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Abstract: Conventional field-orientated Induction motor drives operate at rated flux
even at low load. To improve the efficiency of the existing motor it is important to
regulate the flux of the motor in the desired operating range. In this paper a loss model
controller (LMC) based on the real coded genetic algorithm is proposed, it has the
straightforward goal of maximizing the efficiency for each given load torque. In order to
give more accuracy to the motor model and the LMC a series model of the motor which
consider the iron losses as a resistance connected in series with the mutual inductance is
considered. Digital computer simulation demonstrates the effectiveness of the proposed
algorithm and also simulation results have confirmed that this algorithm yields the opti-
mal efficiency.

Key words: loss minimization, efficiency, field-oriented control (FOC), induction motor
(IM), real-coded genetic algorithm (RCGA)

1. Introduction

Induction motors (IM) are imposing themselves as a reliable and more economical choice
in a large range of applications. In industry they present an important factor of control espe-
cially for autonomous electrical traction; however the motor drive losses minimization is im-
portant for two reasons: economical saving and reduction of environmental pollution. The
very extensive use of induction motor implies that if losses in IM drives can be reduced by just
a few percent, it will have a major impact on the total electrical energy consumption [2-5],
then each 1% improvement in motor efficiency could result in savings of over $1 Billion per
year in energy costs, 6-10 million tons (5.4-9.1 million tonnes) less per year of combusted coal
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and approximately 15-20 million tons (13.6-18.1 million tonnes) less carbon dioxide released
into the atmosphere[1].

In high dynamic performances, control schemes used in industrial applications like vector
control and direct torque control, the flux is usually maintained constant equal to its nominal
value; in this situation the induction motor runs efficiently around the nominal operating point
[2, 3]. When the load is reduced considerably, the losses are greatly increased and the electri-
cal energy consumption is then highly affected [3-6]. Energy saving in induction motor drives
aims at controlling the motor to match the load requirement but with minimum loss. So far,
many approaches have been developed in order to obtain a highly efficient IM drives. It is one of
the most attractive and active subjects in the field of motion control. The techniques allowing
efficiency improvement can be divided into two categories. The first category is so called loss-
model controllers (LMC) and the second one is the search controllers approach (SC) [4-7, 9].

The SCs offers the advantage to be robust against the parameters variation but have a very
sluggish response whereas the LMCs are very fast but parameters dependent.

In other hand the LMCs to be accurate. The model that will be used to drive the LMC al-
gorithm must be extended to include all the loss components, such as: iron loss, copper loss,
stray load loss, etc. this problem might be tackled, if necessary using online optimization algo-
rithm.

Iron loss is modelled with an equivalent iron loss resistance placed in parallel to the mag-
netizing branch, however this approach add tow extras differential equations which need extra
calculations, in this work a series iron loss model which is used to drive the field oriented con-
trol (FOC) and the LMC algorithm based on real coded genetic algorithm (RCGA) is used.

2. Motor modeling

A dynamic modeling of the IM has been widely studied in the literature, by using the
famous Park transformation the six equations relating the stator and rotor voltages are reduced
to four equations. This transformation is based on a set of hypothesis assumptions, among
others symmetrical three phase machine and neglected saturation [16]. In this model iron loss
has not been considered; as the present work focusing on the loss minimization, however this
loss cannot be ignored. According to the literature there are two approaches of modeling IM
taking into account the iron loss, namely parallel and series iron loss model.

2.1. Series iron loss modeling

The motor loss model used in this paper has been proposed by [17]. When selecting the
stator currents (is, Iy) and the rotor fluxes (®,4, ®,,) as state variables, the d-g model for
a three phase IM in the synchronous frame can be written as [15]:

di do, R
I‘Yd+£. d_a)S'U'LS'l’Sq-’_i'(Drd_a)s'
di L, di L

VSdZR;'l'Sd+U'LS' -0

rg> (1)
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where:
R; =R, +R/'s o 5 R}r :R/li‘is T, :i and Oy = L -M :
: 41 - R,

2.2. Losses of induction motor

The IM losses can be classified in five groups: stator copper losses Pj,, rotor copper losses
P;,, magnetic iron losses P, mechanical losses P, and stray losses. In the steady state, the
stator and rotor copper losses are defined as follows:

Py = Ry| 2 |= R, (i%+1%,), 5)

2 R
P/r =R i, | = —rz [(i,ur —lgq )2 + lvzq] (6)

(1+0,)

The core losses including eddy current and hysteresis losses are given by:
Pfe:(k;, ><a)e><<l)2+ke><a)e2><¢)2). (7a)

The coefficients of hysteresis and eddy current losses may be expressed as k, and k, re-
spectively which can be determined from standard no-load test data [10].

