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Summary The contribution presents an extension of indirect vector control of electric drives employing induction motors to ‘Forced
Dynamic Control’. This method of control offers an accurate realisation of dynamic response profiles, which can be selected by the
user. The developed system can be integrated into a drive with a shaft position encoder or a shaft sensorless drive, in which only the
stator currents are measured. The applied stator voltages are determined by a computed inverter switching algorithm. Simulation
results and preliminary experimental results for indirect vector control of an idle running induction motor indicate good agreement

with the theoretical predictions.
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1. INTRODUCTION

The result of the proposed approach to the shaft

sensorless indirect vector control of induction motors

(IM) [1], [2] is a new control law, which may be

operated in any one of the following modes, according

to the application:

a) Direct acceleration control where the drive
produces a rotor shaft angular acceleration
following a demanded acceleration with negligible
dynamic lag, with piecewise constant acceleration.

b) Direct acceleration control where the drive
produces a rotor shaft angular acceleration
following a demanded acceleration with negligible
dynamic lag, with continuous linearly increasing
and decreasing acceleration during speed-up.

¢) Linear first order speed response, where the drive
behaves as a first order linear system with a
prescribed time constant, to facilitate the design of
a linear control system employing the drive.

d) Linear second order speed response, where the
drive acceleration is prescribed such that the
closed-loop system has a response determined by a
prescribed second order characteristic equation.

The structure of the drive control system based on
indirect vector control is shown in Fig. 1. The outer
control loop creates the torque and flux components of
the demanded stator currents. While computation of
the flux component completely corresponds to the
standard  indirect vector control method, the
computation of the torque component is based on the
developed algorithm. which realises the prescribed
closed-loop dynamic behaviour of the selected

operational mode, without any need for ‘trial and error’
based adjustments. For the shaft encoder version, the

desired electrical angle, p. , for the reference frame
transformation, is obtained as a sum of the real rotor
position, O, , and the integral of computed slip
frequency, g (dashed lines). To achieve the
prescribed speed response with minimal influence of
external disturbances, the master control law requires
an estimate of the load torque gained in the observer
model, which is based on the motor mechanical
equation. The inner control loop then forces the three-
phase stator currents to follow their computed demands
with negligible dynamic lag by setting the switching
state of the three-phase inverter to oppose the errors
between the demanded and measured stator currents at
the beginning of every iteration interval.

For shaft sensorless applications, the drive control
system contains a set of three observers for estimation
of the rotor magnetic flux, rotor speed and the load
torque. Since the only measurement variables are the
stator currents and the applied stator voltages being
determined by the computed switching algorithm of
inverter and with a knowledge of the dc link voltage the
rotor flux observer is based on these inputs only. A
rotor speed estimator which operates in a pseudo-sliding
mode and requires just these aforementioned
measurements together with estimated rotor flux
components from a magnetic flux estimator, is
employed for rotor speed estimation. A filtering
observer whose real time model is again based on the
motor mechanical equation produces filtered rotor speed
and load torque estimates required by the outer loop
control faw. This observer requires the output of the
pseudo-sliding mode speed estimator, the measured
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stator current components and estimated magnetic flux
components as inputs. The rotor position estimate is
gained by integration of the estimated rotor speed.

When operating without the shaft sensor, the control
system, as developed to date, would be suited very well
to applications requiring control to a moderate accuracy.
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Fig. 1 Overall control system block diagram

2. THE CONTROL LAW DEVELOPMENT

The basic philosophy in the control law development is
to satisfy the conditions for indirect vector control and
to prescribe a profile of speed and acceleration during
start-up [3], {4]. This is achieved through feedback
linearisation principles [5], [6]. For the rotor speed
response is formulated the linearising function, which
forces the rotor speed to obey a specified closed-loop
differential equation. Firstly mode (¢) in section 1 is
considered, in which this differential equation is
assumed linear, first order with time constant, T,

