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Abstract— This work presents a study of the induction
motor losses in steady state (cooper and iron losses) aim-
ing at the speed control of the machine with maximum
efficiency. The classical loss model is used, with a differ-
ent parameterization in terms of the magnetic parame-
ters of the motor, its speed and slip velocity. The present
work is an extension of a previous one [7] where a scalar
speed controller with loss minimization is proposed. In
the present work, we extend the previous results by char-
acterizing the optimum efficiency of the machine in terms
of an optimal slip velocity which is a function of the ro-
tor speed. Some simulated and experimental results are
shown which attest the feasibility of the proposed ap-
proach.
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I. INTRODUCTION

There are basically two types of application of induc-
tion motor drives with variable speed: 1.) Heath, Ven-
tilation and Air-Conditioning - HVAC, and 2.) Torque
Control [1], [5]. The first application has “well behaved”
loads, on one hand, and demands less accuracy than
the second one. Applications, when torque control is
needed, deal with highly unpredictable loads and de-
mand higher accuracy in terms of speed (or position).
This work is concerned with the first type of applica-
tion, HVAC, which represents the major part of them.
In this case, the control strategy can be either scalar or
field oriented.

Keep the motor operating at maximum efficiency
means to find the optimum relationship between flux
and current which guarantees, on one side, the de-
manded torque, and on the other side, the minimum
loss of the machine. This can be expressed in various
ways as can be seen in recent papers [1], [4], [2], [6].
In [6] it has been proposed the slip velocity as the de-
gree of liberty in choosing flux and current to achieve a
certain demanded torque. The main advantage of such
choice is that the slip velocity is an appropriate variable
when speed control is aimed. Therefore what is at stake
then, is the calculation of the optimum slip velocity for
a given torque and mechanical speed. It was considered
in [7] that a constant slip velocity, optimum to an aver-
age rotor speed, would ameliorate in a great extent the
efficiency of the machine despite the fact that it was not
optimum for speeds different from the average.

In the present work this assumption is relaxed by tak-
ing in account the impact of the rotor speed in determin-
ing the optimum slip velocity. Control schemes, either
scalar or field oriented, which incorporate this optimum
efficiency are shown. Finally, some previous experimen-
tal results with a scalar control scheme are provided.

II. INDUCTION MOTOR MODELLING

The synchronous (d— q) reference frame has been con-
sidered for the modelling, due to the facility of deriving
steady state operating conditions. The state space equa-
tions of the electrical dynamics of the motor are the

following:
d | i B —al —wJ 1T —P2] is
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and Ay = [ Aas Ags || o s = [dds dgs || b ir =
[ ldr  lgr ]T and V; := [ Vds Ugs ]T are the two ele-
ments vectors representing stator flux, current and volt-
age; we 1= gwr + ws and wg, are the synchronous and
the slip velocity, w,, the rotor angular velocity, R, R,,
are the stator and rotor resistances, and the parameters

a:=R;/oLs+ R,/o0L, , b:=R./oL,Ls
c:=1/cL, , 0:=1—M?/(L,L,),

where, Ls, L, e M, are the stator and rotor self induc-
tances and mutual inductances, respectively.

The electromagnetic torque of the induction motor is
given as

M .
p_ (qu)\dr - st)\qr) (2)

Tm = B (iqs)\ds - Z'ds)\qs) = 27,

2

where p is the pole number.
Consider also the following linear relationship:

As = oLgis+ I A
Ar - Lsris + Lrir

where A, and 4, are the rotor flux and current vectors.
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A. Motor losses at steady state

The steady state operation of an induction motor cor-
responds to &, = 0 and &+X, = 0 in Eq. (1). Using
this fact and manipulation the equations in (1) it is pos-
sible, as it has been done in [7], to obtain interesting
relationships between torque, current, voltage and flux
which bring forth nice characteristics of the machine.
Consider the following relations and definitions:

— M Rr — AQ 4 )\2
¢'r‘ \/LgRg—i—(rngL%wg ¢s7 ¢r . \/ dr qr>
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Through some algebraic manipulation and model in-
sight it is possible to come up with the following rela-
tionship (see [7] for details):

pws 42
2R, Vr

pRr(M/Lr)Qws 12
2(W§+(RT/LT)2) s

(4)
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where 7, = F2 (igsAar — iashgr) = 52 Is¢,sin(6) and
B8=R,/(cL,).

ITII. MINIMUM LOSS AND SPEED REGULATION

As it has mentioned before in this text, minimum loss
is achieved by finding the appropriate amount of flux
and current on the motor for a given demanded torque
and rotor speed. The purpose of the present work is to
obtain a more accurate criterion for optimum loss steady
state operation of the motor. This will be done by ob-
taining the optimum slip frequency for a given operation
state.

In a previous work, this study has been carried to the
point of obtaining the expression for the total power
loss of the machine, given as a function of the motor
parameters, the electromagnetic torque, the slip and the
rotor speed [7]. Some results have been obtained by
adopting a constant slip velocity while performing the
speed regulation.

