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Abstract: This paper presents the indirect field vector control of induction motor (IM) which is controlled by an
adaptive Proportional-Integral (PI) speed controller. This solution is proposed to handle the induction motor rotor
resistance variation problem, which degrades the performance of the speed control. To solve this problem, an
adaptive PI controller is designed with gains adaptation based on fuzzy logic in order to improve the performances
of electric drive systems towards the parametric variations. The control algorithm is emphasized by simulation
tests. 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 adaptive control using Model Reference Adaptive

System MRAS rotor resistance observer.
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1 Introduction

The first control applications of asynchronous machi-
nes were limited only at steady state. These applica-
tions were based on the scalar command, also known
as the (V/f) control [1]. This technique is charac-
terized by its simplicity and relatively small cost of
implementation. Nevertheless, it can not guarantee a
high performance due in fact to the existence of an
intrinsic coupling between the torque and flux. To
overcome the drawbacks of the scalar control, more
other sophisticated control techniques have been de-
veloped, namely, the direct torque control (DTC: Di-
rect Torque Control) and flux oriented vector control
(FOC Field Oriented Control) ([2],[3]). In the lite-
rature, there are different vector control strategies that
differ essentially by the choice of the (d, q) axes orien-
tation. The most common is the rotor flux oriented
vector control. Recently, several studies have been de-
voted to development of non-linear control techniques
to drive the induction motor. These techniques in-
clude: control based on the technique of input-output
linearization [4], sliding mode control ([5],[6]), back-
stepping control ([7]-[10]). The major drawback of
these control techniques is their sensitivity to parame-
tric variations, in particularly, the rotor resistance (Rr)
which can change with the temperature[11]. Indeed,
a mismatch of the rotor resistance affects significantly
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the open loop slip estimator and degrades the perfor-
mance of the speed control([4],[12]). To solve this
problem, many research have been focused toward the
adaptive control in order to improve the robustness of
the control scheme towards the parametric variations
with the use of different type of observers. Among
them, the adaptive control of IM using a Model Re-
ference Adaptive Systems (MRAS) observer, which
consists in comparing the output of both estimators,
but in ([11],[13]), the authors claims that this met-
hod doesn’t guarantee a high performance of speed
control. The sliding mode observer presented in [14]
shows that the main drawback of this solution is the
appearance of the chattering phenomenon, due to the
high switching frequency control signals. The works
presented by ([12],[15],[16],[17]), which concerns the
backstepping and the luenberger observers respecti-
vely, show that the induction motor can suffer from
instability problems at low speed, if the estimation er-
ror of the rotor resistance is greater than or equal to
10%.

In recent years, the number and variety of applica-
tions of fuzzy logic have increased significantly es-
pecially for uncertain nonlinear systems ([18],[19]).
Moreover, the work presented by [20] propose a new
design method for the PI-fuzzy controllers which il-
lustrates the potential of Iterative Feedback Tuning
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(IFT) employed in connection with fuzzy control in
complex plants. To solve optimization problems for
Takagi-Sugeno fuzzy controller, the authors in [21]
propose a new design of this type of controller using
swarm intelligence optimization algorithms.Recently,
some results on type-2 fuzzy logic systems have been
reported which is applied to design a novel reliable
static output-feedback controller for discrete-time in-
terval type-2 fuzzy-model-based systems with mixed
Ho/H oo performance.

The main purpose of this paper is to design an adap-
tive control scheme for induction motor that allow
high performance using the fuzzy logic. The idea is to
design an adaptive PI speed controller which can ens-
ure a good tracking of the reference speed even in the
presence of rotor resistance variation. The adaptive
mechanism of the PI gains is ensured using a fuzzy
logic controller for each gain (£, and ;). The control
law developed in this paper does not propose the use
of any observer mentioned above so as not increase
the complexity of the control scheme, and guarantee
a good rotor flux orientation even in the case of rotor
resistance variation.

This paper is organized as follows: in Section 2, the
mathematical model of the induction motor is presen-
ted. In the next Section, we briefly review the Vector
Control Strategy of induction motor. The procedure
design proposed to handle the induction motor rotor
resistance effect based on fuzzy logic is described in
Section 4. Simulation results are presented in Section
5, and compared with classical PI control and other
recent works. Finally, in Section 6 some comments
and conclusion are given.