2.1. Model of Induction Motor

The IM model for stator currents and rotor fluxes is
formulated in the (x_y) co-ordinate system, which
rotates at the eligible rotational speed, wy :-

e, [U-a;T4¢,P(o, )¥]- 0, TTI (1)
‘lg‘:c4I—P((or)\If+(okTT‘P (2)
& :%[CS‘I’TTTI—FL]; lgi =( (3)
where:
0 1]

and where W' = [‘I”x ‘I’y] is the rotor magnetic flux,
IT:[i i ] is the stator current UT=[u u ] is the
Xy ? Xy

stator voltage, , is the mechanical rotor speed, the
individual constants are given by:-
¢ =L /(LL,~12). ¢ =Ly/L, . e5=R /L, = /T,

o
L
C4:Lm/Tr ’ 05=3p %L ’ alst+(L2m/L2r)Rr
r

and where L, , L, and L,, are, respectively, the stator
and rotor inductances and their mutual inductance. R,
and R, are, respectively, the stator and rotor resistance
and p is the number of stator pole pairs.

2.2. The Master Control Law Development

To achieve complete rotor flux field orientation for
indirect vector control it is necessary to satisfy
following conditions for both stator current components
and for the slip rotor frequency (2], which are already
included in the control system block diagram of Fig.1:

Te d
i = (4
9-d C5‘{]1'_d )
d¥
iy g _—L[l{ll L +T, r—dj )
m - dt
L i
©. = miq_d (6)
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The control law, which realises various prescribed
dynamics, is derived using the feedback linearisation
principles [5], [6] for the field oriented rotating
reference frame model of IM, where de-coupling
between d- and g-axes is achieved.  Firstly, a
linearising function is formulated which forces the
rotor speed to obey the following linear, first order
closed-loop differential equation with specified time
constant T,:

& ZTL(‘Dd —mr)=accd 7

r
(&%)
The linearising function for &, is then obtained simply
by equating the right hand sides equations (3) and (7):-

1
‘PTTT1=; ﬁ(md—wr%r‘]‘} (8

In ideal field orientation the total rotor flux linkage is
forced to be aligned with the d-axis. The flux linkage
and its derivative in the g-axis are therefore set to zero.
For constant rotor flux operation up to the nominal
speed, the flux component iy is kept constant and then
the rotor flux is given by:

¥, =%, =L,i, ©)
The required control law is then obtained by combining
equations (7), (8) and (9), but before this is done, the
state variables (x) are replaced by their estimates, (ﬁ)

from the observers for the shaft sensorless version.
Also, the constant motor parameters (p) are replaced by

estimates (ﬁ) as these are the known parameters.
Thus:

14 4 =const
i(wd—fﬂr)JrﬁL (10)
Tw Fevd
1q_d = - s
Cslnlg g cs¥p
where:
Fe_d=f‘acc +13L:T~accd +13L (11)

The derived control algorithm for the electrical torque
of an IM consists of two parts. The first of them
creates the inertial torque for the demanded output
acceleration, accy , of the shaft and the second part
counteracts the load torque. With this knowledge, the
aforementioned operational modes can be realised by
means of four different equations for accy. It should be
noted that the external load torque, Iy, is treated as a
state variable in the observer where it is estimated
together with the other state variables. It is assumed
constant in formulation of the state equations but the
observer can follow time varying load torques with
sufficient accuracy when the observer poles are given
sufficiently high values.

2.2.1. The acceleration for piecewise constant
torque [operational mode (a)]

In this case, demanded acceleration is determined by
a constant demanded angular velocity, @y, and
a demanded acceleration time, T .

o
accd:T—dsign[wd ~o, | (12)

S
The electrical torque realising this is then determined by
equation (11).

2.2.2. The acceleration for linearly increasing and
decreasing torque [operational mode (b)]

For this operational mode, the acceleration during speed-
up is linearly increasing up to half of the demanded speed
and then is linearly decreases to zero. The value of the
acceleration derivative, jerk, ‘€ during speed-up is
constant and the maximum acceleration occurs in the
middle of this interval. This demanded acceleration is
realised by the following equations:

e-ovo, (3

acc =

max

@, (13b)

"“]|l\)

»

0o )

accy =€t sign((,od —.wr) for te [O,

(14)

T
accy = ETS[I —%—}sign(wd _(Dr)for te (?S’TSJ
s

2.2.3. The acceleration for first order dynamics
[operational mode (c)]

This case has already been covered during the master
control law development (ref., equation (7):

accd:Ti (0, o) (14)
S

2.2.4. The acceleration for second order dynamics
[operational mode (d)]

In this case, the derivative of the demanded
acceleration obeys (15a) and the desired closed-loop
differential equation for the rotor acceleration is
realised by (15c¢).

