochs

Figure 8: Training error.

input outputmf output

Figure 9: ANFIS model structure.

Figures 10 and 11 represent membership functions for
the two inputs, namely, solar irradiance and PV cell
temperature. Figure 12 shows a fuzzy rule for the AN-
FIS inputs and output are applied after training.
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Figure 10: Membership functions for eq,..
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Figure 12: Inputs and Output of ANFIS after Training.
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In order to verify the closed-loop stability of the pro-
posed controller, the linear time-invariant transfer ma-
trix of the closed loop transfer function ANFIS tuned
PI speed controller expressed by equation 12 must be
strictly positive real (i.e. All poles of H(s) have ne-
gative real parts) for I'; = 0.

H(s) = (sl — A)~! (12)
where, A the state space matrix of the closed-loop
system of the ANFIS tuned PI speed controlled in-
duction motor. The condition of stability is valida-
ted by the root locus study of H (s) using the ’rlocus’
command of Matlab. Figures 13 shows clearly that the
poles and zeros of the transfer function H (s) have ne-
gative real parts for a speed range between -157 rad/s
and 157 rad/s which indicates that the ANFIS tuned PI
speed controlled induction motor under consideration
is stable.

Root Locus of the closed loop transfer function H(s)

200 T T T T T
150 [ * g
* -
100 - * : B
— *
[N "
— 50 |- * -
£
&< .
< 0 Lk o |
> B
ED =50 |- * : T N
— * - -
—100 | - % e ) -
*4* i g
—150 |- i ' 4 .
—9200 = L L L L Lo L | { ¥ L
—500 —450 —400 —350 —300 —250 —200 —150 —100 —50 0O 50

Real Axis (s71)

Figure 13: Poles localization for the transfer matrix
H(s) for Q, = 0 <> £157rad/s.

4 Simulation Results and Discussion

The proposed PI field oriented control of induction
motor with gains adaptation based on ANFIS has been
verified by simulations. The rotor field oriented cont-
rol scheme is illustrated in Figure 14. The simulation
results have been obtained by implementing the con-
trol scheme under the Matlab- Simulink environment
with 50us sampling period. The motor parameters va-
lues of the set-up and the PV panel are given in Tables
1 and 2. The reference value of the rotor flux along
the d-axis has been fixed to 1 Wh.
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Table 1: Motor parameters values.

Symbol Quantity UM
R Stator resistance 2.3 €]
R. Rotor resistance 1.83 9
L, Stator inductance 261 [mH]
L, Rotor inductance 261 [mH]
M Mutual inductance 245 [mH]

o Leakage factor 0.134 -

J Moment of inertia 0.22 [Kgm?]
f Friction coefficient 0.001 -

Vi Rated voltage 380 V]
I, Rated current 104 [A]
P, Rated power 3 [kW]
nyp Number of pole pairs 2 -

Table 2: Parameter values of YHM180-36 M PV pa-
nel.

Optimum operation voltage 35.20V
Optimum operation current 5114
Open-circuit voltage 43V
Short-circuit current 5.5A
Maximum power at STC 180W
Peak efficiency 16%
Temp. Coefficient of I,  — (0.06 £ 0.01) %/k
Temp. Coefficient of V. — (78 £ 10) mV/k
Number of cells 72

4.1 Performances Tests

A step reference speed was applied at t=1s and is
equal to 157 rad/s. The load torque is applied at
t=5s. At t=7s, undergone a disturbance on the rotor
resistance which has been increased by 50% from its
rated value. The implemented control scheme based
on ANFIS is compared to the classical PI control
and adaptive control based on MRAS rotor resistance
observer using the same speed profile and the same
operating conditions.

Figures 15-17 show the simulations results for the
classical PI without gains adaptation, classical PI
control with MRAS rotor resistance observer and the
proposed ANFIS control based PI gains adaptation.
Figure 15 shows that the rotor speed decrease by
almost 15 rad/s from its rated value, and the rotor
speed error illustrated by figure 16 show that this
error exceeds 9% when the rotor resistance undergone
a variation in case of classical PI without gains
adaptation.

Figure 17 shows the effect of sudden change on
the shape of direct and quadratic flux, when a 50%
increase of the rotor resistance is introduced, in
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case of classical PI control. Just at the moment of
variation, the orientation of the fluxes is lost, which
deteriorate the controllers performances.

PV panel
ANFIS gaind____ +
adaptation P MPPT
2 0 tsq Vsd v, va

Inverter

abe
—

ws Q)
3~
Speed sensor

Figure 14: Block diagram of vector control with an
adaptive fuzzy logic gains adaptation of the PI speed
controller.
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Figure 15: Rotor speed.

