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Observer-Based Direct Field Orientation:
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Abstract—This paper focuses on methods of achieving direct
field orientation (DFO) of induction machines based on closed-
loop, stator, and rotor flux observers which are well suited to
both zero and very high-speed operation. Both observer topolo-
gies are dominated by a current model at zero and low speeds,
and a voltage model at high speeds. Application of such rotor
and stator flux observers to both stator and rotor direct field
orientation is presented, including experimental results for three
different methods.

The influence which flux regulation has on parameter sensi-
tivity of the complete DFO system is analyzed. A rotor-flux-reg-
ulated and -oriented system is shown to be sensitive to leakage
inductance under high slip (i.e., field weakened) operation. Both
a stator-flux-regulated and -oriented system and a stator-flux-
regulated, rotor-flux-oriented system are shown to have reduced
parameter sensitivity at high speeds.

Unlike stator flux orientation using simple voltage integration
stator flux models, excellent zero and low-speed operation of an
observer-based stator-flux-oriented system is demonstrated.

I. INTRODUCTION

CHIEVING high-quality torque and flux control in
applications requiring both zero and very high-speed
operation is difficult with existing approaches to induction
machine field orientation. Indirect field orientation (IFO)
utilizing a shaft encoder or resolver is the most common
means, especially when zero-speed operation is required
[1]. However, controller detuning can result in a substan-
tial deterioration of performance. IFO is particularly pa-
rameter sensitive in large machines, high-efficiency ma-
chines, and when field weakening at high speeds [2].
Direct field orientation (DFO) based upon estimation
of either the rotor or stator flux from the terminal voltage
and current is an alternative approach that is very attrac-
tive for high-speed, field-weakened operation. At high
speeds, the voltage model provides an accurate stator flux
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estimate because the machine back EMF dominates the
measured terminal voltage. However, at low speeds, the
stator IR drop becomes significant, causing the accuracy
of the flux estimate to be sensitive to the estimated stator
resistance. Due to that sensitivity and to inherent signal
integration problems at low excitation frequencies, DFO
systems based solely upon the voltage model are generally
not capable of achieving high dynamic performance at low
and zero speeds [3]-[7].

A DFO approach was proposed in [8]-[10] that effec-
tively combines the best accuracy attributes of IFO and
voltage model DFO by utilizing a specific topology of
closed-loop rotor flux observer. That topology of closed-
loop observer provides a smooth, deterministic transition
between flux estimates produced by two different rotor
flux models. A prior approach to provide a smooth transi-
tion between models was developed by Takahashi and
Noguchi. They combined two stator flux models via a
simple first-order lag-summing network [11]. In addition,
rather than performing DFO, their stator flux estimate
was used to select appropriate voltage vectors for direct
torque control.

While [8] focused on the general design and accuracy
analysis of both open- and closed-loop rotor flux ob-
servers, and [9] proposed the closed-loop rotor flux ob-
server for DFO in wide speed range applications, this
paper analyzes and compares different approaches to
observer-based DFO. Both stator and rotor flux DFO
systems based upon stator and rotor closed-loop flux
observers are analytically and experimentally evaluated.
Particular emphasis is placed on parameter sensitivity in
the field-weakening region. Unlike in [10], measured rotor
position is assumed to be available.

II. RoTtor FLux DFO SYSTEMS

The rotor and stator flux production in an induction
machine can be modeled by the block diagram in Fig. 1,
where the superscript “e” denotes an arbitrarily aligned
synchronous frame. Cross coupling in the form of a rotor
flux—slip frequency product is clearly evident. (Note that
this is the same cross coupling that is recognized as back
EMF when modeled in the stationary frame.)

As is well known, orientation to the rotor flux (i.e.,
using rotor flux as the d-axis reference frame, e — rf)
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Fig. 1. Current input, flux output model of the induction machine in an
arbitrarily aligned synchronous frame.

such that A7, = 0, eliminates the cross coupling between
i, and AJ. Note, however, that AJ # 0. With good
current regulation, a correctly tuned rotor-flux-oriented
system as shown in Fig. 2 exhibits decoupled control of
torque and rotor flux.

Rather than directly calculating the d-axis current com-
mand in a feedforward approach, as is common in indirect
field orientation (IFO), a flux regulator G, is typically
used in DFO systems. One purpose of the regulator is to
compensate for potential phase lags in the current regula-
tor. Current phase lags result in increased d-axis current
which attempts to build the flux beyond the commanded
level. The flux regulator counteracts by decreasing the
d-axis current command, effectively advancing the current
angle. As will be shown, the flux regulator can also reduce
parameter sensitivity.

