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Abstract

The paper presents an accurate loss model based controller of an induction motor to calculate the optimal air gap flux. The model
includes copper losses, iron losses, harmonic losses, friction and windage losses, and stray losses. These losses are represented as a
function of the air gap flux. By using the calculated optimal air gap flux compared with rated flux for speed sensorless indirect
vector controlled induction motor, an improvement in motor efficiency is achieved. The motor speed performance is improved using
a fuzzy logic speed controller instead of a PI controller. The fuzzy logic speed controller was simulated using the fuzzy control
interface block of MATLAB/SIMULINK program. The control algorithm is experimentally tested within a PC under RTAI-Linux.
The simulation and experimental results show the improvement in motor efficiency and speed performance.
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NOMENCLATURE

R,: stator resistance

R.: rotor resistance (referred to stator side)

Ry, Stray resistance

Ry.: magnetic loss resistance

X,: stator leakage reactance

X,: rotor leakage reactance (referred to stator side)
X magnetizing leakage reactance

S1, S2, S3: magnetizing curve coefficients

Cy,: friction and windage coefficient

K., K, : eddy and hysteresis coefficients, respectively
P: motor pole pairs

¢ : air gap flux

dope: Optimal air gap flux

n: rotor speed

: angular motor speed=2n n

s: slip

I,: stator current

I;: rotor current

I,,: magnetizing current
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I. INTRODUCTION

The electricity bill of a motor for some months has
increased more than its original cost and, therefore, even a
small efficiency improvement will produce notable cost
saving. With the advantages of low price and reliability,
induction motors are widely used in the industry. Improved
efficiency of the three-phase induction motor is considered to
be a major subject for energy savings, as most of the
electrical power consumed in industry is used in induction
motors.

The efforts on efficiency improvement are divided into two
major directions: 1) improving the motor and converter
design [1], [2] (not available for motors under operation); 2)
introducing control strategies based on optimal air gap flux
which reduce the motor losses. The second technique will be
considered in this paper.

Search Control method (SC) and Loss Model based
Controller (LMC) [3]-[13] are two different approaches to
find the optimal air gap flux. In a search controller, the air
gap flux is varied till the minimum input power is detected
for the actual operating condition, i.e. load torque and speed
[3],[4]. The measured motor input power is used as a
feedback quantity for the SC. The drawbacks of the SC are:
1) input power has to be measured; 2) slow convergence and
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torque variations; and 3) the speed sensor is mandatory [6].

The LMC calculates the optimal air gap flux depending on

the estimation of the total motor losses. LMC is a
feed-forward approach. Many loss models [5]-[13] are used
for efficiency improvement, but the differences among them
depend on the accuracy and simplicity of the model due to
the neglect of certain loss types (such as harmonic, friction,
or stray loss), the effect of saturation, or the effect of
parameters variation. The optimal efficiency point is found
by equating the losses related to the torque producing current
to the losses related with the field producing current using a
Pl-controller [5], [6]. However, it is not clear how to tune the
PI parameters. A loss model including only copper loss and
saturation effects are discussed in [7] while neglecting the
other losses for simplicity. The optimal air gap flux is
calculated by balancing copper and iron losses [8] regardless
of the other losses. The proposed loss model in [9] includes
the different motor losses but neglects the saturation and
temperature effects. A loss-minimization algorithm is
developed [10] to achieve maximum efficiency in terms of
slip frequency. The optimal value of slip frequency can be
obtained by minimizing all controllable losses of the IM. The
ratio of the magnetic energy (converted to torque) to
magnetic energy (stored in the rotating field) is defined in
terms of slip frequency to obtain an error function that is used
to design a controller to achieve the desired speed. This loss
model only includes the copper losses, core losses and stray
losses. Optimal-loss-minimization algorithm is investigated
in the high-speed region in [11]. This model consists of the
copper and the core losses and neglects the leakage
inductance which plays a great role in the high-speed region.
The accuracy of this model is still low since most of different
losses is neglected. A hybrid method is proposed in [12] and
[13] using an LMC and SC. The first estimation is from the
LMC and the subsequent adjustment of the flux is through the
SC. As a result, it needs an accurate on-line power measuring
device which leads to extra cost.
The LMC, like all feed-forward methods, is sensitive to
model inaccuracies and parameters variation. In this paper, a
new and accurate expression for the optimal flux is calculated
from a rather detailed loss model, where copper losses, iron
losses, harmonic losses, friction and windage losses as well
as stray losses are included. Additionally, the non-linearity of
the magnetizing inductance and the effect of the temperature
on stator and rotor resistances are considered.