2 Induction Motor Modelling

Vector control of induction motor is based on Park
transformation involving the electrical frequencies of
stator and rotor respectively ws and w,. In this case,
the dynamic model of the induction motor according
the d-q axis can be expressed in a synchronous rota-
ting reference frame as follows [5]:

%isd = —Nigq + Wsisq + kBrora + kwr¢rq + HUsd

%isq = —Wslsd — Aisq — kwrrq + kﬁr¢7‘q + HUsq
%¢7‘d = Mﬁ’r‘isd - 6r¢rd + wsl¢7‘q
g’t(ﬁrd = Mﬁrisq — WslPrd — /Br(z)rq

ey
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where
Vsd, Vsq : d and g components of stator voltages;
lsd, bsq : d and g components of stator currents;
Ords Prq : 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;
Wry Ws : Rotor and rotating frame angular velocity;
wsl = wWs — wyr : Slip angular frequency.

and the constants are defined as follows:

_ _ 1
)\—MRSM#_TLS’ RST:RS—F%RT,]{::HF
— R

4 M n_ M
c=1 I.Lo F_Lr? By = I

3 Vector Control Strategy of In-
duction Motor

The difficulty for controlling an induction motor re-
sides in the fact that there is a complex coupling be-
tween the input, output and internal machine varia-
bles such as flux, torque, speed or position. In 1971
Blaschke proposed a new control theory, which cal-
led oriented flux vector control that can bring the IM
to the current DC machine with separate excitation
[3]. This control theory imposes that ¢,.; = ¢, and
¢rq = 0, in order to ensure that the flux and torque
will be controlled respectively by the stator currents
(isq) and (isg). The Field Oriented Control (FOC)
strategy can then achieves the decoupling between
flux and torque dynamics, but the performance of the
FOC depends heavily on the knowledge of the real
motor parameters. Unfortunately, those parameters
may change widely with the temperature, the current
amplitude and the inverter frequency. In particularly,
the rotor resistance is the most critical changing pa-
rameter ([12],[13],[22]). In fact, the nonlinear mat-
hematical dynamic model of induction motor descri-
bed by equation (1) can be rewritten by the following
equations:

Fisd = —Nisa + Wsisg + kBror + pvsa
Liag = —Wsisq — Nisg — kwypr + g

Gi®r = MBrisa = Brra @
diPrq = MByisq — wsir =0

Jdw, =(C. - Cr) — Lw,
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The electromagnetic torque and the slip frequency are
given by the following equations:

. M .
Ce = %nzr (d)?‘dzsq)

3)

“

Equation (2) show the non-linearity of the induction
motor which can be solved by adding the compensa-
tions terms as illustrated in Figure 1.

_ MR,
Wsl = er,:zsq

(Regulation and decoupling J ( Induction Motor J

1 : ;
1 " 1 X
! I
i PI Vid l : | VUsd L
"% ! % _
| Controller o“ T % (Rs 4+ 0.Ls.5)"* ‘
]
i | !
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lsq | PI sq 1! Vsq !
V% =i
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Figure 1: Block diagram of the conventional PI cur-
rent controller with compensation terms

The PI speed controller determines the reference
torque 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 speed control loop using a PI corrector is given
by the following block diagram:

QF
Kc

’g?‘
+
S [

Figure 2: Block diagram of the speed control loop
using a PI controller

where
3npM . .
Ko = . electromagnetic torque constant.
2L,

The correction gains of the PI controller are de-
termining using pole placement method to fix the
closed-loop system dynamics. The transfer function
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of the closed loop system represented by Figure 2
without load torque is:

— (kpptki) Ko
Jp*+(kpKc+fp+kiKc

Hq )
The transfer function Hqo can be identified to a
second-order system and gains of this controller can
be calculated as follows:

(6)

)

where

¢ is the damping ratio and w,, the natural frequency.
The speed response time 7. can be expressed in terms
of the natural frequency if the damping coefficient is
equal to 1. In this case, the may in calculating the
values of speed corrector gains from the following re-
lationship [13]:

wnThs = 4.8 (8)

4 Fuzzy Logic Control Based on PI
Gains Adaptation

In order to design a robust control law that takes into
account the effect of the the rotor resistance varia-
tion, and not to increase the complexity of the cont-
rol scheme with the use of an observer, this section
was devoted to the proposal of an adaptive PI control-
ler structure whose parameters are adjusted by fuzzy
logic. The fuzzy system generates the parameters of
the PI controller k, and k; depending on the error bet-
ween the reference and the system response as shown
in Figure 3 to ensure high performance of the develo-
ped control law with compensation of the R, variation
effect.