A. The induction motor losses
Consider the following simplified loss model for the

induction motor [3], assuming sinusoidal flux in a limited
frequency range:

P, = [RIZ + R, I} + Knwed” + Kowlg®]  (5)

where I,. and I, are the rotor and stator currents as
defined in (3), Kj and K, are the hysteresis and eddy
current loss coefficients. ¢, is the air gap flux which
satisfies:
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It has been shown in [7] that, for steady state opera-
tion, (5) can be written in terms of the electromagnetic
torque, the motor parameters and the rotor velocity as:
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Note the Eq. (6) is convex in wy, for a given rotor
speed w,.. This implies that optimum value for the slip
frequency, w*, can be obtained by making 9P, /0ws = 0.
The derivative of (6) is given as

2
_ vi __ 4R,
Ckel — KeRrg ( ) ) dl - ’
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didy
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0P [0ws = (c1 + Cre2) +

w—g(
Making (7) equal to zero gives:

\/%2(6102 + €3 + Cknwr + c;celwf)

(8)

Solving Eq. (8) gives the optimum slip frequency,

i.e., the value of w, which minimizes (6), for each rotor
speed, w,..

Figure 1 shows ten different loss curves (6) as func-
tions of wy, for a constant load torque, 7,,, of 1 N.m and
for ten different speed, ranging from zero to 200 rad/s,
in constant intervals of 20 rad/s. The motor used in sim-
ulation has the following parameters: Rated power: 1.5
kW Pole pair no.: 2, Rated speed: 1430 rpm , Rated
voltage: 220 V, Rated current: 6.1 A, Rated cos(¢) :
0,82; Electrical parameters: Ry = 1.47 Q, R, = 0.79 Q,
L, = 0105 H, L, = 0.094 H, M = 0.094 H, K), =
0.00191 W.s/Wb?.rad, K. = 0.00191 W.s? /Wb?.rad?;

(c1 + cre2)w?+
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Loss power curves for different rotor speeds with a torque of 1 Nom

Loss Power (Watt)

0 3 10 15 20 25 30
Slip speep (rad/s)

Fig. 1. The total motor loss as a function of the slip speed for
ten different rotor speed

Figure 2 (a) shows the optimum ws, versus the rotor
speed, w,.. It suggests us to use a linear relationship,
given as:

* w Ckel
" (€1 + Cre2)

9)

+wso = kow, + Wso

which is the approximation of (8) when ws,w, > 1. This
is a quite reasonable assumption given that, as the speed
gets lower and lower, so does the load, and therefore, the
optimum value of flux tends to zero. This is something
to be avoided, by restraining the flux to a minimum
reference value. It will be discussed in the next section.

Finally, Figure 2 (b) shows the optimum rotor flux
as a function of the rotor speed, for a constant 1 N.m
magnetic torque. It can be clearly seen the optimum
stator flux tends to decrease as the rotor speed increases.

B. Control strategies taking minimum loss into account

For the HVAC type of application considered here,
a scalar control strategy is a simple and sufficient alter-
native for the speed control of induction motor drives.
Figure 3 shows a feasible controller which takes into ac-
count loss minimization. Here, the optimum value w7 is
taken to be a linear function of w,, as in (9).

As it has been mentioned in [7], the main difference
between standard U/ f controllers is that, in that case,
flux is kept constant, around its rated value for all speed
and load conditions, whereas, in our case, the flux is
adjusted with respect to the rotor speed and motor load
as to assure minimum electrical losses.

The main drawback of such an strategy is that the
impulse torque available when the flux is low, is also low.
This should not be a serious problem when talking of
HVAC applications. Nevertheless, in the scalar scheme
presented in Figure 3, a rather larger motor torque is
guaranteed during speed transitions via the P action
which, as long as the speed error persists, varies the slip

Optimurn slip speed as a function of the rotor speed
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Fig. 2. (a) Optimum slip speed as a function of rotor speed; (b)
Optimum rotor flux as a function of the rotor speed

Inverter

Fig. 3. Block diagram of the scalar controller with minimum loss

frequency in order to achieve torque. When the desired
speed is attained, the sleep frequency will accommodate
to its optimum value.

The slip speed is to be understood as the degree of
freedom in choosing pairs of current and flux sets (as
we speak of three-phase motors) which give a desired
torque. Therefore, for a certain torque there is a com-
bination of flux and current which is optimal.

An other point to be made is that, the lower the load
is, the larger is going to be the saved energy using this
optimum criterion. In other words, when the motor is
operating below 60% of its rated load capacity, the im-
pact in operating with optimum flux will be greater [1].
When delivering near rated torques, the optimum flux
will be close to its rated value, in most of the cases.

