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INDIRECT FIELD-ORIENTED TORQUE CONTROL OF INDUCTION MOTORS WITH
MAXIMUM TORQUE PER AMPERE RATIO
S. Peresada, Doctor of Sciences, Prof., S. Kovbasa, PhD, Asc. Prof, S. Dymko, PhD student
National Technical University of Ukraine “Kiev Polytechnic Institute”
NTUU “KPI”, Peremohy Avenue 37, 03056, Kiev, Ukraine
E-mail: speresada@fea.kpi.ua
The paper reports new theoretical and experimental results in vector control of induction motors. A novel indirect field-
oriented torque tracking controller is designed for current fed induction machine, which guarantees maximal torque per
Ampere ratio during steady state. The proposed controller assures quite fast dynamics in the torque response. Results of

simulation and experimental tests illustrate important features of the control proposed.
Keywords: induction motor, field-oriented control, maximum torque per Ampere ratio.

HEINPAME NOJEOPIEHTOBAHE KEPYBAHHSI MOMEHTOM ACUHXPOHHUX
JABUI'YHIB 3 MAKCUMI3ALI€IO CITIBBIJTHOWEHHA MOMEHT-CTPYM
Ilepecaoa C.M., 0.m.n., npogh., Koevaca C.M., x.m.n., oou., /lumko C.C., acnipanm
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B nauiii cTaTTi npeacTaBlieHO HOBI TEOPETUYHI Ta €KCIEPUMEHTANIBHI pe3yIbTaTH B raly3i BEKTOPHOTO KEpyBaHHS acu-
HXPOHHUMHU JABUT'YHAMMU. P03p06neHo HOBHI1 AJITOPUTM HENPAMOTO CTPYMOBOI'O BEKTOPHOT'O KEPYBAHHA MOMCHTOM aCHUHX-
POHHOT'O ABUT'YHA, SIKUH rapanTy€ MaKCUMaJIbHC CHiBBiHHOHICHHSI MOMCHT-CTPYM B YCTAJICHUX PCIKUMaAX pO6OTI/I. 3anp0n0—
HOBaHUH AJITOPUTM 33663H€‘{y€ JOCTaTHBO BHCOKI Z[I/IHaMi‘IHi MOKa3HUKW PCTYyJIIOBAHHA MOMCHTY, 110 Hi,HTBepZ[)KCHO pe-
3yJibTaTaM MaTeMaTU4HOTO MOACITIOBAHHA Ta CKCIICPUMCHTAJIbHUX ,HOCJ'Ii,Z[)KCHL.
Kitro4oBi ciioBa: aCHHXpOHHHI ABHUTYH, TTOJIe-OPiEHTOBaHE KEPYBaHHS, MAKCUMYM CIIBBITHOIICHHS MOMEHT-CTPYM.

HEINPAMOE NOJJEOPUEHTOBAHHOE YIIPABJIEHUE MOMEHTOM ACUHXPOHHbBIX
JBUT'ATEJENA C MAKCUMU3AIIMEN COOTHOIEHUS MOMEHT-TOK
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B 310101 cTarbe npencTaBieHbl HOBbIE TEOPETUUECKHE U KCIIEPUMEHTAIBHBIE PE3YJIbTaThl B 00IaCTH BEKTOPHOIO YIIPaB-
JICHUS aCPIHXpOHHBIMI/I JBUTATCIISIMU. Pa3pa60TaH HOBBII1 aHrOpI/ITM HerﬂMOFO TOKOBOI'O BeKTOpHOFO praBHeHI/Iﬂ MOMCH-
TOM aCI/IHXpOHHOFO JABHUIaTeCiis, KOTOpLIﬁ FapaHTI/IpyeT MaKCI/IMyM COOTHOLLICHUSA MOMCHT-TOK B yCTaHOBI/IBHII/IXCﬂ pe)KI/IMaX
pabotsl. [IpemioxkeHHbIN anropuT™ 00eCHeYrBaeT JOCTATOYHO BBICOKHE MOKAa3aTeNH KadeCTBa PEryJIMPOBAHUS MOMEHTA,
YTO MOATBECPIKACHO PE3YJIbTATAMU MATEMATUYCCKOTO MOACINPOBAHUA U SKCIICPUMCHTAJIbHBIMHA UCCIICAOBAHNUAMU.
KJ'IIO"IeBI)Ie CJIOBa: aCHHXpOHHLIﬁ JABUT'AaTCJIb, MOJIC-OPUCHTUPOBAHHOC YIIPABJICHUC, MAKCUMYM COOTHOLICHHUA MOMCHT-