The paper is organized as follows. Firstly, the IM variables
and model are presented. In Section III subsequently presents
the proposed LMC. Section IV presents a comparison
between Fuzzy logic controller (FLC) and PI controller from
the motor speed performance point of view. Then, Section V
provides the simulation results using MATLAB/SIMULINK.
Section VI gives experimental results to validate the
performance of the proposed LMC. The control algorithm is

R /s

Fig. 1. Induction motor equivalent circuit.

experimentally tested within a PC under RTAI-Linux. Lastly,
Section VII summarizes the proposed new LMC concepts
proposed in the paper.

II. INDUCTION MOTOR CIRCUIT MODEL

The motor variables such as stator current, rotor current,
magnetizing current and electromagnetic torque are described
as functions in air gap flux. The single-phase equivalent circuit
of the induction motor at steady state is shown in Fig. 1.
From the equivalent circuit, the following expressions are
deduced

E=o4d ’ Ly = o0/ Xy (1

As the magnetizing reactance becomes highly nonlinear, the
magnetizing current and magnetizing reactance are expressed
as follows:

I =S1082¢° +53¢° 2

©)

Xm=0/(S1+8,0>+83¢%)

The rotor current expression is given by (4).

IfE/J(%)Z +Xf=ms¢/\/(%j2 +X7 "

The IM operates with a small slip, so (Rr,/s)?>>x? holds

and the rotor current is approximately calculated as follows:
I, = sos¢p/R;

)
The electromagnetic torque equation is given by (6)
T=12 Rirl;s:plz R,1-s
r [0} S r We S (6)

And the slip is given by (7).
s=(05-0¢ )/ 05 @)
From (5), (6), and (7), the electromagnetic torque becomes
T=py? 3
Rr ®)
For simplicity, the effect of the rotor leakage reluctance X is
neglected. As a result, R,, becomes in parallel with the rotor
resistance R,/s. Also as R/s )) R,,,, the current in R,, branch can
be neglected compared with the rotor current. Thus the stator
current becomes:

12 =17 +15,

)

Substituting from (1) and (5) into (9), the stator current
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becomes:

e=() (e

III. THE PROPOSED LOSS MODEL CONTROLLER

In the proposed LMC, the losses of the IM are calculated
as follows:

1) Copper losses: They refer to the ohmic losses in the stator
and rotor winding. Temperature and influence of skin effect
in the winding would be necessary for a correct copper losses
calculation. To circumvent this problem, the stator and rotor
resistances are estimated on-line by adaptive motor parameter
observer [14]. The stator and rotor copper losses then can be
calculated from (11).

Pcu,s::”sst > Pcu,rzsl%Rr an

2) Tron losses: They refer to energy losses in magnetizing of
the steel laminations which consists of eddy current losses and
hysteresis losses. They are governed by (12).

P =(K (14?0 +Kp (1) )d>  (12)

3) Friction and windage losses: They refer to energy losses in
bearing friction, cooling fans, and windage of other rotating
parts. These losses are represented as a function of the motor
speed [1, 8] and they are given by (13).

Psy =Ciy 07 (13)

4) Harmonic losses: Harmonic power losses are the
difference between the total motor input power and the
fundamental power. Thus it is very difficult to find a closed
formula for harmonic power losses. To overcome this problem,
harmonic power losses have been measured at different speeds
and different load torques. Fig. 2 shows the measured
harmonic power losses in the tested 2.2kW induction motor for
different speeds and load torques at rated flux. Depending on
these results, the motor harmonic losses are assumed to be
approximately 1% of the motor rated power.
5) Stray losses: They are related to the construction of the
motor parts that do not produce the output power in or near the
magnetic fields, and interaction of magnetic fields in the motor.
These losses are represented by the resistance (Ry,) in the
stator branch. Another expression for the stray losses is given
by equation (14).