& = -2tw

If critical damping is chosen then the damping ratio is &
=l and the poles of the closed-loop system are
coincident enabling the settling time formula (15b)
(where n is order of the system) to be used to determine
), to realise a chosen settling time:

2
nat(&r O ((Ddem - (Dr) (15a)

T

sett

| :1.5*(14-11) (15b)

U)nal
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Equation (15a) is then numerically integrated with @3%
replaced by the demanded angular acceleration, acc,

and , by its estimate, ,. Thus:-

acc4:=accy +[(1)ﬁm (a)dem -0, )—22’;0)nat accy ]* h  (15¢)

The ideal acceleration and speed responses based on
the four different prescribed dynamic modes are shown
in Fig. 2.
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2.3. Slave Control Law

The sub-plant to be controlled here is defined by
equation (1), the control variable now being U and the
output variable, I, to respond to the demanded current
vector, Ig . The slave control law is the following bang-

bang control law:-
U= Uy osenlly— 1] (16)

This bang-bang control law is intended to operate in the
sliding mode with a rapidly switching control variable.
This ideally maintains I=I3 with an infinite switching
frequency of the control variables. In practice, a finite
but high switching frequency (7 kHz), maintains a
relatively low amplitude limit cycle.

3. ESTIMATION AND FILTERING

Even if rotor position or velocity feedback are available
the derived master control law requires as an input the
estimate of load torque a direct measurement of this
being assumed unavailable. The load torque observer
must be therefore be an integral part of the control
system.

3.1. Version with Shaft Encoder

The real time model of the load torque observer is
based on the differential equations for the motor
position and its speed, together with a differential
equation for the load torque. The load torque is treated
as a state variable, but a precise differential equation
cannot be written down for this, as its form is unknown,
but good results are attainable by assuming that the
load torque is constant. Hence, the real plant is
described by the three state differential equations (17a).
The observer equations (17b) comprise a real-time
model based on (17a) together with additional error
correction terms using the error between the measured

and estimated rotor positions, i.e., eg =@, — (:)r .

@I‘ :('01'

& :%[CS‘I’TTTI—FL} (172)
B =0

&r z(ﬂr tkgeg

& =‘Jl[c5‘PTTTI—13L]+kwe@ (17b)
B —0+kpeq

where @r, (ﬂr and IHL are, respectively estimates of
®

is actuated by the error between the measured rotor

.» @, and I'; . Thus the observer correction loop
position and its estimate from the observer as can be
seen from Fig. 3a. Equations (17b) are now
numerically integrated by the Euler explicit formula
using the iteration interval corresponding to the

achieved sampling frequency.

Equations (17b) define a conventional third order linear
observer with a correction loop characteristic
polynomial, which may be chosen via the gains kg, kg,
and kr . If all three observer poles are placed at s=-ay
then the filtering time constant, T, :1/030, is a single

design parameter. By equating the observer
characteristic polynomial with the prescribed one the
gains can be calculated as follows:-

5 18 108 216 5 k
sttt st =5tk o8Pk s+ (18a)
T; T; T; J

21 6
k= ?J; ngg;kezﬁ;forﬂ:——— (18b)
T/ T T, g

The selection of @y should be restricted by a rule of
thumb which is wy<5/hg to ensure that the discrete time
correction loop behaviour approximates to that of the
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theoretical continuous observer, otherwise oscillations
of the estimates at a frequency of 1/2h, may occur, or

even instability.

Although the load torque is assumed constant in the

formulation of its real time model, the estimate, l3 s

will follow an arbitrarily time varying disturbance
torque and will do so more closely as Tt is reduced but
at the expense of sensitivity to any noise in the rotor
position measurement. For a speed controlled drive in
which only the rotor speed is measured, then the
alternative second order observer of Fig. 3b can be
employed with recalculated gains.