By calculating the torque current command i;’;‘, using
the estimated rotor flux (feedback) rather than the com-
manded rotor flux, dynamic torque control is virtually
independent of the flux regulator bandwidth.

Unfortunately, the rotor flux is not directly measurable,
and thus significant errors can exist in the estimated rotor
flux feedback signal, and hence also in the actual operat-
ing flux and the actual developed torque.

II. A Crosep-Loopr RoTor FLUx OBSERVER

The closed-loop rotor flux observer proposed in [8]-[10]
is illustrated in Fig. 3 in block diagram form using com-
plex vector variables. Unlike indirect field orientation
where flux is estimated in the synchronous frame, this
approach is implemented primarily in the stationary frame.
The closed-loop observer is formed from two open-loop
rotor flux observers which are referred to as the current
and voltage models. The current model utilizes measured
stator current and rotor position to produce a flux esti-
mate, while the voltage model relies on the measured
stator voltage and current. The smooth transition between
current and voltage model flux estimates is governed by
the closed-loop eigenvalues (observer bandwidth) deter-
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Fig. 2. A tuned rotor-flux-regulated rotor-flux-oriented (RFR-RFQ)
system assuming ideal current regulation. (G, is a flux regulator, e.g.,
simple PI controller.)
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Fig. 3. Closed-loop rotor flux observer based upon the current and
voltage rotor flux models in complex vector notation.

ministically set by gains K, and K, of the linear con-
troller.

Note that the current model is best implemented in the
rotor frame (i.e., physical rotor, not rotor flux frame) and
thus, as depicted in Fig. 3, requires transformations be-
tween the stationary and the rotor frames using the mea-
sured rotor position. When implemented in the stationary
frame, the current model requires measured rotor velocity
and has velocity-dependent cross coupling that can lead to
numerical instabilities at higher velocities when digitally
implemented. (Note that this is the same cross coupling
present in Fig. 1.) Transformation to the rotor frame
completely eliminates the undesirable cross coupling, and
permits the use of rotor position which, unlike velocity, is
generally directly available and sufficiently accurate.

Under field-oriented operation, the slip is generally
small, and rotor velocity corresponds closely to excitation
frequency. This causes the observer estimate to transition
between the current and voltage models very nearly in
proportion to the rotor speed. The flux estimation fre-
quency response function (FRF) from [9] and replotted in
Fig. 4 relates the estimated flux to the actual rotor flux for
rated slip operation using gains set to achieve 10 Hz
closed-loop eigenvalues. The flux observer sensitivity to
parameter estimates corresponds to that of the current
model at velocities below the observer bandwidth, and to
the voltage model at velocities above the bandwidth.



JANSEN ef al: OBSERVER-BASED DIRECT FIELD ORIENTATION

1.6 — 15
14| ~
£10 5
08
0801 o1 1234 Ror o 1234
Rotor Velocity (p.u.) Rotor Velocity (p.u.)

Fig. 4. Closed-loop rotor flux estimation FRF, A dr/ Aqar» Ulustrating
parameter sensitivity of the closed-loop rotor flux observer at rated slip
operation (10 Hz eigenvalues (0.17 p.u.), (A3) in Appendix).

IV. FLux REGULATION AND CURRENT MODEL
PARAMETER SENSITIVITY

The current model was shown in [9] to be the same
model used for indirect field orientation (IFO). A DFO
system based on the current model would thus be ex-
pected to have the same sensitivity to the rotor time
constant and the magnetizing inductance. However, from
the current model flux estimation FRF phase plot in Fig.
5, one might incorrectly conclude that the parameter
sensitivity of a flux-regulated DFO system would be re-
duced at high operating slip frequencies o, (correspond-
ing to the field-weakened operation). Despite the flux
estimation phase accuracy improvement, errors in the
rotor time constant will now be shown to cause errors via
an incorrect operating slip, similar to IFO slip frequency
calculation error.

Fig. 6(a) shows the slip frequency to which the DFO
system will converge, as a function of the effective DFO
commanded slip frequency w*,, ie.,

L i7*
* m “qs
wf = — , 6y
Y

for errors in rotor resistance estimation. As expected, the
operating slip frequency is the same as the commanded
slip frequency of an IFO system. The corresponding oper-
ating flux level is plotted in Fig. 6(b). Also plotted in Fig.
6(b) is the estimated flux level, which for rotor resistance
errors agrees with the commanded level, i.e, incorrect
orientation due to flux estimate phase errors results in
flux level errors equivalent to the estimation error. In
other words, both flux phase and magnitude errors result
in equivalent operating errors in the DFO system.

