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Abstract—The objective of this paper is to present am
analysis of how to get high performance of an induction
motor drive. Firstly, an energy saving control in steady state
is developed to improve high efficiency, The rotor flux
yielding maximum driving efficiency is calculated on the
basis of reference torque. Secondly, in order to ensure
minimum loss without degradation of the dynamic response,
a generalized predictive controller with Deadbeat tuning
was developed which outputs quickly and stably the rotor
flux of the induction motor. Simulation results demonstrates
the performance of the proposed study

Index terms—Induction motor, generalized predictive
control, deatbeat tunming, emergy saving control, vector
control

I. INTRODUCTION

Induction motors are receiving wide attention in
industrial applications due to their large speed capability,
mechanical robustness, cheapness and ease of
maintenance [1-8]. It has been shown in previous studies
[1.2] that electrical machines consumes about 60 % of the
total consumed electrical energy, thereof, integral horse
power induction motors account for 96 % of the energy
consumption. This means that around 56 % of the total
electrical energy is consumed by induction motors. Also
about 70 % of the energy loss is dissipated in motors with
a rating below 52 kW, consequently, the tendency is to
concentrate the energy saving studies on induction motor
drives below 52 kW rated power.

The key to solving the problem of the energy saving
in induction motors is to obtain the better balance
between different types of motor losses. Recently, many
studies on efficiency maximization techniques have been
presented and they may be divided into two categories[4]
[5]: Loss model controller (LMC) and Search controller
(SC). Both the two methods minimized the motor losses
but in different ways. The LMC method calculates the
optimum of the objective function (which is an analytical
expression representing the total losses of the machine).
The fast determination of the optimum variables is the
merit of this method, but it is sensitive to parameter
variations. Hence if the approach is not based on an on-
line estimation of the parameters, then it is likely that the
LMC method may offer only sub-optimal solution if the
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parametres of the machine change (due to saturation,
temperature variations, skin effect, etc..). The SC
technique depends on the exact measurement of the input
power and converge slowly to the frue optimum
variables. The advantage of this approach is no-
dependance on parametfer variations. However, some
disadvantages appear in practice, such as continuous
disturbance in the torque caused by stepwise changes of
the control variable, slow convergence, because it has no
idea about the optimal magnitude of variables at the
beginning of search process, difficulties in tuning the
algorithm for a given application and inaccuracy in
efficiency optimization . For these reasons, this is not a
good method in industrial drives.

An exhaustive analysis of the LMC controller can be
found in the literature[1-8]. In [3], the authors calculated
the total power loss of the induction motor only ( the
inverter loss is not tacken into account) and derived an
optimal flux level that maximises the motor efficiency. In
[8]. a simple model neglecting leakage inductance has
been presented and the motor model consists only of
resistors reflecting core loss, rotor and stator copper
losses as a function of stator current components, then, a
d-axis current level is derived that minimises the total
loss. Consequently, the exact loss minimization can not
be achieved, especially for high speed operation
(especially in area of electrical vehicles EV applications).
The authors in[7] used copper and core loss only to
formulate the cost function of motor loss and adjusted the
optimal rotor flux under state constraints of the inverter.

Over the last decade, generalized predictive control
GPC has received an increasing attention in many control
applications and it has shown to be an effective strategy
for high performance applications compared to some
conventional control methods, with good temporal and
frequency properties (small overshoot, cancellation of
disturbances, good stability and robustness margins) [9]
[10][11][12]. GPC is a model based method which
employs receding horizon approach in order to predict
future outputs. An appropriate sequence of the control
signals is then calculated to reduce the tracking error by
minimizing a quadratic cost function. After which only
the first element of control signals is applied on the
system. The process is repeated for every sample of
duration, so that a new information is updated at each
sample interval.



In this paper, we investigates how to obtain
simultaneously a fast rotor flux response by GPC-
Deadbeat controller, and high efficiency suitable for
industrial applications and electric vehicles. The validity
of the proposed study, which carries out the performance
of the drive system will be revealed via simulation.

II. ENERGY SAVING CONTROL
A. Motor loss model
1) Core loss

The stator core loss resistance R; is connected in
series with the mutual inductance and it is determined
from the classical experimental no-load test data as:[3]

R, =a f +a,f, (1

a;=0.0599 and a,=0.0032 are the coefficients of
hysteresis and eddy-current loss respectively .

-

2) Stator caopper loss
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3) Rotor copper loss
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4) Stray load loss

The stray-load loss P.; is taken into account by the
inclusion of an equivalent stray loss resistance R in
series with the stator phase resistance[5][6]:
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where K is the stray load loss constant determined from
load tests as it is explained by the IEEE standard 112 B
method and a;=0.0042, a;=0.00027
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B. Induction motor model

A squirrel cage induction motor model used under
field oriented control FOC which tackes more accurately
the behaviour of the machine can be expressed in the
synchronously rotating d-g reference frame as follows[3]:
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X,. X, :d-and g- axes stator voltages, currents or flux

@,, w, . synchronous and rotor speed.