D
5

EN) N ca A

kl' k(n

b) from measurement of rotor speed

Fig. 3 Filtering observer for estimation of the load
torque and filtering rotor speed estimate

3.2. Shaft Sensorless Version

For this version the rotor magnetic flux. rotor speed and
load torque estimates. which are inputs required by the
master control law, are produced in a set of three
observers [3]. [4]. These are formulated in the (o_p)
frame coupled to the stator of the IM. The observer
system as developed to date is suitable for rehable

operation in the speed range of 0.050,, 0P 10 203, -

'

The following description of these observers is

therefore only brief.

3.2.1. The rotor magnetic flux estimator estimates
the rotor flux vector components without requiring a

knowledge of the rotor speed and is derived simply by
eliminating the term, P((Dr )‘P , between equations (1)

and (2):-

= (c“——aijn[i]u dt—( 1 JI (19)
©2 €2 €%

This was implemented using simple explicit Euler

numerical integration. The integration, however, would
be subject to long-term drift in practice and special
measures should be taken to correct for this. More
sophisticated flux observers described in [7] and [8] are

strong candidates for further consideration.

3.2.2. The pseudo sliding mode observer is used to
determine a primary, unfiltered estimate of the rotor
speed. Firstly a stator current vector pseudo sliding-

mode observer is formulated for generation of an

unfiltered  estimate, Elazp(wt)‘f'*of the term,
CICQP((Dr)‘P, of equation (1), by means of the

equivalent control method [9], from which is extracted

an unfiltered estimate, mr of o, with the aid of the

flux estimate, ‘I—’*, from the rotor flux estimator. The
real-time model and correction input of this stator

current vector based observer is given by:
#=c|-51 +U]-v (20)

where, 1" is an estimate of I as in a conventional
observer. The required estimate, however, is not I
but the continuous value of the correction input vector,
v, which completes the correction loop of the pseudo-

sliding-mode observer according to:-

v=-K[I-T] 1)

where Kj is diagonal matrix with relatively high gain
elements, k;, so that vector v is continuous. Then

assuming that I"=1. and replacing Wand ¢
.
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respectively, by their estimates, ¥~ and * , it is
r

possible to derive:-

v, =—C5P(w )P (22)

eq

The unfiltered speed estimate, w’: , 1s extracted by

subtracting the two components of equation (22)

yielding:-
* % T * ~ o~ *
0 = [Veq] TY /(clczp"‘l’ ||) (23)

Control chattering is eliminated from this observer by
replacement of relay switching functions of the basic
sliding mode observer with the high gain equation (21).
Another possibility for elimination of such chattering is
described in [10].

3.2.3. The filtering observer produces a filtered
angular velocity estimate, (§?’ together with external

load torque estimate IHL . The external load torque, I';,

is again treated as a state variable, which is constant. As
previously, the real time model of this observer is based
on the motor torque equation and therefore the
continuous time version of observer is as follows:

0o (24)

This is again a conventional second order linear
observer with a correction loop characteristic
polynomial, which may be chosen via the gains, k,, and
kr , to yield a desired balance of filtering between the
noise from the measurements of the currents i, and ig

and the noise from velocity estimate) O, (treated as a

measurement). If the observer poles are placed at two
different locations, -, and -w, , the observer gains k,
and kr can again be determined by equating the
observer characteristic polynomial to the prescribed
one. Thus:

k
52+s(0)]+w2)+(01w2 =s2+s-kw+-1—r (25a)
k, =(0)1 +0)2) and k=10, 0, (25b

)

The block diagram of this version of filtering observer
is shown in Fig. 3(b).

4. SIMULATION AND EXPERIMENTAL RESULTS

The parameters of the IM and ancillary devices used for
simulation and preliminary experimental results are
listed in the Appendix. Firstly, the shaft sensorless
version of indirect vector control with forced dynamics
was investigated by simulation, operated in all the four
prescribed dynamic modes for the same speed demand of
Wgen,=100 rad/s and settling time T,=0.15 s . The dc bus
voltage was assumed as Uy=240 V, and therefore the
load torque was 1 Nm (1/4 of nominal), applied at t=0.2s.
The magnetic flux creating component of the current
demand was kept constant at iy 4=0.9 A to keep rotor flux
approximately at ¥3=0.45 Wb.