Figures 15-17 show also the performance of the
adaptive control based ANFIS gains adaptation of the
PI speed controller. The obtained result demonstrates
that even if an increase the rotor resistance is introdu-
ced at t = 7s, the proposed adaptive control still gives
a good orientation of the rotor flux and a good speed
tracking, with a speed error which doesn’t exceed
0.5% of the rated value. However, the adaptive vector
control based on MRAS rotor resistance observer
does not guarantee a good tracking of the rotor speed
as shown in Figure 15. In this case, when the rotor
resistance undergoes a variation, the rotor speed
decrease by almost 5 rad/s from its rated value with
the appearance of ripples as shown in Figures 15-16.
Figure 17 shows that using an MRAS rotor resistance
observer does not guarantee a good fluxes orientation.
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Figure 16: Rotor speed error
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Figure 17: Rotor flux.
4.2 Robustness Tests

In order to test the performance of the propo-
sed control scheme which is based on an adaptive
proportional-integral ANFIS controller are again as-
sessed by another three tests using the same condi-
tion mentioned in the previous subsection 4.1, which
are performed to study the influence of the parame-
tric variations for the inertia coefficient, the stator and
rotor inductances of the induction motor. Simulati-
ons results of robustness tests illustrated by Figures
18-20 show clearly that the variation of J, Ls and L,
has practically no effect on the dynamics of speed re-
sponse, even in the presence of a rotor resistance vari-
ation.

The obtained results show clearly that the proposed
adaptive control based on ANFIS-PI gains adapta-
tion has a powerful approach to allow high perfor-
mance control. The obtained simulation results show
also that the PI control with gains adaptation based
on ANFIS can guarantee a high performance cont-
rol of induction motor, and prove the efficiency of the
proposed control scheme in terms of speed reference
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tracking in transients and stand-still operation, rotor
flux orientation and load disturbances rejection, even
in the presence of parametric variations.

T T
160 S E——— e e e E——
L4
140 - Q: -
—Q, for (J/2)
120 - — Q, for (J) )
% 100 | Q, for (1.5J) | |
=N
& 80 .
gl |
40 |- s
20 |- -
0 S Il Il Il Il Il Il Il Il
0 1 2 3 4 5 6 7 8 9 10
Time [s]
Figure 18: Rotor speed (case of .J variation).
T T
60— =
| 8 I B R | I e e
140 |- E ceeor
. Hi — Q, for (Ls/2)
120 HI —Q, for (L) 7
% 100 L E‘ Q, for (1.5Ls) | |
=, 1
g 80 - E‘ /_' B
& el \ / =
40 -
20 |- -
[ S— ‘ | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
Time [s]
Figure 19: Rotor speed (case of Lg variation).

Table 3 shows the quantitative performances in case
of some parametric variations of the proposed adap-
tive proportional-integral ANFIS controller. The re-
sults illustrate globally that the variation of .J, Ls and
L, does not deteriorate the performance of the propo-
sed control.

Volume 15, 2020



WSEAS TRANSACTIONS on SYSTEMS and CONTROL
DOI: 10.37394/23203.2020.15.37

160 - -

140

a—- 2

— Q. for (L,/2)

—Q, for (L)
Q, for (1.5L,)

120 -

100 -

80 |-

Qr, Q, [rad/s)

60 [~

40| .

20 - .

Figure 20: Rotor speed (case of L, variation).

Table 3: Quantitative performances of the proposed
controller.

Adaptive proportional
Parameter . variations integral ANFIS controller
‘ Settling time (7} + 5%)

Inertia g 0.34s
coefficient J 0.345s
1.5J 0.35s
Stator L 0.3445
inductance L, 0.345s
1.5L; 0.346s
Rotor % 0.275s
inductance L, 0.34s
1.5L, 0.46s

5 Conclusions

The PI control with gains adaptation based on adap-
tive neuro-fuzzy inference system technique is deve-
loped in this paper. The proposed method is an alter-
native to handle the induction motor rotor resistance
variation problem. This technique uses an adaptive
mechanism of the PI gains which is ensured using
an Adaptive Neuro-Fuzzy Inference System (ANFIS)
for each gain (k, and k;). The proposed control
scheme can guarantee a high performance compared
to the classical PI control and the adaptive control
using an MRAS rotor resistance observer. Simula-
tion tests confirm the theoretical concepts and show
that this type of adaptive control can overcomes the
rotor resistance variation. The simulation results sho-
wed that the proposed control scheme can guarantee
a good performance of the fact that the speed error
exceeds 1% of the rated value.
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