Annals of the University of Craiova, Electrical Engineering series, No. 39, 2015; ISSN 1842-4805

Predictive versus Classic Control of the Induction
Motor Drives

Sergiu Ivanov', Vladimir Rasvan®, Eugen Bobasu®, Dan Popescu®, Florin Stinga®, Virginia Ivanov'
I University of Craiova, Faculty of Electrical Engineering, Romania, sergiu.ivanov@ie.ucv.ro, vivanov@elth.ucv.ro
? University of Craiova, Faculty of Automation, Computer and Electronics,
[vrasvan, ebobasu, dpopescu, florin]@automation.ucv.ro

Abstract - The paper deals with techniques which use the
predictive concepts in order to obtain both the pulse width
modulation strategy of a voltage fed inverter and the predic-
tive control of the induction motor drive. Concerning the
PWM technique, it is applied for the case when the inverter
supplies an induction motor, the reference values of the cur-
rents being obtained from a classical vector control scheme.
The described technique is then simulated and the wave-
forms are compared with ones obtained with preset currents
(bang-bang) pulse width modulation, as the behavior of the
two strategies is similar. The results are also compared with
the ones resulted when a classical DTC controls the induc-
tion motor, as the both determine, during each sampling
period, the next stator voltage phasor, but considering dif-
ferent criteria. Concerning the control of the drive, the vec-
tor control and the predictive control of the induction motor
are compared. For the vector control, the rotor flux oriented
one is pointed out, with highlight on the voltage source in-
verter type. A simple (and practical) method for avoiding
the influences of the stator resistance variations when a
voltage source inverter is used is presented, based on proper
simulation models. For the predictive control of the induc-
tion motor, a sensorless diagram is considered. Finally, fur-
ther actions are proposed for the work continuation.

Keywords: voltage inverter, induction motor, vector control,
predictive control.

1. INTRODUCTION

Nowadays, the hardware topologies of the inverters de-
signed to supply the induction motors in variable speed
drives are well crystallized. Besides quite special architec-
tures, basically, there are the two level inverter (the classi-
cal three phase, six switches, bridge) and the multilevel
inverters designed for very high power or voltage applica-
tions [1, 2].

Concerning control techniques of the inverters, the
strategies are practically unlimited, the literature being
quite rich and dynamic [3-5]. Even the classification of
these strategies can be performed by considering different
criterions. We will take into account here only the source
type which the inverter has: voltage or current. We con-
sider only the inverters which are supplied by a DC link
having voltage source behavior.

We must see the modulation strategy only as a vector
for obtaining the control of the whole driving system,
which finally means the control of the developed torque.

Even from the basics of the vector stated by Leonhard,

Blaschke and their followers in the 1970s, in rotating ref-
erences, oriented after the rotor flux, stator flux or mag-
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netizing flux respectively, there is an obvious decoupling
between the two components of the stator current: while
the direct component acts on the flux modulus only and
produces the reactive component, the quadrature compo-
nent generates the torque, being the active component.
The two components of the stator current must be thus
controlled independently and the flux and torque genera-
tion are thus decoupled, similarly to the DC motor.

Due to results simplicity, the rotor flux oriented control
has imposed almost as a standard. From here there were
engineered direct control drives (where flux position and
modulus are known while the reactive and active compo-
nents of the stator current are computed in the proper ref-
erence frame using the set-point torque and flux) and indi-
rect control drives (where the slip frequency is computed
and imposed without direct knowledge of the flux while
the reference system change from the flux-reference to
stator-reference one is performed by integration of the
sum of the motor speed and the speed corresponding to
the computed slip.

This means that, as the torque is controlled by the cur-
rent components, a current source inverter is more suited
for the control of the torque developed by the drive. The
previous work of the authors emphasized that the field
oriented control (FOC) schemes based on current source
inverters (preset currents, or bang-bang modulation) are
more robust to the parameters variations and have very
good dynamics. The main disadvantages of this simple
modulation strategy are related to the necessary very high
switching frequency (available only in the low range of
power), variable switching frequency (difficult to estimate
the losses) and interphases dependency. Different tech-
niques were developed for improving the strategy (sinu-
soidal hysterezis, multilevel hysteresis comparators [6],
but the variable switching frequency rests always as a
disadvantage.

The technique we propose has the behavior of preset
currents inverter, but it performs the pulse width modula-
tion with fixed frequency, which is in fact the sampling
frequency of the system.

