
Abstract-The effect of stator resistance on AC drive per-
formance is analyzed for flux vector and indirect field oriented
controllers.  A new technique - the back electromagnetic force
(BEMF) detector - for reducing the adverse effects of stator re-
sistance on field oriented control is presented and evaluated
through simulation and experimental results.  The BEMF de-
tector is shown to reduce the impact of the stator resistance
and provides a stator resistance estimate.  The detector is com-
patible with most control strategies and with or without posi-
tion feedback.  

I. INTRODUCTION

Modern AC drives require the identification of motor pa-
rameters, whether high performance field oriented (FO), flux
vector (FV), or volts per hertz (V/Hz).  In the case of FO and
FV drives, all machine parameters of the single phase
equivalent circuit may be necessary.  The V/Hz  controller,
however, requires only the stator resistance for improving
the starting torque.  The field commissioning procedure,
which determines the motor parameters and system me-
chanical parameters,  must be compatible with the control.
FO controllers, for example, depend on accurate parameter
identification to achieve the expected performance [1,2].  FV
controllers, however, may rely on average value or base line
parameters stored in memory [3,4].

Once commissioned, the controllers typically  incorporate
an adaptation mechanism to alter the parameters within the
control algorithm.  Indirect field oriented controllers (IFOC)
alter the slip gain, or equivalently the rotor resistance and
magnetizing inductance, and the stator resistance.  A num-
ber of rotor time constant adaptive controllers have appeared
in the literature [5,6].  These adaption techniques improved
the performance of IFOC and contributed to the acceptance
of FOC by the industrial market.  The FV and V/Hz control-
lers, with their sensitivity to stator resistance changes, em-
ploy a slip compensation algorithm to maintain their
performance at low speed.  In comparison to rotor resistance
adaptation, stator resistance adaptation has received less
consideration.

Recently, however, Habetler, Profumo, Griva, Pastorelli,
and Bettini have proposed a combined adaptive strategy for
rotor and stator resistance changes [7].  This technique is
specific to stator flux (SF) control and segments the identifi-
cation procedure as a function of operating frequency.

Another approach by Okuyama, Fujimoto, and Fujii adjusts
the stator resistance based on the error between the com-
manded flux current and the feedback component.  As indi-
cated in their paper, however, the algorithm is best suited for
low frequency operation [8].   Another solution to the cor-
ruption of the voltage feedback by the stator resistance has
been through reactive power adaptive techniques [9].  How-
ever, this approach to rotor resistance adaptation appears
sensitive to the corrupting influence of saturation [10].  A
fourth approach uses the third harmonic flux for feedback
and adaptation [11].  This technique avoids identifying the
stator resistance by sensing the open circuit third harmonic
flux.  In this case, the neutral of the machine is necessary,
which limits its usefulness.  Finally, Maruyama and Negoro
have presented a technique to estimate the stator and rotor
resistances through a backward substitution algorithm [12].
This approach, which assumes accurate motor inductances,
was not supported with experimental results.

This paper presents a new technique for reducing the ef-
fects of stator resistance on the performance of AC drives.
The technique - a back electromagnetic force (BEMF) detec-
tor - decouples one component of flux from the corrupting
effects of the stator resistance, producing an ideal signal for
adaptation algorithms.  In addition, the quadrature compo-
nent provides a near instantaneous estimate of the stator re-
sistance.  It is applicable throughout the speed range and is
compatible with IFOC, FV, and V/Hz controllers.  The paper
continues with an analysis of the effects of stator resistance
on the performance of FV and FO controllers, then demon-
strates its effects by considering experimental data, followed
by the theory and block diagram for the BEMF detector, and
concludes by presenting simulation and experimental results
of its implementation.