Py =Csu 0’17 (14)
This expression holds for dc motors and is also acceptable for
induction motors as well [9]. The total motor power losses are
the sum of the above losses and are given by (15).
Pioss =Pcu,s tPcu,r +Pstr TPge +Ppy +Pp

“IZRHIFR  +Co 0717 +( Koo HK g )7 +Cp0? 4P, (15)

Combining (5) and (10) into (11), the total power losses

become:

P¢2{R[[£’)(fm)j“(§jj (16)

2
2 [Cmmz ( Slfs j +(Keof +Kpog )J+waw2+Ph

T

From (8), the flux is calculated as given by equation (17).

»_LTR, (17)

P sog

6

Using (3), (16), and (17), the total power losses as a function
of torque is governed by (18).

2
Ploss:I—TRrS(;)s &+L+Cstrm +lTRr*
P R Ry R?2 P sog

T

2\2
1 TR 1 TR 1 TR
Rg| S;+S; ——L+S3| —— +——L*
[ S(l 2P so, 3(Psmsj ]] P s,

(Kemsz+Khws )+waw2+Ph

(18)

The inverse of slip speed variable (X) is introduced which is

defined as:
1
X=— (19)
SMg

Inserting (19) in (18) results in:

1 TR, R 1 2
Ploss = 5 —— _;+_+CSI;;) +
P X R? R R?

2 2
[Rs[sl+szTI}'X+s3(T}?Xj J J+TRPrX*

2
(KC(%+(DC ) +Kp, (L+mc )J+wam2+Ph

TR,X
P

*

(20)
X

Let 2
’Cl:TPL, sz(Rs+ 1 _*_Cstr;JJ ]

Thus equation (20) becomes:
CiCy

Ploss=
1 2 I 2 Q1)
CiX| K¢ i+we +Ky, §+me +Cpy ©“ +Py

The loss minimization with respect to the flux at steady state

2
+C,X ( R, (s1 +S,C1X+83 (C;X )? ) )+

is calculated according to the following condition:

d'Ploss

75 =0- (22)

T,w
From (8) and (19), the electromagnetic torque becomes:
Pl 23
R 0* % (23)

During steady state, the electromagnetic torque is constant,

thus dT/d¢=0.
Taking dT/d¢ of (23) results in;
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From (22) and (23), the new criterion to get minimum loss
can be emerged as follows:
dPjoss /dX =0 (25)
The derivation of (21) with respected to (X) gives a sixth

order polynomial function in (X) as follows:

g+ Xy X240 X ... 40 XO=0 o6

The coefficients of this equation are functions of the motor
parameters. Note that the speed and the electromagnetic
torque will be estimated. By solving (26), the optimal value
of X (Xopimal) can be calculated. Then using (23), the optimal

flux (Popuimar) can be calculated as well.

_ TRrXOptimal
¢ optimal ™\| — o
P @27)

The electromagnetic torque (T) is calculated from (28) [1].

T:%gIL—mLmiqsids

r (28)
The torque producing current component can be represented
by iy, and the flux producing current component can be
represented by ig. Fig. 3 shows the calculated optimal flux
for an IM (2.2 kW, 14 Nm rated load torque, and 1420 rpm
rated speed) at different load torques and different required
speeds (controlled reference speed). Fig. 4 shows the block
diagram of the proposed controller of the IM.

The controller consists of four main blocks. The first block
is the field oriented control to drive the motor as variable
speed drive. The speed is sensorless estimated using the
second block. The speed estimation block is updated each
100ps (switching time) but the parameter adaptive observer

is updated each minute since the temperature change is not so
fast. In the third block the stator and rotor resistances are

estimated by using parameter adaptive observer [14]. Finally

o o o
N o © e

Optimal Flux (p.u)

g
=3

o
o

0.5
Load Torque (p.u)

0 Speed (rpm)

0 300

Fig. 3.
different speeds (300rpm to 1500 rpm).

Optimal air gap flux for different load torques at

the proposed LCM calculates the optimal air gap flux
[15]-[17], and the reference optimal flux producing current

component (ids(opt) ) is calculated from the calculated optimal
air gap flux as given by (29).
1ds(opt):(l)opt/Lm (29)

The LMC only works at steady state, while at transient the
reference flux producing current component is set to the rated
value. The block diagram of the speed estimation using the
motor back EMF [18] is shown in Fig. 5. The speed is
estimated from the rotor voltage and current equations as
follows:

The rotor voltage equations in the stationary (o) frame
are:

Rri(xr + p(l)(xr + (’Or(l)ﬁr = O
Rri[?:r + p(l)[?)r - (Dr(l)ocr = 0

(30)

Where p=d/dt
The rotor currents are governed by (31)
iw= (Ta Lo )/ Ly
ig= (U Ly ips )/ L; 3D
Resolving (30) and using (31), the speed can be estimated
using (32) and (33).

