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Abstract
This paper studies the use of reactive power for [he indirect
ficld-orientated control (IFOC) of induction motors and a
rnethod to achievc a simple and robust drive control in spite
of rotor resistance variations. Firstly, the reactive power
model is presented showing how Ihe rotor-flux vector ve
locity can be calculated without using the rotor resistance.
Secondly, a Model Reference Adaptive Controller (MRAC)
is reviewed to perform IFOC while estimating the rotor res
istance on-line. The convergence of the rotor resistance es
timator ix presented in detail. Finally, an algorithm to achieve
indirect field orientation is proposed based on the reactive
power “consumed” by the induction motor. It is shown how
two different algorithms must be used during braking and
mo(oring for correct IFOC convergence. Experimental res
ults for the MRAC and the proposed controller are presented
aed compared with results obtained using both a tuned and
de-tuned IFOC.

1. Introduction
The classic, fleld-orientated controller is an established
method of providing induction motor drives with a torque
response similar to that offered by d.c. machines (see [1]).
Essentially, it positions (he stator current with respect to the
rotating flux vector at each sample instant such that the res
ulting flux vector magnitude remains constant and the elec
tromagnetic torque rracks the desired reference input. The
controller must know the spatial position of the flux vector, a
variable not normally available for measurement. Estimation
of the flux vector using a model of the machine rotor circuit
rernains the only fcasihlc solution. Estimators based on such
a inodel suifer from the following deficiencies:

• The rotor circuit model depends on the cquivalent res
istance of the rotor coils. This resistance is known to
vary with temperature and results in de-tuned operation
of the controller.

• The rotor circuit model includes the mechanical velo-
city which must be measured to a high precision. Trans
cluccrs, such as optical encoders, capable of adequate
mcasurcment, are expensive and may require frequent
mal n ten anc e.

To reduce (he de-tuned effect of rotor resistance mismatch,
adaptive schemes have been proposeo [o adjust the rotor cir

cuit model on-line (see for example [2] or [3]). An early ex
ample of such a eontroller was proposed by Garces in 1980
in which the reactive power is used for a second estirnation of
the rotor flux vector velocity (or synchronous frequency, w3)
which is used to correct the rotor circuit model (see [4]). Thc
technique has received much attention although its conver
gence properties are deduced from intuitive reasoning, lack
ing analytic confirmation.

Eliminating the need for a mechanical velocity measure
ment has introduced the new class of controllers known as
sensorless fleid-orientated controllers, examples of which
have shown responses equivalent to a tuned fleld-orientated
controller (see [5]). However, often they ton are sensiive to
resistive machine parameters.

Here, the reactive-power model is presented flrst as the
reference model for a model reference adaptive controllcr
(MRAC) in a manner similar to that of Garces. It is used
later as the basis of a sensorless torque controller from which
a dynamic response similar to that of a tuned fleld-orientated
controller is achieved although noÉ requiring either resistive
parameters or mechanical velocity measurements. Experi
mental results are included to demonstrate the operation of
the controllers.

2. Machine reactive power modeJ.
The induction motor stator equations may he written as
(see [1]),
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where iisa = (vsa vsq)T is the stator voltage space vec

tor, = ‘Rq) is the rotor flux space vector and
w 15 the angular velocity of the rotating coordinate system.

2Sdq = iq) is the vector of iinpressed stator current
references when using current control as depicted in Fig. 1.
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When (he response of (he cuirent controller is significantly
laster than any other niachine variable, it may be assumed

T
(hat T9,iq z9, where isa,, = (isd i5,,) are Ihe actual
machine stator currents. Note that, is often referred to
as he flux current and i,, as (he torque current since, dur- jjff7OC

s
ng steady-state fleid orientation IRabI = Lj,fi,1 and the ioc,inei,

electromagnetic torque t = P(Liw/LR) IRabli*çq with the coniroller

(orque controlled using i,,. P is the number of pole pairs.