II. THE EFFECT OF STATOR RESISTANCE ON CONTROLLERS

A. FV

One of the first proposals to improve the performance of
V/Hz drives evolved from the first principles of field orienta-
tion.  FV control of induction motors was presented as a con-
trol strategy with performance between that of V/Hz and
IFOC [3].  The source of commutation is a voltage vector
formed by the two axis voltage components of the q-d ma-
chine model.  Unlike a current regulated controller, FV
rarely contains two-axes proportional - integral (PI) current
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controllers.  The FV controller of Okuyama employed a PI
control on the flux component of current and modified the
machine's slip to control the torque producing component of
the stator current.  The great advantage to this particular
control is the lack of voltage feedback.  Eliminating the volt-
age feedback reduces the cost, noise, and complexity of the
drive.

Fig. 1 shows a block diagram of the control.  The flux
current (Id*) regulator contains an automatic current regula-
tor (ACR2, PI) in combination with voltage feedforward in-
corporating frequency and stator resistance dependent terms.
The output represents the d-axis voltage applied to the mo-
tor.  The q-axis voltage components consist of the stator flux
speed and resistance voltages, and a transient term from the
PI output of the flux current regulator.  Finally, the q-axis
current is controlled through the action of the frequency
regulator system.  A speed error is generated by comparing
the commanded velocity to the velocity estimate, which is
formed by subtracting the assumed slip from the electrical
frequency.  The resulting q-axis current command from the
automatic speed regulator (ASR) is  compared with the q-
axis component of the feedback current.  The current regula-
tor output (ACR1) establishes the electrical frequency.

A Monte Carlo simulation analyzed the effects of parame-
ter variation for the control of Fig. 1 on the torque, flux, and
speed.  The machine ratings ranged from 2 to 1250 Hp.  The
simulation allowed for independent variation of the parame-
ters and combinations of parameters.  For example, the effect
of stator resistance on torque was examined with the remain-
ing parameters fixed.  The results of the simulation are
shown in Fig. 2.  Reducing the operating frequency shows an
increasing sensitivity in the torque due to errors in the value
of the stator resistance employed by the control.  Thus, as the
machine's temperature increases, the ability to deliver the
requisite load at low speed or breakaway is thwarted by the
divergence between the control and machine stator
resistances.  

Fig. 3 shows the combined effects on torque of simultane-
ous variations in stator resistance and magnetizing induc-
tance.  Fig. 3a displays the results for a 5 Hp machine and
Fig. 3b the results for a 500 Hp machine both at 1 Hz electri-
cal equivalent mechanical speed.  Comparing the results, the
variation in torque with stator resistance and magnetizing
inductance can become complex depending on machine size.
In contrast to the two dimensional results of Fig. 2, the sur-
faces of Fig. 3 demonstrate the complex relationship between
the control parameters and machine parameters.  Low horse-
power machines exhibit a nonplanar relationship between
the machine's torque and deviations in stator resistance and
magnetizing inductance from nominal.  As the horsepower
increases, the interaction between the stator resistance and
magnetizing inductance becomes less pronounced, and re-
verts to a plane.

Clearly, drive performance would be improved if the con-
trol strategy corrected for variations in stator resistance.
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Okuyama accomplished this by eliminating the PI control on
the flux current and using the error in the flux current to ad-
just the stator resistance [8].  Consider the steady state d-axis
stator voltage equation (1).  When FO, the stator flux link-
age becomes simply the product of the stator current and
transient inductance (2).  As the machine's temperature in-
creases, two influences occur to alter the distribution of the
applied d-axis voltage: 1) increases in the rotor resistance
not reflected in the slip of the machine increase the q-axis
stator flux as a result of rotor circuit coupling and 2) the sta-
tor resistance increases, increasing the resistive voltage drop.
Both contribute to disturbing the flux current ( id ).

(1)Vd = r s i d − ωe λqs

(2)λqs = Lσ i q

Attributing the measured error in d-axis current to the er-
ror in the stator resistance is an approximation [8].  Thus al-
tering the estimate of the stator resistance will not
compensate for the degradation in field orientation and loss
of flux control.  In addition, the updated stator resistance es-
timate will be in error.  The combination of these can lead to
a gradual degradation in system performance.

