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A METHOD OF MINIMISING THE POWER
LOSSES IN AN INDUCTION MOTOR
WITH A SQUIRREL-CAGE ROTOR
WITH VECTOR CONTROL'

B. CHETATE and A. KHELDOUN

(Received 20 October 2003)

An approach to optimizing the flux linkage of the rotor of an induction mo-
tor is considered when the motor operates in a vector control mode with
indirect orientation in the direction of the field. In this system, the expres-
sion for the frequency of the rotor e.m.f. contains the rotor winding imped-
ance; this impedance must therefore be precisely estimated in real time. It
is proposed that this should be done using a fuzzy-logic adaptation mecha-

nism. The results of using such a mechanism in a physical model confirm .
its effectiveness.

Key words: induction motor, rotor, vector control, fuzzy logic.

THE LOSSES in electrical machines depend on the level of the magnetic flux, the
power, higher harmonics, the load etc. [1]. Moreover, an electrical machine is usu-
ally designed so that its efficiency is a maximum on full load, close to the rated op-
erating conditions [2], and the magnetic flux in this case is maintained at the nomi-
nal level. If the load is reduced while the flux level remains the same, the relative
iron losses increase. Hence, to retain the efficiency of the magnetic circuit, the flux
level must be reduced [3, 4]. The question then is what value of the flux ensures the
optimal functioning of the magnetic system? ~ |1

There have been numerous attempts to answer this question. Among the best
known methods the method "of «search control» should be mentioned, which has
been applied to both vector and scalar control [1, 2, 5]. In this method the output
power is maintained constant while the input power is minimized by reducing the,{ ‘

magnetic flux. The disadvantage of this method is the long time needed to establish
the flux. : '
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A fuzzy-logic method Wwas used in [6] to reduce the control current i4s in order

)04 to obtain minimum input power. This method is quite attractive since it is inde-
problem of «separation» and of taking into account the change in the rotor time
constant was not solved,

The problem of optimizing the vector control taking iron losses into account
was also considered in [4, 7], but neglecting the change in the rotor resistance due
to heating. An approach to optimization based on monitoring the rotor flux as g
function of the motor torque was proposed in [8], but the iron losses were not
taken into account, which caused undesirable deflections from the optimum oper-
ating conditions,

In this paper we consider a method of optimization which enables the rotor
magnetic flux to be determined as a function of the Specified torque, taking into ac-

One of the advantages of the method is its adaptation to the change in the im-
pedance when the rotor flux changes [10], which, on the one hand, enables the ef-

the rotor flux to be monitored. If the frequency of the control signal w g is deter-
mined with an error (because of the change in the rotor resistance), the rotor cur-
rent also differs from its accurate value. Hence, the current of the stator winding
increases and the ratio of the motor torque to the stator current decreases, which is
equivalent to a reduction in the motor efficiency due to an increasing in the resis-
tive losses.

The mismatch problem mentioned above can be solved if instead of the conven-
tional method the slip is found using a fuzzy-corrector, which determines the cor-
rection factor k. [13).

In this system, to improve the «decomposition» caused by the change in the ro-
tor resistance, the slip calculator [12] is replaced by a fuzzy adaptation mechanism,
which generates the factor &, and brings the rate of the slip change to real time.
The adaptation is based on an analysis of the errors for both axes of the rotating
field. To solve the adaptation problem, which is based on an estimation of the
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stator flux components, a mechanism of estimating the rotor flux components is
needed. Expressions for the rotor fluxes were obtained for the running operating
conditions, and, thus, a fuzzy-logic corrector was developed with deviations e; and
e, for d- and g-axis as inputs (see expression (9)). On the other hand, five fuzzy sets
were chosen for each variable (the number «five» was chosen as a compromise be-
tween the data-processing time and the accuracy of the results). This corresponds
to «5x5» rules of the «IF — THEN» type in the final unit. All membership func-
tions have a triangle symmetrical uniform form. For the fuzzy sets PG and NG of
the input variables a trapezoidal form was chosen. An increase for both axes is in-
terpreted as a negative error, and in this case the fuzzy-corrector increases the rate
of change of the slip. Otherwise, a decrease in the fluxes along both axes is inter-
preted as a positive error, obliging the corrector to reduce the rate of increase of the
slip. If the signs of the deviations are different, the corrector does not act and hence
the increment remains equal to zero. If the deviation is zero along the quadrature
axis but not along the direct axis, the corrector does not react, since the motor op-
erates under optimization operating conditions.