Fuzzy
controller N

s

Input

Output

PI con}f’r"z/)ller

System

s
s

»

Figure 3: Block diagram of the fuzzy logic gains
adaptation of the PI controller

The proposed controller use two fuzzy systems: the
first generates the £, gain and the second generates k;
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Figure 4: Block diagram of the speed control loop
using a fuzzy adaptive PI controller

via another auxiliary parameter . The fuzzy adapta-
tion system of the PI controller is shown in Figure 4.
As indicated in Figure 4, the PI parameters are deter-
mined from two fuzzy inferences whose outputs are
auxiliary parameters k]’m k. and inputs are the error
between the real and reference speed (e), and its deri-
vative (Ae).

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 = kg K 9)

by =2 (10)

The fuzzy inference engine uses the fuzzy IF THEN
rules to perform a mapping from the input vector to
the output. The i*" fuzzy rule is written as follows:

IF e is Ai and Ae is Bi THEN Fk;, is Ci and k] is Di

where

Ai; Bi; Ci and Di are the fuzzy sets.

The universe of discourse is common to all fuzzy in-
puts variables (e, Ae) and is divided into seven fuzzy
sets (NB, NM, NS, Z, PS, PM, and PB) with triangu-
lar membership functions as shown in Figure 5. The
establishment of rules defining the output results from
operating expertise.

For the output variable of the fuzzy logic controller
that generates k;, two membership functions are asso-
ciated as shown in Figure 6. The membership functi-
ons for the output that generates k. are represented in
Figure 7

For our application, we used the basic rules given in
Tables 1 and 2, which stems from expertise and are
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Figure 5: Degree of input membership for e and Ae
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Figure 6: Degree of output membership for k;,
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Figure 7: Degree of output membership for £
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based on the operating principle of the bang-bang! that
offers very good results [22]. The latter is organized
in the form of a decision tables. The rules defining
the output of each fuzzy controller are given by the
following tables:

Table 1: Fuzzy control rules for ;,

Ae ‘
NB | NM | NS | Z|PS|PM| PB

NB B B B B S S B
NM B B B B S B B
NS B B B B B B B
Z B B B B B B B
PS B B S B B B B
PM B B S B B B B
PB B S S B B B B

Table 2: Fuzzy control rules for &/

e
Ne
NB | NM | NS Z | PS | PM | PB
NB S S S S S S S
NM | PS PS S S S PS PS
S

NS | PM | PS PS PS | PS | PM
z PG | PM | PS | PS | PS | PM | PG
PS PM | PS PS PS | PS PG
PM PS PS S S S PS PS
PB S S S S S S S

w»

5 Simulation Results and Discussion

The effectiveness of the proposed PI field oriented
control of induction motor with gains adaptation has
been verified by simulations. The rotor field oriented
control scheme is illustrated in Figure 8. The simu-
lation results have been obtained by implementing
the control scheme illustrated by Figure 9 under the
Matlab- Simulink environment with 50us sampling
period.The motor parameters values of the set-up are
given in Table 3. The reference value of the rotor
flux along the d-axis has been fixed to 1 Wb. Three
tests were performed: The first one for the classical
PI speed control. A step reference speed was applied
at t=1s and is equal to 157 rad/s. The load torque is
applied at t=3s. At t=5s, undergone a disturbance on
the rotor resistance which has been increased by 50%
from its rated value. The second test for the adaptive

! Control method used to initially bring the system close to the
desired operating point, then change the polarity of the control
variable to avoid overshoot.
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control, which the classical PI controller was replaced
by the proposed adaptive PI fuzzy logic controller
using the same speed profile and the same operating
conditions. The final test is for an adaptive control
using an MRAS rotor resistance observer.