B. IFOC

It is well-known IFOC requires an adaptive controller for
updating the slip gain.  Many techniques exist for accom-
plishing this task.  However,  the technical literature is not
as abundant regarding adaptive techniques for the stator re-
sistance.  As with FV, the low speed performance of IFOC
(sensor or sensorless) degrades if the stator resistance esti-
mate is in error.  The corrupting effect on the flux signal of

the stator resistance dominates at low speed and adapting for
rotor resistance variation is difficult.

The model reference adaptive controller (MRAC) of [5]
was simulated to examine the effects of stator and rotor re-
sistance variation on FOC.  A simplified block diagram of
the MRAC is shown in Fig. 4.  The MRAC adjusts the slip
gain in response to the d-axis voltage error as shown.  The
slip gain (Ks) is multiplied by the q-axis current command
and combined with a velocity signal from a feedback sensor (
e.g. encoder) or a velocity estimate in the case of sensorless
operation to provide the electrical frequency (ωe).

Fig. 5 shows simulation results of the MRAC applied to a
current regulated IFOC drive system.  Full load is com-
manded at zero speed with rates of rise on the stator and ro-
tor resistances of 2% per second of nominal to simulate
accelerated machine heating.  The percentage change from
nominal of the torque, slip gain, stator and rotor resistances,
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and the deviation from zero of the q-axis rotor flux are
plotted.

As the stator and rotor resistances increase, the MRAC
attempts to correct the slip gain to maintain FO.  The simu-
lation shows, however, the compensation is inadequate; the
q-axis rotor flux becomes nonzero and the delivered torque
exceeds the commanded by approximately 17% at the 4 sec-
ond point.  As the induction machine's temperature in-
creases, the torque increases because the MRAC fails to
correctly adjust the slip gain.

Fig. 6 shows experimental results of a current regulated
pulse width modulated (CRPWM) IFOC drive system oper-
ating at zero speed with full load.  The motor was a 4 pole,
460 volt, 10 Hp induction machine.  The quantities plotted
are the synchronous frame voltages, slip gain, and torque.
Over the time interval A, the slip gain is fixed, and no cor-
rection is made for changes occurring in rotor resistance.
The motor case temperature increases from 26° C to 70° C.
As the induction machine's temperature increases, the torque
increases by 20%; thus confirming the loss of torque control.

The error in the slip gain degrades FO and the drive reverts
to a slip controlled drive system.

Over the time interval B, the MRAC is active; the slip
gain, however, fails to adjust sufficiently, even though the
MRAC regulates with zero error.  This can be explained by
referring to the steady state d-axis stator voltage equation
(1), when disturbed by small perturbations.  As the tempera-
ture of the machine increases, the stator and rotor resistances
will increase.  In the case of the stator resistance, this change
may be represented by ∆ rs.  The effect of the rotor resistance
change, however, is not directly measurable, but is observed
as a change in the stator flux linkage (∆ λqs).  Equation (3)
incorporates these effects in the d-axis stator voltage.

(3)Vd = ( r s + ∆ rs ) i d − ωe ( λqs + ∆ λqs)
                                  

As the machine's rotor resistance increases, the slip gain
is in error, resulting in an increase in the q-axis stator flux.
For large values of electrical frequency, the change in q-axis
flux dominates and the MRAC corrects for the rotor resis-
tance change by increasing the slip gain.  At low frequency,
however, the stator resistance change begins to dominate and
obscures the flux change; thus, the feedback voltage fails to
accurately convey the effects of machine heating.  With the
stator resistance changing in sympathy with the rotor resis-
tance variation, the d-axis voltage may change slightly, as in
Fig. 6, or not at all.  With the MRAC inadequately compen-
sating for the change in rotor resistance, the rotor circuits
become coupled and FO degrades.