R R,L, .
(Dr = (p(')ﬁr +_Y¢Br - — lﬁs)/(l)qr = A /q)ar (32)
Lr Lr
Or,
R RL_.
U)r :(_p(l)ar - Lr or + I: = lfxs)/(l)[}r :B/¢ﬁr (33)

The rotor flux components are calculated from the stator flux
and stator current components as follows:

L . L, :
(I)ur = L - ((I)as - Glas)’d)[}r = L_(¢Bs - cTlﬁ»s)

m
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Fig. 4. Block diagram of loss model based controller for sensorless speed vector control induction motor.

Fig. 5. Speed estimation block diagram.

And 6 = (L,L,- [ /L,

The stator flux is estimated by integrating the stator back-
EMF using a low pass filter in (32) and (33) and its value is
represented by (34).

0 usz(VBs'Rsias)/(S+a)
Hps=(VpsRiig)/(sta) (34)

Where ‘a’ is the cut-off frequency (a = 3 Hz), and ‘s’ is
Laplace Operator. The numerator of (32) depends on the
current component (ig,), and the numerator of (33) depends on
the current component (i,). Nevertheless, the accurate
calculation of each component differs from each other due to
the different accuracy in measuring the three motor currents.
Thus it is better and more accurate to include the two current
components (i igs) in one equation as follows. Equation (32)
can be rewritten as,

A A \/(I)azr"'(bﬁzr

W =—= —_—

' (])ur (])ar (I)Oj‘f‘d)ﬁzr

A’ A’

\/ 2¢0L2r+ 2

(1) — (I)ar ¢ar
’\/(bazr-‘r(l)[ﬁ'

Equations (32) and (33) can be modified as follows:

A _B (36)

b Op

By inserting (36) in (35), the estimated speed becomes

JVA? + B?

O, = W (37
aor pr

The parameter adaptive observer shown in Fig. 6 is used to

¢4 (35)

estimate the stator and rotor resistances. The IM in the
stationary reference frame is described by the state equation
(38).

i, = [ias ig ] ! = Stator current

¢, = [d)m ¢Br}T = Rotor flux

Vv, =| Vv, A ]T : Stator voltage

S
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A, =-{R /(cL)+(-0o)/(ct,)}I=2a,l

A,=L,/(cLL){l/(x)I-0J}=a ,l+a,]
A, =(L, /t)l=a,l
A
B

n=—0/t)+oJ=a_,l+a,,,]
=1/(cL )l =b|1

c=(L,L,-L%)/L
1 0 0 -1
I= J =
0 1 1 0

The full order state observer which estimates the stator

r

current and rotor flux is written as follows:

Where ¢ * refers to estimated values. The poles of the
observer are set proportional to those of the IM. Then the

gain matrix ‘G’ is calculated as follows.

.
G=|: g g, g3 g4}
-8 g, — 84 g3

g, =(k-D(-a, - arzz)’ g, = (k_l)(_alzz)

g3 (k2_1)(Car11_ar21)+c(k_l)(_ar11
g, =ck—1)(-a,,) , c=-(ocLsL,)/L,

—a,,,)

where ‘K’ is the proportional constant. The stator
resistance and the rotor time constant, which vary with the
motor temperature, are identified as follows.

j—tﬁs:—Xl(ei“ias-i-em lﬁs] (40)

S

d » » ° » °
E(I/Tr) = 7“2 /Lf (eius(d)ar_ Lm 1“5) + eiﬁs (d)B'_ Lm IBS)j. (41)
Where’ Cius = lus T 1gs R

A and A , are positive gains,

Cips = lps — 1ps
s
las’l[%s’(bar’d)ﬁr are the

estimated stator currents and rotor fluxes,

respectively. fm , IBS , (T)M , (T)Br are the difference between the

real and estimated values of stator currents and rotor fluxes.
Fig. 6 shows the block diagram of parameters adaptive
observer. Fig. 7 shows the simulated and experimental results
of the parameters adaptation. Ratings of the tested induction
motor are provided in Table III in Section VI. An initial value
of the estimated stator resistance is 1.3 time as much as the
actual value. An initial value of the estimated rotor resistance is
1.4 time as much as the actual value. Constants A1 and A2 are

Induction Motor

Adaptivescheme

Fig. 6. Block diagram of parameter adaptive observer.