Figure 2. Schema(ic diagrarn of the MRAC. The machine and dr
rent coniroller is shown in Figure 1

using (2), which is assumed Lo produce the corren sup fre
quency with the actual rotor resistance, R. The open-loop

Figure 1. Pseudo curreni controller. error equation may be written as,
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During Jield orienrarion, the coordinate system is alisned dt
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with the d-coinponent rotor flux and hence ,bRCI = IRdqI
and = O with the coordinate system rotating aL the syn- The parameter update-law is chosen as,

chronous frequency, ws During steady-state stator current,
equations (1) may be combined to eliminate the rotor resist

dt
=723q6 (6)

alice yielding,

q where ‘y is a constani that affects the convergence rate of the
— (2) controller. The closed-Ioop error dynamic is given hy,LIT,,I2 +

de
— 7 (i,,?

(7)whcre q = VSq
— VSdq is the reactive power “con

sumed” by the niachine (* means impressed or reference — L1 15,1

value). Clearly, (2) is independent of the rotor resistance and
During non-zero torque demands, (he stability of (7) is as

may be used to estiniate the synchronous frequency under the
sured since i; > O for a non-zero flux rnagnitude. Adapta

conditions of steady-state field orientation. This property is
tion is not possihle during zero torque deinand since i = O.

used as (he hasis of a MRAC system in which the rotor resist
The resulting IFOC is not dependent on (he rotor resistance.

ance is updated online. Also. (he rotor velocity is notpresent
Clearly, the adaption rate is dependent on the torque cur

ti (2), precisely (he properiy exploited later in the form of a
rent demand, tq which may reduce to Iow values around

senso,-less torque controller, he subject of Section 4.
the operating point in applications that have low load torque,
for example a simple inerlia. This represents a fundamental

3. Model reference adaptive induction motor liinitation of alI IFOC adaptive controllers since zero torque
controller (MRAC) demand results in almosi-zero slip-frequency and hence low

An adaptive lndirect Field Orientated Controller (IFOC) is rotor circuit currents. From the error dynamies, (7), it can
depicted in Figure 2. The IFOC synchronous frequency he seen thai the adaplation may start with a zero initial ro
estimate, ¿4F00, is determined using the classic slip fre- tor resistance estimate. However performance is improved
quency relationship, if an initial value close lo the coid value determined during

controller commissioning is used.
-IFOC

— +— W w81 (3)

4. Direct synchronous frequency calculation
where thc estimated slip frequency, j/(, is determined

controfler (DwS)from,
Simulation studies hased on the MRAC have shown that the

ÍFOC LM z5q
(4) reactive power n]odel may he used as a mcd od of achiev

=
LR RaqI* ing fleld-orientated control directly without mechanical ve

locity measurement. The controller shown here is similar in
The rotor resistance estiinate, RR(t), used in (4) is defined as structure to a previously proposed reactive-power estimator
slowly time varying for the adaption process. An error, e, is (see [6]). The DwS controller uses the estirnated synchron
forined by comparing the estimate from (4) with the estimate ous frequency, c4, provided by the reactive-power model for
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which is the reactive power model given by equation (2). The
closed-Ioop dynainics are then governed by the equation,

the Park transfonnation (see Figure 3). As can be seen, the where q’ = VSdisq + tSdVSq and &9 is given by,
need f nr a mechanical vclocity measurernent is removed and,
additionally, tlie reactive power model does not contain res- — 2Rsiq Sd
istive parameters. A fundamental problein with the reactive

= La ((id)2 — (j)2) + dIR(l
(14)

Itqpower model, as exposed by Dalton [6], is that it ceases to F’=o

converge during inachine braking thus limiting its applica
tions considerably. Here, a modification is proposed in which Application of the controllers requires the detection of mo-