III. A B EMF DETECTOR AND RS IDENTIFIER

A. Theory
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Given the seemingly difficult problem of distinguishing
between an increase in stator resistance and loss of FO, con-
sider the steady state stator equations graphed in Fig. 7.  The
line-to-neutral machine voltage, Vas, is formed by the vector
sum of the synchronous voltages (4) and (5).  With a
CRPWM inverter, the current components, iq and id, are
regulated.  Thus, as the stator and rotor resistances deviate
from nominal, the voltage components in each axis modu-
late.  At sufficiently high operating frequencies, MRACs
employed to adapt for rotor resistance changes are relatively
immune to stator resistance changes and provide a practical
approach to on-line tuning of the FO controller.  At low
speed, however, it is necessary to adapt for stator resistance
variation.

                              (4)Vq = r s i q + ωe λd

                             (5)Vd = r s i d − ωe λq

One way to estimate the stator resistance is to use the up-
date of the slip gain obtained from the MRAC.  Equation (6)
shows a simple implementation of this technique.  As the
MRAC adjusts the slip gain, a new stator resistance estimate
is computed by taking the ratio of the new value of the slip
gain to the value obtained at field commissioning (FC) and
multiplying by the initial stator resistance and the thermal
coefficient between stator and rotor.  However, the variation
of the thermal coefficient makes this approach unacceptable
in some applications.

(6)r sest = Ks

KsFC
rsFC Ctherm

At low frequencies, the MRAC fails to adapt properly as
demonstrated in Figs. 5 and 6.  Using (6) becomes ineffec-
tive in adjusting the stator resistance.  Controllers designed
to regulate the stator flux, however, can take advantage of
the current control to overcome stator resistance corruption
of the feedback voltages.  Consider the stator equations asso-
ciated with Fig. 7.  A new reference frame is selected along
the vector formed by the q-d axes currents (q'-d').  Projecting
the voltages from the q-d system to the q'-d' system results in
a set of equations wherein the stator resistance occurs only in
the q'-axis equations.  In effect, a reference frame is selected
such that the d'-axis contains only a BEMF component.

The above description can be expressed by the following
set of equations.  The new reference frame is defined by the
angle φ (7).  Transformation of the voltage equations to the
new reference frame is achieved through the matrix (8).
With the new reference frame, the d'-axis current is zero;
thus, no resistance drop exists in (9).  The d'-axis voltage
may now be used as the feedback signal in the MRAC.  With
this uncontaminated signal, the slip gain is adjusted to main-

tain FO.  But as an added result, the stator resistance may be
calculated as shown by (10) and (11).

                           (7)φ = arctan( i d / i q )
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                                    (9)Vd = − ωe λq

                           (10)Vq = r s i q + ωe λd

                      (11)rs = ( Vq − ωe λd ) / i q

B. Implementation

The BEMF detector may be configured with the MRAC of
Fig. 4 in at least two ways.  The first configuration, Fig. 8a,
employs the BEMF detector directly in the slip gain control
loop; therefore, the reference command to the MRAC is
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rotated by φ similar to the feedback voltages (9) and is given
by (12).

                             (12)Vd
∗ = − ωe λq

∗

where
      (13)λq

∗ = Lσ i q
∗ Cos(φ) + λd

∗ Sin(φ)

and λd
*  is the reference field flux.

In the second implementation, Fig. 8b, the BEMF detec-
tor is employed as a stator resistance identifier; the output of
the identifier updates the value of the stator resistance used
in the MRAC.  The estimate of the stator resistance is ob-
tained by (14)

                (14)rsest = ( Vq − ωe λd
∗ ) / i q

∗

where

       (15)λd
∗ = λd

∗ Cos(φ) − Lσ i q
∗ Sin(φ).

This resistance estimate modifies the reference d-axis
command voltage as shown in (16).