In addition, the «max-min» method was used for defuzzyfication of the output
variable [12].

The corrected value of the slip is obtained by multiplying the conventionally
calculated slip by a correction factor k.

As a result, we find:

a fuzzy-regulator is more reliable than the conventional one as regards the
change of the electric drive and the load parameters;

optimal decomposition is carried out due to the adaptation mechanism, which
is based on an estimation of the components of the rotor flux by the fuzzy-control-
ler;

adaptation of the rotor time constant ensures operation with maximum torque-
to-current ratio;

a comparison of our results with the results of earlier publications shows that
under steady operating conditions the control system developed ensures the same
characteristics as the conventional ones, but with the advantage of operating with a
variable flux. This enables one to combine the adaptation method with the method
of optimizing the motor control system.

The optimization algorithm. The total losses of the motor under steady operating
conditions can be estimated using the equivalent circuit referred to the stator
(Fig. 1).

AP =R (i} +i%);

AP =Ry (i, +igr); (1)

2
Ag:Rc.rg:Rc("f;“’S f,,,) :
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In the steady state, if the flux is maintained constant by the fuzzy-corrector, we
have

R2 idr =0=>idr =0; (2)
4 __Lm 4
lq"_TElqm' (3)
Substituting (2) and (3) into (1), after some reduction we obtain [17]:
2
A P=ap? +bM+c(¢ﬁ) : 4)
g
where
i Ry R LR wg 3
a= 'L?n"*'( iy C)E :
w
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p

The objective function (4) enables the optimum value of the rotor flux, corre-
sponding to zero derivative, to be found

0,=AIM, (5)

where
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Here the rotor flux (or current ig,) is a function of the machine parameters, the
torque M* and the angular frequency of the stator current wy.

Since the optimization law (5) is obtained for stable operating conditions, it
cannot be applied to transients. When a transient occurs, small pulsation of the ro-
tor flux and, consequently, of the motor torque, occur.

When the speed of rotation changes or the load torque is restored, the motor
torque becomes a maximum due to restoration of the rotor flux to its nominal
value.

Compensation of the iron losses. The iron losses give rise to an error between the
motor torque and its specified value. As a consequence, non-optimal or even un-
stable operation of the motor may occur. Therefore, compensation of the iron
losses is necessary in order to optimize the various operating conditions of the mo-
tor [14]. ;

In the case of vector control with oriented rotor flux one of the main goals is to
align the direct axis of the rotating system of co-ordinates with the axis of the rotor
flux; hence, we must consider the equation for the rotor flux in a rotating system of
coordinates [15, 16].

d :
Tfr%'l'f(ws—pw")for +0,=0m, (6)
where
Tfr = sz /R2 :
Using the conventional approach to decomposition of the rotor flux, we obtain

_ 1 dpdm _ or +8dm | Pdm _©s

i ;
B Reclilve et hi it Rt

- (7)
: 1 %gm | Pgm  Pgm | wg
lgs T L + +—=Pdm-
. e
For the steady state, taking into account the ratio ¢, / L,, and Lym, we have
1 wg
; — ===
| tds o Lm Rfe s 3 Pr (8)
lgs s b Igm .
R Lpy

Equations (8) contain a term related to the equivalent iron-loss resistance;
therefore, a relation exists between the two axes of the control system. Equations
(8) enable the decomposition unit to be changed so that the iron losses are taken
into account. :
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Taking into account the need to change the rotor resistance, the adaptation

mechanism developed on the basis of fuzzy-logic must be changed so that the slip

mechanism will be:

e =g,A<pa’r (L lgm =P ar); 9)
€ =g'A¢qr (O—V’qr);

where the component gs is replaced by iy, and the adaptation coefficients are ad-
Jjusted to increase the efficiency of the adaptation mechanism.