C. Inverter loss model

The inverter loss calculation is based on measurement
of the diode and transistor conduction voltages and on
measurements of the following switching energies: diode
turn-off, transistor turn-on and transistor turn-off.

The approximate inverter loss as function of stator
current is given by[7]:

W, =a, [‘f; + z‘q_f) +a, | i’ +1fq_,2 (6)

as =0.863 and a; =5.69 are coefficients determined by
the electrical characteristics of a switching element

D State constraints

The current ratings of the inverter are usually larger
than that of the machine, to provide high accelération
torque during transients. The inverter current is assumed
to be 1.5 times the machine’s current ratings, so that:

(7

I, .. =1.5 x machine’s current ratings .

n

Also a hard limit may be used on the rotor flux [3][8].
so that:

Oi:@‘)rmm ig"’r gQ"’rltu.ﬂ:x (8)

Relation (8) means that, when the machine starts at
t=0, the speed is initially zero so the torque is also zero,
and rotor flux should be equal ¢, . then when the

machine starts, it has to be magnetized and must deliever
a high torque value.

D. Loss minimization strategy

The total power loss W, of the drive system can be
expressed by:
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The total loss of the drive system as a quadratic
functions of the controllable currents can be represent as:
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Here, mechanical loss are not considered, then, the

The cost function is defined using Kuhn-Tucker
total power loss of the drive system can be expressed also

theorem as:
as a quadratic functions of rotor flux and torque by: .
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The skin effect in rotor bars (determined from the
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expression:
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. some manipulations, we can get:
considered here.

Fig. 1 shows the plot of the total power loss of the 2 27 20412 22y S2 .
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E. Optimal solution
K ;
The steady state electromagnetic torque is given by: o= 1’ :" ) ﬁ:ﬁ . K= %
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machine’s current ratings)
We consider the following problem:

The optimal rotor flux corresponding to the point of
Minimize : maximum efficiency at the steady state is then given by:
W, =A(e,) i +B(0,)i}+C (15) 8, =L, a(o,)dT" (23)
Subject to the equality constraint : The appropriate rotor flux given by (23) for various
. o load torques is plotted in fig. 2. It is affected by motor
T —ki,i,=0 (16)

speed because core loss and stray load loss are taken into
account. One can see that the rotor flux decreases in order
to reduce core loss and stray load loss, which increases



with frequency than other loss at high speeds. The total
loss of the drive system including inverter loss is depicted
in fig. 3. One can see that total loss is also affected by
frequency variations. Fig. 4 shows an efficiency map
versus torque of the drive system including inverter loss.
It is clear that the proposed method is superior to the
conventional field oriented control method which keeps
rotor flux constant at its rated value over a wide range of
load torques.
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Fig. 2 : Appropriate rotor flux versus torque.
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Fig. 4: Map of the drive system efficiency

III. FAST ROTOR FLUX CONTROL BY GPC/DEAD-
BEAT CONTROLLER

It has mentioned in previous studies[3][6][7]. that the
core losses increases at high speed and at light load
torque regions, resulting in worsening the drive system
efficiency. Consequently, the torque and speed of the
motor becomes far from the reference values and causes
an efficiency drop. For this reason a high efficiency
control with fast rotor flux control is needed. Here, a
generalized predictive control GPC with dead-beat tuning
is used, providing high dynamic torque in transients.

The transfer function between the estimated rotor flux
and the flux current component i, can be given as:
6)_ L,
ip(s) T, s+1
The Z- transform of the process transfer function can
be derived as:

(24)
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Then, an identification of the process is then
performed using a recursive least square RLS estimator
providing the unknown parameters (a; ..., @ug, by ...,
bn.ﬁ)'

The j-step ahead rotor flux prediction (;3, (t+j) over

(25)

the costing horizons N, <j<N, is given
by:[7I[8][11][12][13]
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where F., G;, H, are polynomials obtained by solving

Diophantine equations. The predicted rotor flux values
can be expressed under matrix form as:
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To achieve optimal flux current values, the GPC uses
a quadratic cost function defined as:

Ny
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with the assumption
Ai,f+j)=0 for j=N, (30)

where:
@, (t + ) : rotor flux reference at (t+;)

q?; (t+j) :predicted ouput values at (f+7)



N, N; :  are the costing horizons
N, : is the control horizon
A:is the control weighting factor

Minimisation of (29) gives the optimal control values

f&, only the first value is applied on the system:
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Finally, the control signal to apply on the system is:

g () = 14 1) + My (9, —F) (32)

The procedure repeats for the next sample intervals
likewise. The dead-beat tuning imply that the prdicted

qf;(Hj) tracks its

¢ (t + j) after one sampling of duration.

rotor flux reference value

IV. STABILITY ANALYSIS

The advantage of R.S.T polynomial structure is that
these modules (R-S and T) can be computed off-line,
providing a very short real-time loop and offers the
possibility to analyse the stability of the controlled open
loop in the frequency domain.