TOK.

1. Introduction. Modern electrical drives based on in-
duction motors (IM) are the most spread electromechani-
cal systems. From the control point of view, they repre-
sent a complex multivariable non-linear problem and they
constitute an important area of application for non-linear
control theory. On the other hand to solve the IM control
problem achieving at the same time fast dynamics, high
energy efficiency, robustness with respect of IM parame-
ters variation and simple implementation is an important
practical task. Over the recent years a several non-linear
control strategies has been proposed to solve torque
(speed) and flux tracking (regulation) problem [1]. Among
them based on feedback linearization [2], output feedback
[3], concept of system decomposition into electromechan-

ical-electromagnetic subsystems [4]-[6], passivity based
control [7], adaptive output feedback [8], [9].

All solutions [2]-[9] provide torque-flux decoupling in
order to apply energy saving or other flux regulation strat-
egies [10], [11], [12], [13], with no degradation of the
mechanical variables control performance. Controllers
[12], [13] are based on standard structure of field-oriented
control and allow to form flux reference level in such
manner, that maximum torque per Ampere ratio is
achieved during torque regulation. Important to note that
this condition is closed to minimum active losses one.

Different strategy is proposed in [14], where non-
holonomic structure of IM is exploited to solve the same
control problem. Observer based controller [14] is imple-
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mented in rotor oriented reference frame, it uses oscillato-
ry properties of rotor circuit. The authors show that under
suitable switching logic singularity free asymptotic torque
regulation is achieved under condition of maximal torque
per Ampere ratio. Controller provides relatively fast re-
sponse and satisfactory robustness properties. Neverthe-
less control algorithm is quite complex and represents
torque peaking during transients.

The aim of this paper is to solve torque tracking con-
trol problem preserving maximum torque per Ampere
property during steady state.

2. Problem Statement

2.1 IM model. The equivalent two-phase model of
symmetrical current-fed IM, under standard assumptions,
is represented in an arbitrary rotating reference frame (d-

q) as [10]
i - 3Lm . .
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where @ is the rotor speed; (zd,zq) ,(l//d,l//q) - denotes

components of the stator current and rotor flux vectors,
T, is the load torque, &, - is the angular position of the

(d — q ) reference frame with respect to fixed stator refer-
ence frame. Positive constants in (1) are defined as fol-

lows: J is the rotor inertia; o = R?/ ,R,, L, - rotor re-
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sistance and inductance; L, is the magnetizing induct-

ance. One pole pair is assumed without loss of generality.

General specification for torque controlled electrical
drives indicates that two IM outputs, torque and rotor flux
modules defined as

3L . .
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must be controlled using two-dimensional current vector
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i= (im Vg )T on the base of measured speed only.

2.2 Control Objectives. The specific problem of IM
torque control under condition of maximum torque per
Ampere ratio leads to non-holonomic restriction on con-
trolled variables for the system (1). Let T~ is the torque
reference, bounded function with known bounded deriva-
tive; assume, that motor parameters are known and con-
stant. Under these assumptions, it is required to design an
output feedback controller satisfying the following control
objectives:

CO 1. Torque-flux tracking, i.e.

limT =0, limy=0, 3)

t—o© —®

where torque and flux tracking errors are defined as
T=T-T",y =|y/|—1,z/*, with "~ >0 - flux modulus ref-
erence defined later;
CO 2. Sleep frequency w, = w, — @ relation for torque
per Ampere maximization
lo,|=axe(t), if T"#0. 4)
where |5(t)| < a.
3. Controller design

Standard indirect field-oriented flux controller [10] is
given by

)
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which  guarantees that flux modulus tracking

,lini(l//d -y ) =0 and asymptotic field orientation

limy, =0 are globally achieved.