Given this inherent property, the flux regulator has no
influence with respect to rotor resistance errors.

Fig. 7(a) and (b) plot the corresponding operating slip
frequency and flux level for errors in magnetizing induc-
tance estimation. Unlike the case with rotor resistance
errors, the estimated flux level [also plotted in Fig. 7(b)] is
not in agreement with the commanded level, i.e., flux
phase and magnitude errors do not result in equivalent
operating errors in the DFO system.

However, the DFO flux regulator will drive the esti-
mated magnitude to the commanded level. The resulting
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Fig. 5. Current model FRF, A;,,,C /).q 4r» illustrating the parameter
sensitivity as a function of operating slip frequency [(A1) in Appendix)].
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Fig. 6. Resulting (a) slip frequency and (b) flux of a DFO system based

upon the current model as a function of effective commanded slip

frequency for rotor resistance parameter errors.
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Fig. 7. Resulting (a) slip frequency and (b) flux of a DFO system based
upon the current model as a function of effective commanded slip
frequency for magnetizing inductance parameter errors.

operating point will then correspond to the level indicated
by the FRF magnitude plot in Fig. 5.

If the flux feedback regulator is replaced with the
feedforward approach used in IFO such that

1
it = 71+ £ p1xr 2

m
the DFO system will converge on the same operating
point as IFO.
Errors in the estimated rotor leakage inductance influ-
ence the system in the same manner as the rotor resis-
tance, although at a greatly reduced level. Thus, a major
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conclusion, although not surprising, is that under steady-
state conditions, the flux regulator offers no advantage
over the feedforward approach used in IFO systems with
respect to parameter sensitivity of the current model in
DFO systems. The flux regulator will be shown, however,
to significantly improve the DFO system when using the
voltage model.

V. PARAMETER SENSITIVITY IN THE
FIELD-WEAKENING REGION

At high speeds, especially in the field-weakening/con-
stant-horsepower region, both the motor and the drive
tend to be highly stressed. It is under these operating
conditions that the system is most sensitive to losses and
voltage limits, and hence to accurate field orientation.
The accuracy of the flux estimate used for DFO which

originates from the voltage model at these high speeds is

thus of great importance.

Although the closed-loop rotor flux observer FRF plot
in Fig. 4 indicates that the rotor flux estimate is only
mildly sensitive to the leakage inductance estimates at
rated slip frequency, the sensitivity increases with operat-
ing slip frequency. Fig. 8 plots the voltage model FRF as a
function of slip frequency with varying errors in the rotor
leakage inductance.

At high slip frequencies common to field-weakened
operation, the magnitude and phase errors are substan-
tial. With closed rotor slots, the rotor leakage inductance
can easily vary by a factor of 2 or more. Because the
stator leakage variation is much smaller due to the open
stator slots, the corresponding stator leakage plots are not
included.

The sensitivity to magnetizing inductance estimate is
insignificant relative to the leakage inductance sensitivity.

Without flux regulation (i.e., via a feedforward ap-
proach), the phase errors in Fig. 8 will cause the DFO
system to converge on an incorrect operating slip and
hence flux level, as plotted in Fig. 9. Note that the actual
flux errors are significantly greater than the flux estimate
magnitude errors in Fig. 8.

With rotor flux regulation, the DFO system will con-
verge to a more correct flux level indicated by the FRF
magnitude plots in Fig. 8. Although a thorough stability
analysis is beyond the scope of this paper, system stability
can be shown to be greatly improved by the addition of
the flux regulator.

Even with flux regulation, however, the potential error
in the operating flux level due to errors in the rotor
leakage inductance estimate can limit and /or significantly
degrade very high-speed operation. Because stator flux is
obtained directly from the stator voltage, it is not suscep-
tible to leakage inductance parameter errors, and thus
orientation to the stator flux has attracted considerable
attention.

VI. A CLoseED-LooP STATOR FLUX OBSERVER

A closed-loop stator flux observer structured similar to
the closed-loop rotor flux observer is shown in Fig. 10.

IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 30, NO. 4, JULY / AUGUST 1994

20

A AA

Ly oL, :

Phase (deg.)

Fig. 8. Open-loop voltage-model rotor flux estimation FRF, qu,/l\ dr
illustrating dependence of rotor leakage sensitivity on the operating s‘iip.
The corresponding error in the stator transient inductance is also
indicated [(A2) in Appendix].
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Fig. 9. Resulting (a) slip and (b) rotor flux of a DFO system without
flux regulation based upon the voltage model as a function of effective
commanded slip (1) for rotor leakage inductance parameter errors.
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Fig. 10. A closed-loop stator flux observer of identical topology to the
rotor flux observer in Fig. 3.