¥ T
«Q High . *

1
|
|
|
| pmmm oo —— |
1 rEq_ui\'alent pol}-‘nomial-i |
: ! controller I ______ J
Fig. 5: GPC Equivalent polynomial RST controller
The polynomials R-S-T can be identified by:
R(gH=MF
S(gH=1+q "M, H (33)

T(gH=Mq" . q"]

The polynomial structure offers the possibility to
analyse the stability of the flux loop. General
characteristics can be deduced from the studies of phase
and gain margins in the Bode and Nichols planes.

V. SYSTEM CONFIGURATION

The configuration of the proposed control system is
shown in fig. 6. It can be divided into two parts: the first
part deals with the transient state, when the appropriate
rotor flux changes quickly (load torque or speed
variations), the system switches over to fast rotor flux
control, the reference flux current given by (32) is used so

that ¢ tracks ¢,‘;” after one sampling period. The use of a

GPC-deadbeat controller provides high dynamic torque
capability needed for a variable speed control with high
productivity. In the second part, when rotor speed reaches
its reference, there is no need to use fast rotor flux
control, so relation (22) is used to obtain the reference
flux current.
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Fig. 6: System configuration of the proposed drive system



VI. RESULTS AND DISCUSSIONS

The system performance is examind by extensive
simulation computer under different conditions such as
motor speed and load torque variations. The drive
system nameplate data and parameters are shown in the
Appendix. The chosen example of motor speed
reference and load torque trajectories is given by fig. 7.
The reference speed is about 150 rd/s applied at t=0.5s.
The motor initially operates under no-load conditions,
at t=2s, the load torque is stepped to 4 N.m. As can be
seen on fig. 8, it is clear that the optimal rotor flux
follows its reference value accordingly to the speed and
torque variations. The GPC controller makes so that
the output rotor flux anticipates its reference value, and
we can see on fig. 9 that the GPC-Deadbeat controller
leads to by far the smallest drop in rotor flux compared
to any other GPC tuning.
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Fig. 9: Simulated rotor flux trajectories between t=0.45s and

t=0.7s

Fig.10 illustrates the stability analysis in the
Nichols plane. The gain margin, phase margin and
regulation bandwith providing good stability are
respectively : 10dB, 40deg and 153 rd/s.
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Fig. 10: Nichols diagram of the rotor flux loop

The mechanical parameters (speed and torque) are
plotted according to fig. 11, fig. 12 and fig. 13. On
these figures, we can see that motor speed and torque
follows their references without steady state errors nor
overshoot.

1
4 : )
= I =
=) ! — Speed
oo i B
b 1
QD ot ! 4
o i
D 5 ! g
‘O— 1
1
-05 4l : 4
Ry | ]
1
X 1
:IJ 0.5 1 1.5 2 2.5 3
Time Isl
Fig. 11: Rotor speed evolution
12
10t
—_
E st
2|
Q
=
o
H.
o,
'_
jij
20 05 1 15 2 25 E

Time [s]
Fig. 12: Response of torque to load impact condition

1

=

&

w
n

Torque [N.m]

Fig. 13: Zoom on torque response between t=0.5s and t=0.75s



Fig. 14 depicts the allowable current boundary of
the inverter, which is limited to 1.5 times the machines
rated current. These results show that the reference flux
current i is calculated by GPC-Deadbeat controller
when the reference rotor flux is given.Therfore, the
flux response has good transient charactestics without
dynamics.

Stator core resistance, stray load resistance and
rotor resistance variations versus time are plotted in
fig. 15, rotor resistance variations is only due to skin
effect in rotor bars and the temperature effect is not
considered here. One can see that all these resistances
changes considerabely to frequency variations.
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Fig. 15: Stator core resistance, stray load resistance and rotor
resistance variations versus time

Finally, The efficiency of the drive system for the
whole cycle is plotted on figure 16, we can see that the
inverter loss does not exceeds 3 % of the total drive
system loss. These results demonstrate that the
proposed method is superior than conventional
methodes because it saves more energy without
degradation in torque response.

T T T T
= Induction maotor onky
0.9 — — Drive system (motor #inverter)

Efficiencv %]

Time [s]
Fig. 16: Efficiency of the whole cycle

VII. CONCLUSIONS

In this paper, an induction motor model under
direct field oriented control frame including core loss,
stray load loss and inverter loss have been presented.
Based on this model, a loss minimization algorithm
was proposed by calculating the optimal rotor flux
level depending on the operating conditions such as
speed and torque. To maintain high efficiency without
degradation of the dynamic response, a GPC-Deadbeat
controller which outputs quickly the rotor flux was
proposed. A selective set of simulation results have
been carried out showing the high performance of the
system and the validity of the proposed method which
appears to be a useful method, well adapted for large
application of drive systems.

Appendix

Motor data: 1.1Kw, 1500 rpm, 3.5A, 220/380V, 1.14Whb,
7N.m, Rs=8.1 © Rr=32 © Ls=Lr=0.48 H, Lm=0.45H,
inertia=0.006Kg. m".
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