From this point of view (fixed switching frequency giv-
en by the sampling one), the proposed technique has a
similarity with another very simple method for the toque
control, the Direct Torque Control (DTC), suited for elec-
trical traction applications [7-13]. As will be shown, as the
direct controlled variables are the stator currents, the be-
havior of the proposed technique is much better.

The predictive control has established itself in the last
5-7 years as a very proficient form of controlling highly
nonlinear and uncertain systems; moreover the most re-
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cent results show its applicability to fast processes among
which drives and their converters have a central position
[14-17].

The paper will briefly present the basics of the vector
control for the rotor flux oriented control for voltage
source inverter, with highlight on the influence of the pa-
rameters variations on the drive performance. A simple
method for reducing these influences will be discussed
based on appropriated models. Then a presentation of the
predictive control applied to the induction motor will be
considered, based on a Simulink model. Finally, conclu-
sions will be issued and ideas for continuation will be
pointed out.

II. BASICS OF PREDICTIVE CONTROL

The model predictive control is a control technique
which has been successfully implemented in industry. The
predictive control techniques were used to control both
continuous as well as discrete systems [20-24].

The predictive control is derived from optimal control,
yet, in this case the optimal control problem involves addi-
tional constraints.

The predictive control techniques require solving an
open loop optimal control problem, taking into account
constraints on input, state and/or output variables. At eve-
ry moment K, the measured variables and the model of the
process are used to compute (to predict) the future behav-
ior of the system over a prediction horizon N (Fig. 1).
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Fig. 1. Evolution of systemt output using predictive control strategy.

This task is accomplished by determining a set of future
control inputs such that the objectives and the system con-
straints are satisfied. The control input is determined by
minimization of a cost function over a time horizon N..

Generally, the cost function used in predictive control is
defined as follows:

N 2 N, 2
30O =Y |yk[p -y (0| +DJukp] @
t=1 Q) t=l R(t)
subject to constraints specified on the inputs, outputs and
input increments (Fig. 2):
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where:
Q (t) - positive definite error weighting matrix;

R (t - positive semi-definite control weighting matrix;
y(k|t) - vector of predicted output signals;

Y, (K) - vector of future set points;

u(k |t) - vector of future control inputs;

N - prediction horizon;

N, - control horizon.
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Fig. 2. The control inputs applied to the system using the predictive
control strategy.

III. PREDICTIVE CONTROL OF THE THREE PHASE
INVERTER

The basic ideas of the predictive control of the three
phase bridge inverter are presented in [19] for a simple R-
L load.

The predictive command of the inverter is facilitated by
the limited number of possible future states. In fact, the
inverter can have only eight different topologies (Fig. 3).
These eight different topologies determine seven positions
of the voltage phasor (Fig. 4). It is to note that two topolo-
gies (7 and 8) are equivalent and determine the same posi-
tion of the voltage phasor. In practice, one of the two is
chosen depending on the actual state of the inverter in
order to minimize the number of switches. If the actual
state is one of 2, 4 or 6 and the zero phasor must be ob-
tained, the topology 7 will be chosen. Contrary, if the ac-
tual state is one of 1, 3 or 5 and the zero phasor must be
obtained, the topology 8 will be chosen.

£ 4
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24
£ 4

Fig. 3. Possible topologies of the three phase bridge.

The operating principle is to compute at each sampling

step the estimations of the (a, f) components of the cur-
rents, i°,ic , for all the seven different values of the volt-

a’p

ages corresponding to different topologies.
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Fig. 4. Positions of the voltage phasor.

Then, the topology that will be applied for the next
sampling period will be chosen the one which minimises
the cost function

J(k) =

i;(k+1)—i§(k+1)|+|i;(k+1)—i;(k +1)|, 2)

where i, ig are the preset values of the (a, ) components

o

of the currents.

The principle described above will be applied consider-
ing as load of the inverter, an induction machine.

At each sampling period, having as initial conditions
the actual values of the stator and rotor currents compo-
nents, i the state equation model of the mo-

s ? Is[i’ Iroc’ Irﬁ’

tor (3) is integrated for all the seven different values of the
input vector, which consists in the voltage components

[uu]=[u,. g Uy, urB]T,

S{i]=[ML]" ([uu]- (MR]+[Mxr])[i]). )
where:
[i]=[im, > s irB]T - the stator and rotor (o, B) cur-

rent components;

L 0 L, 0
L 0 L

[ML]= L ()S (;“ - the inductances matrix,
o L 0 L

whose components are:
Ls, L, — total stator and rotor inductances;
Ly, — mutual inductance;

RO 0 0
0O R 0 0 . .
[MR]= - the resistances matrix;
0 0 R 0
0 0 0 R
0 0 0 0
0 0 0 0
[MXr]= - the
0 Po,L, 0 Po,L,
“Po,L, 0 -Pol, 0

reactance matrix, whose terms depend on the
P — number of pairs of poles and

—(O—>{ R,

o, — mechanical speed of the rotor.