0.05 and 0.2, respectively, and ‘k’ is equal to 1. When the gain
matrix ‘G’ is zero, the motor model is simple and stable.

IV. Fuzzy LOGIC SPEED CONTROLLER

In the next sections, the simulation and experimental results
will prove that controlling the motor by the optimal flux will
improve the motor efficiency compared to rated flux control.
On the other hand, rated flux control has better transient speed
performance compared to the optimal flux control [1], [22]. To
overcome the transient speed performance in optimal flux
control, a fuzzy logic control (FLC) is employed [19]-[23]
instead of the PI controller. The FL controller and PI controller
in this implementation are shown in Fig. 8. In case of FL speed
controller, there are two inputs, speed error (¢) and the change

in speed error (é ). The output of the controller is the change in
the reference torque producing current component ( AiZs ).

Fig. 9 shows the FLC block diagram. The fuzzy system
forms the relation between a set of inputs and a set of outputs
using FL. The process consists of five sections. They are:

- fuzzification module (Fuzzifier).

- knowledge base.

- rule base.

- interface engine.

- defuzzification module (defuzzifier).

The input signals of the FLC in Fig. 8-b are described by
triangular membership function (MF) as shown in Fig. 10. It
can be noted that the triangular MF's of the input signals are not

asymmetrical. The more the inputs (e and ¢ ) come closer to
the origin, the more precision and accuracy will emerge [1]. In
this implementation, nine fuzzy levels or sets are chosen and

defined by the library of fuzzy-set values for e and ¢ as shown
in Table I. The universe (of the discourse of the input and
output signals covering the whole region) are represented in
per unit values by using Ginl and Gin2 for the input signals
and Gout for the output signal. Each of input signals (¢) and
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Fig. 7. Estimated stator and rotor resistances.

(é) is represented by seven MFs (NB, NM, NS, Z, PS, PM,
PB), while the output signals (Aizs) is represented by nine

MFs (NB, NM, NS, NVS, Z, PVS, PS, PM, PB) for more
accuracy. The rules which represent the relation between the
inputs and the outputs are given in Table II. The left column in
Table II represents the error rate ( €) and the top row
represents the error (e). The body of the table includes the MFs

Dref Control

4) Vector
i G Control
N Ldt FLC —>|{Yout I n —>
ref
*

Vector

PI +
Inverter

error 1gs
n
Vtxs’\/ﬁs
e
speed
estimationc——
los’lﬁs
(a)

*)7 Gin 1 N Inverter
n| error e Algs los
Vas > \/ﬁs
e
speed

estimatione——

i

as’lﬁs

(b)

Fig. 8. Speed controlled of IM using; (a) PI. (b) FL controller.

TABLE I
Fuzzy SET VALUES
NB Negative Big
NM Negative Medium
NS Negative Small
NVS Negative Very Small
Z Zero
PVS Positive Very Small
PS Positive Small
PM Positive Medium
PB Positive Big

of the output signal ( Aigs ).

According to the written 49 rules in the Table II, the output

signals (AiZS) versus the input signals (e) and (€) can be

constructed as shown in Fig. 11. Some of the facts can be
summarized as follows:

-When the difference between the reference speed and the
measured speed (error) is negative big (NB) (beginning of
the shot) and the rate of change of error is negative big (NB),
the fuzzy controller should reduce the controlled current
with big percent (NB) to reduce the speed.

-When the measured speed begins in reduction but its

values are greater than the reference value (the error signal
is negative big (NB) but the change of error is positive). In
this case, if the change of error was slightly small (PS), the
current should be reduced but with medium rate (NM).
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TABLE II
RULE OF Fuzzy SPEED CONTROLLER

e NB [ NM [ NS z PS PM | PB
NB NB |NB |NB | NB | NM | NS V4
NM |NB |NB | NB | NM | NS Z PS
NS NB | NB | NS | NS z PS PM
z NB | NM | NS V4 PS PM | PB
PS NM | NS Z PS PM | PB PB
PM NS V4 PM | PM | PM | PB PB
PB V4 PS PM | PB PB PB PB

Cament oome component

Fig. 11. The output signal (AiZs) versus the input signals (e),
and (¢).