(he transition mro braking mode is detected and the inodel tor or braking modes. Here, the stahility criterion is assessed

is switched into a second form capable of maintaining fleid and used to determine which synchronous frequcncy estim

orientation. Correct fleid orientation implies flq = 0. As- ate must be used. The detection may be summarized using,

suming the machine is close to correct fleid orientation, the
q-coinponent rotor flux may he used as an error which must — íS i > O motor mode, eqn. (2)

he designed to converge to zero using the synchronous fre- — l&s < o brake mode, cqn. (14)
(15)

quency estimate, LZ’9, as a control input. Near fleid orienta
tion implies 1 and dIVTRd 1/df O. If the A schematic of the controller is shown in Figure 3.

stator currents are assumed to he in steady-state, the stator
equations, (1) rnay be combined to yield an Ordinary Differ
ential Equation (ODE) in the form,

Rq

dt
= —W3.—R, + F (8)
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Figure 3. Schematic diagram of the DwS controller. The machine
and current controller are not shown for clarity

5. Experimental results
The controllers described aboye have been implemented
and tested on a 0.3kW, squirrel-cage laboratory machine
in the LAE1 laboratory at BIS. de Ingeniería-ICAI, Mad
rid. The experiments have been carried out using MatIab,
Simulink® and the Real-Time Workshop. The Simulink®

modeis have been compiled and executed in both a Texas
TMS320C30 and a Pentium 200MHz platforms. It has been
shown how the Pentium outperforms the DSP not only in ex
ecution speed but also in the total acquisition cost of the sys

= WSR. + F’ (12)
tem. The experimental setup is illustrated in Figure 4. The

df voltage source inverter (VSI) shown in Figure 4 controls the

Again, choosing the synchronous frequency estimate such
motor currents with simple PI controllers with a settling time

that F’ = O yields stable fleld orientation when the product
of around l2ms. Other machine parameters are given in Ap

&.ç i,1 < O corresponding to the machine in a braking mode.
pendix A. The experimental measurements are presented in

F’ may be determined by suhstituting v,bnq and dR/dt
a form which allows a comparison between a conventional

from the stator equations (1). The corresponding F’ is given
IFOC, the MRAC and the new DwS controller.

as, The velocity responses of a conventional tuned IFOC, thc

= —2Rs-4q
— MRAC and the DwS controllers are shown in Figure 5. The

experiment is performed during low speed operation with

Ln sdH/’RdqI + La ((d)2
low machine torque. The MRAC’s rotor resistance estim

‘..Sq’ )
w + ate, RR, converges to the actual value, RR in finite time.

LR 3d The rotor velocity overshoot of the MRAC shows the cf

LR
!‘ (13)

fect of a poor rotor resistance estimate during slart-up. At

d?,5RQ .. 3q*—ws IRqdf
(11)

Equation (11) shows that Rq —, O providing the product
Js > 0, corresponding to the machine acting in motor
ing mode. In situations when (he machine enters into brak
ing, for example during velocity reversal of inertial loads, the
convergence is not stable and field orientation is lost.

A second synchronous frequency estimate is proposed which
satisíles (he desired closed-loop dynamics during hraking.
The 0DB this time is given by,

‘Laboratorio de Accionamientos Eléctricos
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Figure 4. Experimental sctup showing the Real-Time Workshop
anO (he associaled hardware interfaces.

[he poini where the inachine velocity is reversed this over
shoot no longer appears and [he response hecomes similar
[o the tuned IFOC. The DwS controller response is not de
pendent 00 ihe rotor resistance and matches the tuned IFOC
hoth during starc-up and rex’ersal. The machine stator cur
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Figure 6. Machine stalor currents for a tuneO IFOC, a de-tuneO
IFOC anO (he MRAC.

paranielers and mechanical velocity. Experimental results
have demonstrated their performance in comparison with a
luned, classic IFOC.
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A. Nomenclature
A sl is used lo indicate vector quanlilies, e.g. ?.
An asterisk is used to denote referenee values, e.g. x

Rs .Slalor resistance
L5 Stator induclancc
BR Rotor resistance
LR Rotor induclancc
LM Magnetizing inductance
P Machine po]e-pairs

48
1.1338
24.6

1.1338
1.0282

2

Ohms
Henries
Ohms
Henries
Henries

L Stator leakage inductance L5 (i —

LS La)