In order to satisfy the control objectives (4) we define
in (5),(6) the following flux reference

v =y, +L, i (7
where y, >0 is the minimal flux level in order to avoid
singularity in (5)

From torque error equation

T= H; |:(‘//; +L, |iq|)iq +W,, _qud:|_T*’ H = %i’: )
solutions for torque current are given by the algebraic
equation

L |i, i, + i, 1" =0 9)
in the following form
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The error dynamics, generated by the controller
(S)1O)(7)10) s

T'=uy, (lpdiq Vi )

Ve =—ai, + @y, (11)

l/jq = _0“/7q -0y,

Since equilibrium point (y,,%,)=0 system (11) is
globally exponentially stable it results that 7(f) goes
exponentially to zero, satisfying condition (4) with & de-
pendent from v .

The block diagram of the proposed controller is shown
in Fig.1. In real implementation stator currents i, and i,

given by (6), (10) are used as reference currents for inter-
nal current loops.



4. Performance evaluation

Simulation and experimental tests have been per-
formed using 0.75kW induction motor, whose rated data
are reported in Table.
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Fig.1. — Structure of the controller
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Fig.2. — Torque and flux reference trajectories.
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Fig.3. — Transients during torque tracking (simulation)

The first set of simulation and experimental results is
reported in Fig.2-4 to demonstrate the tracking perfor-
mance of the proposed controller. The following operating
sequence is used:

1. During initial time interval (0 <t <0.6s) the min-

imal flux level reference (0.05Wb) is applied.

2. The unloaded motor is required to track torque tra-
jectory, shown on Fig.2, starting at ¢t = 0.6s from ze-
ro initial value and reaching the steady value of
1.25Nm (50% from rated torque) with the first and

second derivatives equal to [/ 6.7N”% and

Nm i
667 A , correspondingly.

3. After time interval of movement with constant

torque, reference for torque is reduced to zero.

The experimental tests were carried out using rapid
prototyping station [15], based on custom floating-point
32-bit digital signal processor board. Internal current
loops with high gain PI current controllers have been im-
plemented in synchronous reference frame. Sampling time
during all tests has been set to 200 us .
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Fig.4. — Experimental speed and current transients during
torque tracking

The transient obtained from the experimental test
(Fig.4) corresponds with good accuracy to those of rec-
orded from the simulations.

As it follows from the transients, Fig.3 and Fig.4 con-
dition (4), which is equivalent to i, =i is satisfied during
steady state and therefore maximal torque per Ampere
ratio is achieved, when 7" = 0. During transients dynamic
behaviour of the flux current i, directly depends from the

torque reference profile, namely 7" .

Fig.5 shows transients obtained with twice smaller 7" .
From the comparison of flux current trajectories, shown
on Fig.4 and Fig.5, it follows that optimization problem
should be solved, when torque tracking is considered, in
order to find the achievable compromise between torque
dynamics and stator current profile during transients.

5. Conclusions

In this paper a novel torque tracking under condition
of maximal torque per Ampere ratio indirect field-oriented
controller is designed. It guarantees global exponential
torque tracking of the bounded torque reference trajecto-
ries, having bounded first derivatives. Steady state torque



per Ampere ratio maximization is achieved when torque
reference derivative is zero. Intensive comparison study of
the proposed solution and already existing [12]-[14] is
needed in order to define the specific fields of application
for each of them.
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Table. IM rated data

Stator current (rms), 4 1,7
Number of pole pairs 1
Stator resistance, 2 11
Rotor resistance, 2 5,3
Stator inductance, H 0,95
Rotor inductance, H 0,95
Magnetizing inductance, H 0,91
Total moment of inertia, kg -m’ 0,0036
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