In all the graphs presented, the stator currents are displayed
as functions of time during the time interval te (0 - 0.25) s
in subplots (a). The corresponding estimates of the rotor
flux components for the same time interval are shown in
subplots (b). Subplots (c) show the electrical torque of the
motor, the external load torque and its estimate from
filtering observer. Finally, subplots (d) show the ideal
speed response together with the computed real rotor speed
and its estimate from the filtering observer for the same
time interval.
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a) stator currents and b) rotor fluxes
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d) ideal, estimated and real rotor speed

Fig. 4a. Simulation results for constant acceleration
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Fig. 4b. Simulation results for linear acceleration
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Fig. 4c. Simulation results for first order dvnamics
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Fig. 4d. Simulation results for second order dynamics
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Fig. 5. Experimental results for shaft direct vector
control of IM with prescribed dynamics

It can be clearly observed in Fig. 4a to Fig. 4d, by
comparison of the simulated rotor speed with the
computed ideal speed response, that the demanded
dynamics were achieved with a very short delay.
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Preliminary experimental results for indirect vector control
of IM without load and all four prescribed dynamic modes
are shown in Fig. 5. The vector control law was
implemented via a Pentium PCL66, the stator currents
being measured through LEM transformers and evaluated
using a PC Lab Card PCLS818 built direct into the PC. An
IGBT transistor module (SEMIKRON SKiiP 32
NABI2T1) was used as a three-phase inverter, with a dc
bus voltage was equal Uy=240 V. The IM was idle
running during experiments.

5. CONCLUSIONS AND RECOMMENDATIONS

The investigations by simulation of the proposed
indirect vector control method of induction motor with
forced dynamics show a good agreement with the
theoretical predictions. The significant, though not
very large, departure from the ideal performance is due
mainly to the non-zero iteration interval, h, and
dynamic lag in the load torque estimation as well as due
to errors in the motor and load parameter estimation.
Due to the known prescribed dynamics, the control
system can be further extended and improved with
model reference adaptive control.

While the piecewise constant acceleration mode is suitable
for the majority of industrial applications, the dynamic
modes with linearly increasing and decreasing acceleration
and prescribed linear second order transfer function can be
very attractive for designers of cranes and elevators. Also
some traction applications can benefit from such smoothly
controlled acceleration. The control system, as developed
to date, would be suitable for applications requiring
sensorless speed vector control of induction motors to a
moderate accuracy (= 5% ).

APPENDIX

IM parameters:
Rated power
Rated speed n, =2840 rpm,
Rated current 1,=2.6/45 A, Y/D
Terminal voltage U=380/220 V, Y/D

P,=1.1 kW,

Parameters for equivalent circuit:

Stator inductance: Ls=0.553 H
Rotor inductance : Ly=0.553 H
Mutual inductance 1.,=0.536 H
Stator resistance R¢=0.678 &
Rotor resistance Rp=5.020 Q

Moment of inertia 1=0.0023 kem?

Current sensors LIEM LTA 50P/SPI.
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Abstrakt: Prispevok sa zaoberd roz&irenim nepriameho
vektorového  riadenia  elektrickych  pohonov s

asynchréonnymi  motormi o ‘riadenie s vniitenou

dynamikou‘. Téato riadiaca metdda pomika presni
realiziciu priebehov dynamickych oziev, ktoré si mbze
vybrat’ uZivatel. Vyvinuty riadiaci systém moZe byt
integrovany do pohonu so snimacom polohy na hriadeli
alebo bez snimaca, kedy sa meraji iba pridy statora.
PriloZzené napitia statora sa urCia zo spinacieho
algoritmu striedaca. Simulaéné vysledky a predbeZné
experimentilne vysledky pre nepriame vektorové
riadenie asynchrénneho motora v stave naprazdno
vykazuji dobri zhodu s teoretickymi predpokladmi.