The model (3) is completed with the movement equa-
tion which must be also be integrated at each sampling
period

do, 13 S
C=—|=PL, (gl —i ;)T 4
dt ‘]|:2 m(sﬁra sarﬁ) s:|7 ()

where:
J — total inertia at the motor shaft;
Ts — static torque applied to the rotor shaft.
It result seven sets of state variables estimations

M H H H e
I:Isom Isﬁ’ Im, Irﬁ’ ('or:|lm7
and the cost function (2) is computed for the stator cur-
rents components

JK)|, ., = : Q)

The next topology of the inverter is chosen the one
which corresponds to the minimum of the seven values
given by (5).

The preset values of the stator currents components
i:G are the results of a classical FOC of the induction

% .o x .g
Iy =l |+ IsB _IsB
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machine supplied by a preset currents inverter, Fig.5.
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Fig. 5. Stator currents for preset currents modulation.

The block which estimates the currents and computes
the cost function (5) must be placed between the rotation
transformation block €™ and the inverter.

IV. SIMULINK MODEL OF THE INVERTER CONTROL

The complete Simulink model of the inverter control is
depicted in Fig. 6.

As can be seen, the classical FOC (upper part of the
figure) outputs the preset values of the two stator currents
components. They are applied (by the way of GoTo tags)
to the Optim switch block. This block (Fig. 7) computes
all the currents in the model (3) and the speed (4), for all
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the seven possible values of the stator voltages (blocks I 1
tol 7).

i Fotar flux
BEI=N. Predictive inverter
om Ramp
a(*)
a_+j
Sum  Ro
il
Fulse
Generator Rotor flus;

Fredictive inverter

Optim switch  T2_1

Induction motor]

Fig. 6. Simulink model of the inverter control.
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Fig. 7. The optim switch block.

Each of the seven blocks computes the estimated values
of the stator and rotor currents components based on (3),
the integrators being reset with the actual values of the
four currents components (Fig. 8).
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Fig. 8. The computing of the stator and rotor currents components.
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The cost function (5) is then computed for all the seven
possible values of the stator voltages, then the minimum
of the seven is determined and it is identified the topology
which determines that this minimum is achieved. The out-
put vector consists of the two stator voltage components,
Uy, Uy, the rotor being considered squirrel cage and con-

sequently, u,, =u,; =0.

V. SIMULATION RESULTS AND COMPARISONS

The simulation results of three types of command are
presented in Fig. 9, 10 and 11, in all cases the simulation
step being constant and equal to 100 ps. Only the phase
currents are plotted as results of the simulations, the com-
parison being performed from this point of view. Of
course, a better (smaller) ripple of the phase currents de-
termines better overall behaviour of the drive (smaller
torque ripple, greater average torque and better dynamics).

Fig. 9 plots a detail of the currents obtained by using
the presented technique.

Phase currents [A]

—_— e -

Time [sec]
Fig. 9. Stator currents for predictive command of the inverter.

These waveforms must be compared with the ones ob-
tained with a classical bang-bang modulator (preset cur-
rents), but with fixed switching frequency (the same as for
predictive control). In this case (Fig. 10), the ripple of the
currents is significantly higher.

Phase currents [A]

Time [sec]

Fig. 10. Stator currents for preset currents modulation.
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We notice that, for the same constant switching fre-
quency, the current ripple can arise to be four times larger
(40 A, compared with 10A). This is because, for preset
currents (bang-bang) modulation, the switches are ob-
tained independently on the three phases. For the predic-
tive modulation, the topology of the inverter is chosen
globally, as the one which minimizes the currents errors.

Finally, the waveforms are compared with the ones re-
sulted when a classical DTC controls the induction motor.
Once again, the sampling period is the same 100 us. We
make this comparison due to the similarity of the com-
mands: the both determine the next stator voltage phasor,
but considering different criteria.

Phase currents [A]

Time [sec]
Fig. 11. Stator currents for classical DTC.

We notice that the results are the worst, from the point
of view of currents ripple.

All the simulations were performed for a 55 kW motor,
981 min™.