Optimization and adaptation of the vector control. The adaptation mechanism
based on fuzzy logic ensures that an approximate real-time value of the rotor resis-
tance is obtained. The actual value of the rotor resistance is replaced by «,. R; . WE

obtain the final expression for the optimization law as a function of the specified
torque M", the angular frequency of the stator current w s and the correction factor
for the rotor resistance Ky

The change in resistance of the stator winding causes a relatively small error in
the magnetizing current. If the load is small, the error is negligible. Under full-load
operating condition the error is less than 0.25 A. During the transients and when
the load is applied, the rotor magnetic flux takes its nominal value of 1 Wb, which
confirms that the error is negligible.

Using the fuzzy-logic-based adaptation mechanism to adjust the slip, when the
actual value of the rotor resistance differs from the value used in the magnetic flux
orientation unit (FOC), and introducing the coefficient of the change in the rotor
resistance into the optimization unit, we obtain the scheme for vector control
shown in Fig, 2.
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FIG. 2. Block diagram of direct control by optimized oriented rotor flux taking the iron losses into
account (adaptation and optimization)
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Experiments. To check the theoretical states, a laboratory model was con-
structed. The parameters of the motor used are as follows: .

R;=4.85 Ohm; R;=3.805 Ohm; R;=500 Ohm; L,,=0.016 H; L, =0.258 H;
J,n=0.031 kg-m% U,=220/380V; B,=1.5kW; M,=10N-m% L;=0.016H;
©=0.008; w,=1440 rpm.

The motor is supplied from a frequency converter, whose inverter is current-
controlled by two bang-bang regulators. A fuzzy-regulator designed for five fuzzy
sets was used as a speed regulator [12].

The control system. In the proposed system for the corrected vector control of
an induction motor the decomposition unit, known in the literature as an FOC
unit, is replaced by the compensation and adaptation unit, which performs twe
functions. First, this unit takes the iron losses into account and, second, the change
in the parameters of the motor, in particular, the rotor resistance, is taken into ac-
count.

The value of the rotor resistance, which largely depends on the motor tempera-
ture, is used to calculate the slip in the units for decomposing the magnetic flux and
the torque.

The adaptation unit has two inputs and one output. The calculated values of the
rotor flux deviations Ay and Agp,,., which are equal to the differences between
the components of the oriented flux of the rotor and the estimated components
(based on the stator currents and voltages after they are transformed into rotating
co-ordinates Agg. and Agoq,) are applied to its input.

At the output of the adaptation unit, a signal is generated, proportional to the
rotor resistance, the constant of proportionality being also used to optimize the ro-
tor flux by establishing the value of the torque, which is generated by the speed reg-
ulator (the phase regulator using five fuzzy sets of fuzzy logic [12]).

In addition, the function © is calculated, which together with the specified
value of the torque, is used in the optimization unit to calculate the optimum value
of the motor flux, which depends on the angular frequency of the stator current w

and the rotor resistance Rj =k,R;.

Control without optimization. Curves for vector control without optimization are
shown in Fig. 3. The decomposition is implemented by orientating the flux along
the (d, g) axis and maintaining it at the nominal level of 1 Wb (Fig. 3b). Hence, the
direct-axis component of the stator current iy is equal to 3.867 A. At the instant
t=2 s the load torque is reduced to 35% of its nominal value. After this the quadra-
ture-axis current iy falls to 0.823 A, and, since ids is maintained constant (see
Fig, 3c), the stator current becomes /;=3.956 A. The operation under low load
(overexcitation) is clearly illustrated by the difference between the curves of the
stator current components.