They can also be written as from the equivalent circuit of the IM in steady state where the
magnetizing branch is traversed by the current [u witch is the sum of stator and rotor current
as seen on Figure 1:

(1-o)Ls R:/g
Ve Fig. 1. Equivalent circuit of the IM

(R /1+6,)

Pp=1,—— (7b)
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where :
Riy=A-fi+B-f2, (7¢)

where: 4 and B are constants and f; is stator current frequency.
As a reasonable approximation, the mechanical losses are dependent on the rotor speed.

Py=ky- -0, (8

where £, is the mechanical loss coefficient.
As the stator currents i, and iy, are regulated and the motor is controlled to be field orient-
ted to the rotor flux, according to the following relation:

igr=(-M/L,)is, and iz =0.
The copper and core losses account for the majority of total losses, so they are the focus of

the analysis. In steady state, the operating losses of the machine can be expressed from (1) to
(4) as follows:

Pluss:Pjs+Pj)‘+Pfe+Pm' ©)

The mechanical losses can be neglected and the motor torque can be expressed as:
3

M .
Te:EpL—r(Drlsq. (10)

Substituting (5), (6) and (7b) into (9) we obtain the total losses:

2
R T
P[o‘ —(R.+R ‘i2+ R. + r x e . (11)
sS ( X fS) H ( s (1+O-r)2j {p(l—O')Lbl#j

3. Loss minimizing strategy

The procedure of loss minimization consists of optimizing the value of the magnetizing
current (i,) for a given load torque so as to minimize the total motor losses in steady state
operation.

3.1. Control block diagram

In order to achieve high efficiency performance of the IM a closed vector control scheme
incorporating LMC algorithm based RCGA is used.

The simplified block diagram of the proposed optimization procedure is depicted in
Figure 2. The details of the LMC algorithm are discussed in the following subsections.

The principle operating structure of RCGA block represented on Figure 2 is illustrated by
the flow chart of Figure 3.
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Fig. 2. Block diagram of the optimization control system
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Fig. 3. Efficiency optimization flow chart by RCGA

3.2. Improvement efficiency strategy

Figure 4 shows the relationship between the total losses and the magnetizing current (rotor
flux) under various loads it is clearly shown there is a minimum current value for each load.
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The relationship between the total losses and the magnetizing current (rotor flux) under vari-
ous speeds is also shown on Figure 5. These figures show that the total losses have obviously
the lowest points; the highest efficiency can be achieved by tuning the rotor flux (magnetizing
current in our case).

Losses for several loads Tr=0-1.25Tn
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Fig. 4. Total loss versus magnetizing current at 157 rad/s
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Fig. 5. Total loss versus magnetizing current at 7 Nms

Then we can conclude that the philosophy of the controller efficiency optimization aims to
lets motor working at variable flux which makes efficient conversion of the electrical power
within the motor drive more possible. This can be achieved by finding the optimal value of the
magnetizing current that satisfies the criterion below:

OPioss /0, = 0. (12)
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To get the best optimal solution of equation (12) we use the real coded genetic algorithms
which are described in the next subsection.

4. RCGA optimization procedure

The genetic algorithm was introduced by J. Holland during the 1960’s. It is known as
a stochastic searching algorithm inspired by principle of the natural evolution of species and
capable to solving non-smooth, non-continuous and non-differentiable problems for parallel
computation to find global or near global optimal solutions [10-12].

This optimization procedure consists of searching the optimum magnetizing current (flux)
value for a given load torque by relying on genetic algorithm. The latter is defined as stochas-
tic optimization technique based on the genetic natural evolution mechanism of creative
beings, [7-8]. Such algorithm is found to be a powerful computational tool in seeking opti-
mums and is considered as the most up-to-date product of artificial intelligence techniques that
emulate the mechanics of natural selection and genetics. It explores, with coding parameter
set, the workspace by means of mechanism of reproduction, with the target of optimizing the
process selection. This mechanism comprises selection, crossover and mutation operations,
[10-11, 13].

For this application, the real coded genetic algorithms are used; they have many advanta-
ges in numerical optimization over binary encoding. Efficiency of the RCGA is increased as
there is no need to convert chromosomes to phenotypes before each fitness evaluation, less
memory is required and there is no loss in precision by the conversion between binary and real
values [14].