The same ideas can be easily incorporated into vector
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control approaches, even in sensorless controllers of in-
duction motors. This can be done by generating a flux
reference which varies (slowly) with load and speed, as
in the scalar case, leading to an optimum motor oper-
ation at steady-state, in terms of electrical losses. A
vector control approach with minimum loss is depicted
in Figure 7?7 where a sensorless speed control scheme
is presented. The flux and speed estimator follows the
approach presented in [8]. Although the purpose of this
paper is not to focused in the sensorless vector control
of the induction machine, some details of the simulation
will be presented here. The main idea of the decoupled
control of flux and torque of the vector control is kept,
when working with stator current and flux in the syn-
chronous frame as the machine variables. In the speed
loop the desired g, is derived through a PI, then the
correspondent voltage, Ve is obtained through a sec-
ond PI. The decoupler term is then added to obtain the
necessary Vgs. In the flux loop, it is the optimal slip fre-
quency rather than the reference flux which determines
the desired Vs, which is obtained thorough a PI plus
the voltage drop on the stator resistance, R;. This volt-
age corresponds to the minimum loss power as derived
in (9). Finally, the voltages fed to the motor are ob-
tained from a reference frame transform, based on the
sensorless flux estimator, which derives de desired volt-
age space vector in the stationary frame and then, the
correspondent PWM.

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation of the Sensorless Control

Simulations were made using this scheme applied to
a 1.5 kW, 4 pole machine whose parameters are given
at the end of Section ITI-A. First, a speed ramp from
0 to 30 rad/s was imposed, from 1 to 2s, then a second
speed ramp from 30 to 150 rad/s was imposed from 5
to 6s. Figure 5 shows the speed response and the slip
speed. It can be noticed that during the sped transient,
there is no imposition of the optimal slip speed whereas,
when the speed and the load are kept constant, the slip
speed tends smoothly to its optimal reference.

The effect of regulating the slip speed is noticed in the
stator flux of the machine, as shown in Figure 6 where, in
the upper part are shown the stationary frame orthog-
onal currents and in the lower part, the stator fluxes.
It can be seen that the fluxes accommodate in values
which are optimal in terms of efficiency, with respect to
the speed and the machine load or delivered power.

As for the motor load, a quadratic load with the motor
speed has been such that, for nominal speed, nominal
load torque is achieved. It can be seen in Fig. 7 where
the electromagnetic torque of the motor is shown.

Finally, the total and the loss power are shown in Fig.
8 where, in the upper part these powers are shown with
respect to the first speed ramp and in the lower part,
with respect to the second speed ramp. Notice that, dif-
ferent from the conventional vector control approaches,
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Fig. 4. Sensorless speed control block diagram with optmized
efficiency
Sensorless vectar speed control
160 T T T T
E
Sensorless vector speed control
z
Fig. 5. Speed response (up) and the slip speed response (down)

the loss power is relatively small when the load torque
is small because, in this case, the optimum flux is also
small, reducing both the core losses and the current nec-
essary to maintain flux. Whenever magnetic torque is
demanded from the load, the flux is corrected to achieve
optimum efficiency, as it can be seen when speed is in-
creased from 30 to 150 rad/s and the load torque from
less than 1 to 16 N.m.

B. Experimental results with the Scalar Control

In order to illustrate the proposed technique, some
experimental tests have been made. It was not possible
to validate the simulated results shown in [7], where a
scalar control approach has been proposed, with respect
to the amount of power gained with our approach, be-
cause the experimental setup was not ready yet to mea-
sure and separate losses and mechanical power. The
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preliminary results shown here, verify two important
aspects of the control: i) its stability in the presence
of load perturbations; ii) the lower voltage levels when
in steady-state, for the optimum control.

These experimental tests are quite simple. First, a ref-
erence speed ramp was established for both, a standard
scalar controller and the optimum scalar controller. Fig.
9 shows the speed response when optimum sleep fre-
quency is (optimum flux) is applied, and the respective
low supplied voltage level in the motor. When conven-
tional scalar control is used, the speed response and the
voltage level are shown in Fig. 10. Notice that in this
case the motor is with no load.

Next, Figure 11 shows the motor speed response when
load disturbances are applied to the motor in the case
of regular and optimum scalar control. What we notice
here is that, in the optimum scalar control case, the
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Fig. 8. Total and loss power for the first speed ramp (0 - 30
rad/s) in the upper part and to the second speed ramp (30 -
150 rad/s) in the lower part

flux levels are very low when the motor is operating
with very light load. The impulse torque is also low.
This explains the poorer dynamic performance of the
optimum scalar control when compared to the standard
one. Nevertheless, the optimum controller is shown to
be robust.

V. CONCLUSIONS

An approach to obtain the speed regulation of the in-
duction motor including loss minimization has been pre-
sented. The total motor losses include hysteresis, eddy
current and cooper losses, given in a standard model. It
has been shown that, for a given torque and rotor speed
there exists an optimum slip frequency which minimizes
the motor losses. Furthermore, the relationship between
the optimum slip and rotor speeds tends to be practi-
cally linear for speed not close to zero. Having that
in mind, two speed regulation schemes have been pro-
posed which incorporate this optimization feature. One
of them is a scalar type speed control and the other is
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Fig. 9. Speed response and voltage level of the optimum scalar
control

a sensorless vector speed control. Simulation results of
this last approach were presented.

The work is complemented with some experimental
results for the scalar speed control, which show the ap-
proach robustness with respect to load perturbation.
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