Control with optimization. The introduction of the adaptation mechanism en-
abled the efficiency of the system to be improved, particularly under low load oper-
ating conditions. This is due to the fact that the reduction in the load torque is ac-
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FIG. 3. Non-optimized vector control under
low-load operating conditions taking the iron
losses into account (without mismatch). The di-
rection of rotation is changed at the instant r=] g

companied by a reduction in the rotor flux
tion. Indeed, the direct-axis current falls t
current increases to lgs =2.02 A (Fig. 4c¢) to compensate for the reduction in the
torque (6). As a consequence, the absolute valu
I3=3.077 A, which is less than the value corre
zation (7;=3.157 A). Note that the effective
case is hardly affected ( Fig. 4b).
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FIG. 4. Optimized vector control taking the iron
losses into account (without mismatch). The di-
rection of rotation is changed at the instant =] s
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(Fig. 4b) without disturbing its orienta-
0 43 =2.321 A and the quadrature-axis

e of the stator current is reduced to
sponding to control without optimi-
ness of the speed regulation in this
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Control with adaptation and optimization. The combined use of adaptation and
optimization units improves the efficiency of the system if there is a difference be-
tween the actual and calculated values of the time constant. This is illustrated in
Fig. 5. During vector control uncorrected deviation causes, on the one hand, a loss
of decomposition and, on the other, an increase in the stator current for the same
load torque. As a consequence, the static and dynamic characteristics of the electric
drive and the power efficiency of the system .deteriorate. The problem was solved
using fuzzy-adaptation (Fig. 5@ and c¢). Under low-load operating conditions the
use of the adaptation unit enables the direct-axis current to be reduced to 2.462 A
(Fig. 56 and c¢) and the quadrature-axis current was equal to 2.180 A.

S
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It should be noted that the components of the stator current under optimized
and full-load operating conditions are almost identical. This means that the opera-
tion of the motor is optimal (the loss is a minimum) [6, 9.

Comparison of the input powers. Figure 6a shows the change in the input power
of the motor when operating under low load conditions (35% of the nominal value)
with and without optimization. Figure 65 shows the differences between the input
power when operating with a variable magnetic flux (with optimization, curve 7)
and with a constant flux (without optimization, curve 2) for a load ranging from
10% to 100% of the nominal value.

The proposed method enables a significant power loss to be avoided without any
deterioration in the speed regulation and with no change in the rotor flux orienta-
tion.

It should also be emphasized that when the load is greater than 75% of the
nominal value, the motor operates in the optimal zone without using optimization
(Fig. 6b).

Notation.

Ly is the rotor inductance,

Ly is the stator inductance,

L, is the mutual inductance,

Ly is the leakage inductance of the rotor,

Ly is the leakage inductance of the Stator,

Ry is the resistance of the rotor winding,

R; is the estimated resistance of the rotor winding,

k, is the coefficient of proportionality for the stator resistance,

Ry is the resistance of the stator winding,

R; is the resistance of the steel of the magnetic system,

Tf, is the leakage time constant of the rotor,

T, is the time constant of the rotor,

Jm is the moment of inertia of the rotor referred to the shaft,

u is the coefficient of friction,

p is the number of pole pairs,

wg and w, are the angular frequencies of the stator and rotor respectively,

wg is the slip angular frequency,

M, M and M, are the motor torque, specified torque and load torque respec-
tively, '

Igs and l4s are the d- and g-components of the stator current respectively,

Iy-and lqr are the d- and g-components of the rotor current respectively,

lgm and i, are the d- and g-components of the magnetizing current respec-
tively,

Pdr and g, are the d- and g-components of the rotor flux respectively,

Ap and Ap; total losses and iron losses respectively,

Apg; and Ap, are the stator and rotor losses respectively.
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