The application of this approach requires the introduction of an objective function which
evaluates how good the fitted values of the magnetizing current are. From this function, a fit-
ness that controls the reproduction process is derived.

The criterion to select the best individuals for reproduction is the objective (fitness)
function. By proceeding in this way, the objective function adopted for this problem is the IM
total losses given by equation (11). Each generation is subjected to the crossover and mutation
mechanisms. The crossover consists in selecting two parent chromosomes randomly in order
to generate two new individuals. The mutation follows crossover and is used to insure that
useful genetic data that could have been disregarded during crossover is not permanently lost.

The procedure of real-coded genetic algorithm is outlined as follows:

1) Initial generation: the RCGA begins by randomly N individuals inside certain range and
forms initial generation.

2) Fitness evaluation: every individual’s fitness is calculated according to the fitness
function (eq. (11)).

3) Reproduction: parent individuals are sorted from big fitness function value to small one,
and excellent individuals from the headmost are directly passed to offspring generation
and the rest is put in matching pool.
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4) Crossover and Mutation: Those operations are finished in matching pool, and the gene-
rated individuals are sent to offspring generation.

5) Iteration: the RCGA runs iteratively repeating the procedures 2-4 until population con-
vergence condition is met or the maximum number of iteration is reached.

5. Performance investigation

The simulation of efficiency optimization of IM using genetic algorithms is performed by
using Matlab/Simulink software; the results of different cases are given below.

The nameplate-rated characteristics of the used induction machine are shown in Table 1 in
the appendixes.

The aim to using the optimization algorithm was to let the motor working at variable flux,
also to proof the effectiveness and the robustness of the proposed algorithm the motor drive
was tested at different range of speeds highest and lowest than the nominal speed.

Some simulation results are given on Figures bellow.
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Fig. 6. Motor fluxes for 0.5 T
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Fig. 7. Motor efficiency at 0.5 T

We can see the flux must be reduced according to the efficiency improvement strategy. It’s
obvious on Fig. 6, that the flux is decreasing when we switch from the case without optimiza-
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tion (FOC) to the case with optimization (RCGA). Furthermore, one can note that the using of
RCGA provide the best optimal value of the flux. This decreasing flux has a direct influence
on the efficiency which is improved. At each operating point, the optimal efficiency is reached
when using the optimization algorithm as we can see on Fig. 7. A definite improvement in
efficiency in the transient region is noted as well.

Figures 8(a), 9(a) and 10(a) show and confirm that there is a great efficiency improvement
when using the RCGA optimization algorithm compared with the non optimization case
(FOC), and we can see that the optimization method gives best results at light loads as seen on
the zooms. Also we can note that the motor works at its optimal efficiency at different load
levels when the optimization algorithm is introduced in the command.

Note that for the case of low speed as seen on Figure 8, the motor efficiency is improved
only over the light load region when using real coded genetic algorithms.

These results demonstrate that the proposed method saves energy than the conventional
one as it’s shown on Figures 11(a) and 11(b) where the motor works at nominal speed. Thus
we have been able to achieve satisfactory efficiency and torque for IM drive.
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Fig. 9. Motor efficiency for high speed
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6. Conclusion

In this paper an on-line efficiency optimization algorithm based on real-coded genetic al-
gorithm is proposed to be implemented for induction motor drives. The advantages of using
real coded genetic algorithms have been highlighted. Extensive simulation results of proposed
and conventional FOC methods are investigated and compared and the superiority of the for-
mer is confirmed.

The yielding simulation results show immediate improvement in efficiency when the on-
line RCGA algorithm is applied with the IM slightly loaded that usually suffers of low effi-
ciency values.

It appears that non-negligible energy can be saved, with the using of the RCGA.

Appendixes
Table 1. Rating and parameters of induction motor
Parameters Symbols | Values| Units
Power P 1.1 kW
Number of pairs of poles n, 2
Stator resistance R, 8 Q
Rotor resistance R, 3.1 Q
Total leakage factor g 0.12
Mutual inductance M 0.443 H
Stator self inductance L 0.47 H
Rotor self inductance L, 0.47 H
Inertia J 0.06 IS
Viscose friction coefficient f 0.00 IS
Rated load torque T 7 N.m
Table 2. Genetic algorithms parameters
Parameters Values

Population size 20

Crossover probability 0.75

Mutate probability 0.01

Maximum generation number 20
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