V. SIMULATION RESULTS

Before testing this controller on the real machine, a
comparison between a PI controller and FL controller is done
by using MATLAB fuzzy logic toolbox. The rules are chosen
as explained in the previous section. The membership function
editor is used to implement the proposed fuzzy logic speed
controller and the triangular function is chosen to represent the
two input signals (the speed error and the error rate) and the
output signal (the change of reference torque producing a
current component).

Advantages of the proposed LMC have been tested by
running the IM with the proposed controller. Fig. 12 shows the
motor efficiency by measuring the electrical and mechanical
powers for different load torques up to 75% of rated value and
different controlled reference speeds (300, 900, and 1500 rpm).
At 75% of rated load torque, the optimal flux is 1 p.u. as the
motor is designed to give higher efficiency at 75% of rated
load torque. It should be noted that, when the load torque is
over 75%, the calculated optimal flux value will be fixed at 1
p.u. to avoid the high overshoot or under damped oscillation of
motor speed, especially if there is a sudden load change higher
than 75% rated load torque. This is attributed to the sensorless
speed. The motor efficiency is higher when the motor is
controlled using optimal flux compared with using the rated
value.

For example, at 1500 rpm as reference speed and 0.2 p.u. of
load torque, the improvement in efficiency is more than 10%.
For the same load torque but at 300 rpm reference speed, the
efficiency improvement increases and reaches 15% compared
with using the rated flux. Using the proposed loss model
improve the motor efficiency as the load torque is adjusted to
be less than 75% of the rated torque. Beyond this percentage,
the motor works with rated flux.

Fig. 13 shows the simulated motor input power, motor load
torque, motor speed, and reference current producing flux
component. First, the reference current producing flux
component and the mechanical load are set to rated value
(2.9A) and zero, respectively. After t = 0.6 s, the reference
current producing flux component is reduced to the calculated
optimal value, so the saving in the consumed motor input
power is reached approximately 42%. At t = 1.2 s, while the
motor is controlled with optimal flux, the load is suddenly
loaded with 50% of the rated load. Thus the reference flux
producing current component is increased to the rated value to
face the sudden increase in the load torque. Att = 1.6 s, it is
reduced to the new calculated optimal value and the
improvement in the efficiency is found to be approximately
5%.

To compare between the performance of the PI and FL
controllers, the gain of each controller is tuned to give the same
percentage overshot at starting. Both controllers have been
subjected to the same value of step change at steady-state. Fig.
14 shows the speed curves by using the PI and FL controllers.
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Fig. 13. Simulation results of flux producing current component,
motor input power, speed, and load torque with rated and optimal
flux at load changing from no load to 50%.

The two controllers give the same percentage of overshoot
(0,667%). At steady state, the load torque has suddenly
changed from 0.2 p.u. to 0.5 p.u. at about 3.8 sec from the
starting time. It can be noted that, the FL has a better
performance compared to the PI controller.

In Fig. 15, the slopes of curve 2 (associate to the PI
controller) and curve 3 (associated to the FL controller) are
the same. This means that the gains of the FLC are tuned to
give the same speed tracking as the PI controller. After that,
the gain of the FLC, are tuned to give less slope (curve 1 for
getting fast speed tracking), and higher slope (curve 4 for
slow speed tracking). Still in all three cases of FLC, the
percentage of overshoot is very small compared with the PI
controller which confirms that the performance of the FL
controller is better than the PI controller. This explained
method of tuning the gains of FLC is called the “simple
off-line” method. It verifies fast speed tracking without the
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Fig. 14. Simulated motor speed during step load changing,
using PI and FL controller.
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Fig. 15. The simulated reference torque producing current
component (the output of PI and FL speed controller).

requirement to tune the gains several times using the motor

on-line.

VI. EXPERIMENTAL RESULTS

To wvalidate the proposed control performance, an
experimental prototype of the proposed system has been built,
experimentally tested, and compared with the simulation
results. A three-phase 2.2 kW induction motor with parameters
given in table III is used. The inverter circuit was built using
the intelligent power module (IPM) as switches. The inverter
switching frequency is 10 kHz.

The experimental set-up is shown in Fig. 16. The tested IM
is loaded with a DC generator. The coupling between the IM
motor and the DC generator is done through the torque meter.
The proposed control algorithm was tested within a PC under
RTAI-Linux. The accuracy of the power meter and the torque
meter used in measuring the electrical power and the
mechanical power to calculate the motor efficiency verifies the
recommendation of IEEE 112B [24].