                    (16)Vd
∗ = r sest i d

∗ − ωeLσ i q
∗

IV. SIMULATION  RESULTS

The BEMF detector and stator resistance identifier of the
previous section were combined with the MRAC of reference
[5].  Both configurations were investigated.  Results for the
first implementation, Fig. 8a,  correspond to FO with en-
coder feedback.  Results for the implementation of Fig. 8b
correspond to sensorless FO.

The complexity of a simulation depends on the problem
investigated.  For minor loop control, a fundamental compo-
nent model of the system is adequate.  Thus, the simulation
results shown correspond to fundamental component models
for the system elements.

Fig. 9a shows the results of the BEMF detector (Fig. 8a)
for conditions identical to Fig. 5.  The error in the stator and
rotor resistances is displayed in Fig. 9b.  An estimate of the
rotor resistance may be computed through (6) as described
by (17).

                                (17)r rest = Ks

KsFC
r rFC

With the BEMF detector, the MRAC corrects for the rotor
resistance change and maintains the torque within 0.5% of
commanded.  The q-axis rotor flux is very close to zero and
the stator and rotor resistance estimators demonstrate rapid
identification.  As the resistances increase, the resistance es-
timators lock within 0.3% and indicate excellent transient
tracking characteristics.  

The results shown in Fig. 10 correspond to the implemen-
tation of Fig. 8b and a sensorless FOC.  The motor is con-
trolled at 30 rpm with full load applied.  In this case,
however, the stator resistance suddenly doubles in ampli-
tude.  The torque is undisturbed with only a slight deviation
in the q-axis rotor flux; demonstrating the BEMF detector's
capabilities.  In addition, the quadrature component of the
detector provides a rapid estimate of the stator resistance.

The MRAC with BEMF detector demonstrates a control
with excellent tracking characteristics; one capable of track-
ing the machine's resistances and correcting the slip gain.
By employing an MRAC to adjust the slip gain for rotor re-
sistance variation and incorporating the BEMF detector to
remove the corrupting effects of the stator resistance, a sim-
ple adaptation method is accomplished.

Fig. 9b.   IFOC -MRAC with BEMF Detector of Fig. 8a Error in Stator and
Rotor Resistances - Simulation.

Fig.  9a.   IFOC -MRAC with BEMF Detector of Fig. 8a -

Simulation.



V. EXPERIMENTAL RESULTS

The BEMF detectors of Fig. 8 were incorporated with a
MRAC based IFOC.  The entire control was implemented in
an Intel 80196 processor.  An analog synchronous regulator
with ramp comparison PWM performed the current regula-
tion.  The PWM carrier frequency was selectable and the re-
sults  presented herein were obtained with a 12 kHz carrier.
Terminal voltage feedback was provided by a voltage divide
down circuit.  The feedback voltages were transformed
through a 3 to 2 phase conversion followed by a rotation to
the synchronous frame.

Fig. 11 shows comparable conditions to those of Fig. 6.
The top trace is the slip gain, Ks.  The second trace is the
shaft torque obtained from a torque transducer.  The third
and fourth traces are the synchronous frame machine
voltages.

With the drive system at zero mechanical speed and 1 per
unit torque command, the MRAC of Fig. 4 is initially inac-
tive - the slip gain (Ks) is held constant.  The 20 Hp motor
case temperature rises from an ambient of 28 Co with 82
N-m of torque to 77 Co and 95 N-m of torque over the inter-
val A - a 16% change.  At the beginning of interval B, the
MRAC of Fig. 4 is activated with the BEMF detector of Fig.
8a inactive -  φ is set to zero.  Notice the MRAC, even
though it regulates to zero error, has little effect on the
torque.  In fact, the slip gain actually decreases even though
the machine's case temperature is increasing.  This is not
surprising when we look at the response of the d-axis termi-
nal voltage:  Throughout interval A, the d-axis voltage
barely deviates from the ambient value.  This agrees with the
description of the effects of stator and rotor heating provided
in section II and described by (3).