Table 3: Motor parameters values

Symbol Quantity UM
R, Stator resistance 2.3 Q]
R, Rotor resistance 1.83 €]
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 [K gmz]
f Friction coefficient 0.001 -

Vi Rated voltage 380 [V]
I, Rated current 10.4 [A]
P, Rated power 3 [EW]
np Number of pole pairs 2 -

Figures 10-12 show the simulations results for
the classical PI without gains adaptation. Figure 10
shows that the rotor speed decrease by almost 10
rad/s from its rated value, and the rotor speed error
illustrated by figure 11 show that this error exceeds
7% when the rotor resistance undergone a variation.
Figure 12 shows the effect of sudden change on
the shape of direct and quadratic flux, when a 50%
increase of the rotor resistance is introduced, without
PI gains adaptation. Just at the moment of variation,
the orientation of the fluxes is lost, which deteriorate
the controllers performances.

Fuzzy gains
fffff
adaptation L E = 600V
v

Q o cr isa v

< cgrtroller z controller

Q. * -
o~ | fsd Vsq

[ PI
M i controller

Surgdnosaq

Inverter

€
O

Figure 8: Block diagram of vector control with an
adaptive fuzzy logic gains adaptation of the PI speed
controller
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Figure 12: Rotor flux (without PI gains adaptation)
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Figure 13: Rotor speed (with PI gains adaptation)
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¢ Figures 13-15 show the performance of the adap-
40 ] tive control with fuzzy logic gains adaptation of the
w0l | PI speed controller. The obtained result demonstrates
N 4 that even if an increase the rotor resistance is introdu-
T T T T T ced at t = 5s, the proposed adaptive control still gives
Time [s] a good orientation of the rotor flux and a good speed

tracking, with a speed error which doesn’t exceed 1%
of the rated value. However, the adaptive vector cont-
rol based on MRAS rotor resistance observer does not
guarantee a good tracking of the rotor speed as shown
in Figure 13. In this case, when the rotor resistance

Figure 11: Rotor speed error (without PI gains adap-
tation)
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Figure 16: Rotor flux (with PI gains adaptation)
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undergoes a variation, the rotor speed decrease by al-
most 2 rad/s from its rated value with the appearance
of ripples as shown in Figures 16-17. Figure 18 shows
that using an MRAS rotor resistance observer does not
guarantee a good fluxes orientation.

Table 4 shows the quantitative performances com-
parison produced by the proposed adaptive control
scheme, the classical PI control and the adaptive con-
trol using an MRAS rotor resistance observer. The
results illustrate globally the superiority of the pro-
posed solution compared to the MRAS method. The
results obtained demonstrate also that the proposed PI
field oriented control of induction motor with gains
adaptation based on fuzzy logic has a powerful appro-
ach to allow high performance control. Consequently,
from the simulation results, the better control perfor-
mance can be obtained using the PI control with gains
adaptation based on fuzzy logic, which shows the ef-
fectiveness the proposed scheme in terms of load dis-
turbances rejection, speed reference tracking in tran-
sients and stand-still operation and rotor flux orienta-
tion.

Table 4: Performance indices: €2; ¢: References va-
lues, 2,; ¢.q : Actuals values , E: Error, [AE: Inte-
gral Absolute Error, IT AE: Integral Time multiplied
Absolute Error, I.SE: Integral Square Error

Control Method E ITAE ITAE ISE
Qr - Q, 148 862.9 3684
Classical PI control
br — drd 1.068 8.025 0.2293
Q- Qp 25.5 90.35 1403
Adaptive MRAS control
bF — Prd 0.11 0.65 0.001
Q- Q, 16.08 18.38 373
Proposed control based on fuzzy logic -
DF — drd 0.004 0.01 1.95¢ 0%

6 Conclusions

The PI control with gains adaptation based on fuzzy
logic technique is developed in this paper. The propo-
sed method is an alternative to handle the induction
motor rotor resistance variation problem. These
technique use an adaptive mechanism of the PI gains
which is ensured using a fuzzy logic controller 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. Simulation tests
confirm the theoretical concepts and show that this
type of adaptive control can overcomes the rotor re-
sistance variation. The simulation results showed that
the proposed control scheme can guarantee a good
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performance of the fact that the speed error exceeds
1% of the rated value.
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