The capacitance value of the DC Link was calculated
according to (42). The discharge time (Tc) for industrial
inverters at 400V main supply via line-commutated converter
in the power range between 10 and 40 kVA is typically
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TABLE III
RATINGS OF THE TESTED 2.2KW INDUCTION MOTOR

Rated voltage 360V | Stator inductance 17mH
Rated current 6A Rotor inductance 17mH
Stator resistance | 1.6Q Rated speed 1420 rpm
Rotor resistance 210 Moment of inertia | 0.00479

1 2
frequency 50 Ha Insulation class kgm’F

between 13ms and 42ms [25]. A discharge time of 30 ms was
obtained after calculation of the ripple current induced from the
rectifier side and the inverter side.
T,=C Ve “)
Idc
V¢ : the dc link voltage
Isc  :the entire load current

Fig. 17 shows the measured motor input power, motor speed,
load torque, and the reference flux producing -current
component. The motor runs first at no load and then the load
suddenly increases to 50% of the rated load torque. At starting
the motor reference flux producing current component is set to
the rated value (rated flux). Once the speed has reached steady
state and the optimal flux is calculated from the loss model
controller, the reference flux producing current component is
reduced from the rated value to the optimal one. It is notable
that the absorbed motor input power is reduced by 40% at
optimal flux compared to the rated flux operation. While the
motor is controlled by optimal flux, the motor is suddenly
loaded with 50% of the rated load (after 12.5 sec from the
starting time). The reference flux producing current component
is increased to the rated value to face the sudden increase in the
load torque. Three seconds later, it is reduced to the new
calculated optimal value, and the improvement in the
efficiency is 4.5%.

When the optimal flux is less than the rated value, an
improvement in motor power factor is achieved. Fig. 18
shows the reduction in the absorbed reactive power as the
flux reduces from the rated value to the optimal one. This test
was done experimentally by using power meter (LMG450) to
measure the reactive power while the flux is reduced from the
rated value to the optimal one for different constant load
torques. The improvement in the motor power factor for
different load torques and speeds is shown in Fig. 19.

The FLC was also tested experimentally and compared
with the PI controller. This test was done while the motor is
sensorless controlled. Fig. 20 shows the measured speed in
case of using both the PI and FLC during start-up and step
load change from 0.2 p.u. to 0.5 p.u. of load torque. It should
be noted that the two controllers have been tuned to give the
same overshoot. In case of FL, the reduction in speed is
around 50% of the reduction using the PI controller. As
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(b) The I.M coupled with DC machine through torque meter
Fig. 16. The Experimental Set-Up.
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Fig. 17. Measured flux producing current component, motor input
power, speed, and load torque with rated and optimal flux at load
changing from no load to 50%.

mentioned previously, the two controllers are tuned to give
the same overshoot percentage. In this curves, the speed
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Fig. 20. Measured motor speed during step load change, using
PI and FL controllers.

starting point of each test differs from the other because the
experimental test duration time is not equal.

It can be concluded that the experimental results are well
matched to the simulation results. The PI controller performs
satisfactorily during transient with a limited operating range.
Since PI controller is based on a linear model, response for
large signal disturbance (i.e step load changing from 0 p.u.
to 1 p.u.) is poor as the PI gains K, and K; are constants
and they are fine tuned for specific operating condition. In
this test the speed PI controller gains K, and K; are 1 and
26, respectively. In conclusion, the FL controller performs
satisfactorily during transient without the limited operating
range.

VIIL CONCLUSION

A simple and cheap loss model is introduced without using
extra hardware. The new expression for the optimal air gap is
calculated from the proposed model. Controlling the motor
by the optimal flux improves the motor efficiency. Fuzzy
logic control is used to improve the motor speed performance
instead of a classic PI controller. A comparison between a PI
controller and fuzzy logic controller was done.

Generally, the proposed control method in this paper has
the following advantages:

- Improved efficiency.

- Power factor improvement.

- Fast tracking to the motor speed without stalling the

motor with low overshot.

- Reduces the overshoot and oscillation of motor speed.

- Reduces the oscillation in the torque

The experimental results show that the improvement in the
motor efficiency is done by using the proposed LM controller.
Besides the Fuzzy logic control improves the motor speed
performance.
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