At the beginning of interval C, the case temperature was
85° C and the torque was 98 N-m; a 20% change in the

delivered torque.  At this point, the BEMF detector is acti-
vated - φ is nonzero.  Now the MRAC in conjunction with
the output of the BEMF detector corrects for the accumu-
lated effects of stator and rotor resistance heating and adjusts
the slip gain to resume FO.  The behavior of the terminal
voltages are also instructive.  Once the BEMF detector is ac-
tivated, the d-axis voltage becomes the d'-axis voltage and
shows a constant level even as the motor continues to heat to
100° C.  The torque immediately returns to 81 N-m, very
close to the original 82 N-m.

Over intervals D and E, the BEMF detector is alternately
switched off and on showing the consistent operation of the
control.  All the while, the machine's case temperature con-
tinues to rise, finally reaching 109° C.  When active, the
MRAC and BEMF detector provide torque regulation with
minimal additional software.

Fig. 10. Sensorless IFOC with BEMF Detector of Fig. 8b  Step Change in
Stator Resistance at 30 rpm  - Simulation.

Fig. 11.  Sensor IFOC with BEMF Detector of Fig. 8a - Experimental.

B C D EA



Fig. 12 shows results for the BEMF detector over an 8° C
temperature rise.  The torque remains constant and the slip
gain increases, reflecting the change in rotor resistance.
Thus the control's ability to correct for a small temperature
variation is clearly demonstrated.  With its ability to resolve
small variations in the motor's resistances, the BEMF tech-
nique provides an accurate and rapid response controller for
FO.

The excellent dynamic response of the BEMF configura-
tion of Fig. 8a is not surprising given its location in the feed-
back loop.  To establish the response of the configuration of
Fig. 8b, tests were conducted with a selectable series resis-
tance inserted between the drive and motor terminals.  Fig.
13 is typical of the results obtained.

The drive control is a sensorless IFOC and the motor a
7.5 Hp, 4 pole, induction machine.  The machine was

running at 30 rpm with rated torque applied.  The top trace
shows the estimate of the stator resistance as calculated by
(14).  The next three traces are the torque command, shaft
torque, and stator current respectively.  At point A, the stator
resistance is increased approximately 50%.  The BEMF de-
tector responds rapidly with an estimate of the stator resis-
tance and the torque is barely disturbed.  At B, the inserted
resistance is removed; again, the BEMF detector estimates
the new resistance and supplies this estimate to the MRAC
with a small disturbance in the torque.  Although these are
unlikely disturbances in practice, the tests do show a rapid
convergence to the effective stator resistance; thus, the dy-
namic response of the BEMF is established.

VI. CONCLUSION

An analysis of the effects of machine parameters on

torque control showed the importance of an accurate esti-

mate of the stator resistance. Time domain computer simu-

lations and experimental results confirmed the steady state

analysis. Through a simple analysis of a MRAC based rotor

time constant estimator, an explanation was presented for

the inherent difficulty accompanying the estimation of the

feedback flux signal at low speed.

A new flux and stator resistance identifier was presented

that provided an uncorrupted flux signal for purposes of ad-

aptation. The BEMF detector resolves the feedback voltage

into a new reference frame wherein one component presents

a signal proportional to the axis flux and the quadrature

component may be employed to estimate the stator flux. The

proposed BEMF detector has at least two implementations;

one is incorporated in the feedback loop, and the other is

Fig. 13. Sensorless IFOC with BEMF Detector of Fig. 8b.  Step change
in Stator Resistance at 30 rpm Full Load - Experimental.

A B

Fig. 12.  Sensor IFOC with BEMF Detector of Fig. 8a. 8° C Rise -
Experimental.



employed as an observer to estimate the stator resistance for

the standard MRAC.

Experimental results were presented showing the steady

state and transient performance of the BEMF detector. The

results showed the BEMF detector has excellent dynamic

and transient characteristics, capable of resolving a 8° C case
temperature change and responding to a step change in sta-
tor resistance with a small disturbance in the torque.
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