VI. VECTOR CONTROL OF THE INDUCTION MOTOR

As stated above, the vector control strategy most often
used is the rotor flux oriented one. The reasons reside in
the simplicity of the expressions resulted from the rotor
voltage equation which mainly gives the rotor flux speed
and further, by integration, the rotor flux position, used at
its turn for the transformation of the reference cur-
rents/voltages from the rotary frame to the stationary one.

By identifying the terms on each of the axes d, g, the
following two expressions result which are the simplest
among all the vector control types

dli

-mr

T

; +1i
dt

-mr

Q)

:Isd >

I

o, =Po, + T |imr| .

(7

We notice from (6) that if the flux is kept constant
(|imr|=ct. ), then |imr|=isd=ct. As the electromagnetic
torque expressed in the rotor flux oriented frame is
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3L

te =2P Lr Isd 'Isq:
from (7) and (8) results that the slip speed (term 2 in (7))
is proportional with the torque and further, the mechanical
characteristic of the induction motor are straight lines,
quite similar to the DC motor.

When the motor is supplied by a voltage source in-
verter, the necessary voltages are obtained by considering
the stator voltages equation. By assuming some hypothe-

sis (|imr =i, =ct., ig=ct.), it finally result simplified
expressions of the preset voltages:

®)

* -k 1 oak
Uy = Rslsd — O, lesq >

)

+o_Li;

usq = Rslsq mr —s'sd ° (10)
where the second term of each equation will determine the
structure of the so called decoupling circuit. The expres-
sions (9) and (10) depend also by the stator resistance. In
practice, this dependency induces errors in command. On
one hand, by considering only the value of the stator resis-
tance, the “parasitic” voltage drops (on semiconductors,
cables, DC circuit in high dynamics) are neglected. The
consequences are on the final currents, which do not fol-
low the preset values and consequently, the torque is
much smaller than the expected one. Experimentally in-
creasing the value of the resistance used in (9) and (10),
the two currents can reach the preset values and the devel-
oped torque attains the expected value. But these results
are obtained with a value of the equivalent stator resis-
tance which can be double that the stator resistance itself.

This observation raises another question: what happens
in practice when the real resistance of the motor changes
(increases) during the operation due to the temperature.
The expected results could be the same if the decoupling
circuit does not adapt itself.

In practice, the decoupling circuit is replaced by two
controllers, one for each component of the stator current,
Fig. 12.

In addition, the flux speed and position are computed
based on the real values of the two components of the
stator current. The results of the simulation, plotted in Fig.
13 show a very good behavior, without any transients
when the speed reference changes.

This is the type of control industrially implemented, for
example in the dsPIC30F from Microchip.

By using in the motor model different values of the sta-
tor resistance (alteration due to the temperature for exam-
ple), the results do not change almost at all. This observa-
tion leads to the conclusion that this type of control is
much less sensitive to the parameters’ variations.

VII. PREDICTIVE CONTROL OF THE INDUCTION MOTOR

The model is based on the ideas presented in [19]. The
model of the motor is written in the stationary frame (o,
f3), in terms of stator currents and rotor flux. The outputs
chosen to be controlled are the mechanical speed and the
modulus of the rotor flux.

The control diagram uses a state observer based on the

motor model, adjustable on basis of stator currents errors.
It results the sensorless diagram depicted in Fig. 14.
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[ | | Fig. 15. This time, the currents plot displays the (a, B)
components.

J

Fig. 15. Simulation of the sensorless predictive control of the induction
motor.

It is noticed that the general behaviour of the drive
keeps good shapes for the plotted signals.

For comparison with other sensorless controls (flux ob-
server, extended Gopinath observer) [25, 26], the response
is comparable, but with less computing effort.

VIII. CONCLUSIONS

The paper describes a strategy for pulse width modula-
tion of the inverters which supply induction machines,
based on the predictive technique and a model predictive
control of the induction motor.

Concerning the PWM strategy, the results of the simu-
lation are compared, for similar conditions (same fixed

Fig. 13. Simulation of the rotor flux oriented control with current con-

trollers. step), with another well known modulation technique,
@ l +—i— preset currents (bang-bang) and classic DTC. The currents
! i b ripple is smaller when the proposed modulation technique
| - is used. The consequences are favorable in what concerns

. [ mpC . |2 = - the torque ripple and the general dynamic behavior.
) te In what concerns the control of the drive, the results
R plotted in Fig. 15, compared with the classic FOC in Fig.
* ) 13, show that the dynamic performances are slightly re-
<] = o duced (acceleration time 0.8 seconds), but the advantages
Obssf:jer 2e3 | . of the sensorless control must be underlined, suited for

(“lﬁ Usap.c ' applications like the one described in [27].
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