Note that the leakage terms have simply moved from the
rotor flux voltage model to the stator flux current model,
and thus the net computation and parameters required by
the closed-loop observer are unchanged.

The FREF relating the estimated to the actual stator flux
for rated slip operation is plotted in Fig. 11 with gains set
for 10 Hz closed-loop eigenvalues. The parameter sensitiv-
ity is nearly identical to that of the rotor flux observer, the
major difference being the sensitivity to leakage induc-
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Fig. 11. Closed-loop FRF, quj /Aqas» lllustrating parameter sensitivity
of the closed-loop stator flux observer at rated slip operation (10 Hz
eigenvalues) [(A6) in Appendix].

tance which has moved from the voltage model to the
current model. For less than rated slip frequency, charac-
teristic of low-speed operation below rated torque, the
increased leakage sensitivity of the current model is small
relative to the rotor resistance and magnetizing induc-
tance sensitivities. The observer also functions at zero
speed.

VII. A Stator FLux DFO SysTEM

In addition to the elimination of parameter sensitivity
at high speeds, orientation and regulation of the stator
flux can result in nearly optimal torque capability over the
entire field-weakening speed range [8].

A significant difference between stator and rotor flux
orientation is the level of cross coupling that occurs
between the d and g axes. When oriented to the rotor
flux (ie, A7, =0), cross coupling of the stator g-axis
current to the d-axis rotor flux is completely eliminated,
as was shown in Fig. 2. However, with stator flux orienta-
tion (i.e., )\fl'i = (), the g-axis rotor flux is not zero, and
thus a significant amount of cross coupling still exists. This
cross coupling can be expressed in the form of a cross-
coupling current if[q acting as a flux producing input in
parallel with i%{ as shown in Fig. 12.

For dynamic flux control, a decoupler, also shown in
Fig. 12, can be implemented to eliminate the undesirable
cross coupling [3]. Unfortunately, the decoupler is param-
eter sensitive and requires additional computation.

A stator-flux-regulated stator-flux-oriented (SFR-SFO)
DFO system complete with decoupler is shown in Fig. 13.
Since the torque command (g-axis) current is calculated
via the estimated stator flux which is most accurate at
high speeds (assuming negligible voltage measurement
and integration errors), the dynamics and accuracy of the
developed torque are dependent solely upon the current
regulation. The flux regulator drives the stator flux to the
desired level. However, the decoupler can be removed,
causing dynamic stator flux variations dependent on flux
regulator bandwidth.

VIII. A RoTOR-FLUX-ORIENTED STATOR FLUX
REGULATED DFO SYSTEM

The attractive features of the SFR—-SFO system in Fig.
13 are not unique to stator flux orientation, but rather to
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Fig. 13. A stator-flux-regulated stator-flux-oriented (SFR-SFO) DFO
system with decoupler (G, = stator flux regulator, e.g., PI controller).

stator flux regulation. The stator-flux-regulated rotor-
flux-oriented (SFR-RFO) system illustrated in Fig. 14 is
also capable of achieving correct torque and flux control,
even under detuned conditions.

Compared to the previous rotor and stator-flux-ori-
ented systems, the torque command current must now be
calculated via the full torque equation in the rotor flux
frame, i.e.,

il = (T + Xl ) /A, 3)
In addition, the stator flux magnitude must also be calcu-
lated, although the computationally expensive square root
function can be avoided by simply regulating the square of
the stator flux magnitude.

To gain perspective on the different possible DFO
systems, a rotor-flux-oriented machine detuned with re-
spect to the stator transient inductance is illustrated in
Fig. 15. The model is derived in [7]. The cross coupling
due to detuning is of the same form as that always present
in the stator-flux-oriented system in Fig. 12.

The control-based decoupler in Fig. 12 attempts to
remove the cross coupling that is not present in the tuned
rotor-flux-oriented system. Because the decoupler is sensi-
tive to additional machine parameters such as the rotor
time constant, correct decoupling in the stator-flux-ori-
ented system is more difficult than in the rotor-flux-ori-
ented system.

The rotor flux orientation attempts to maintain con-
stant rotor flux under torque command changes, while
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Fig. 14. A tuned, stator-flux-regulated rotor-flux-oriented (SFR-RFO)
DFO system.

Fig. 15. A rotor-flux-oriented machine with detuned stator transient
inductance (AL, = oL, — GLy).

allowing the stator flux to change, i.c., A7, = 0, but A7, =
&Lsi;fs # 0. The stator flux regulator counteracts by at-
tempting to maintain constant stator flux. Thus, a tuned
rotor-flux-oriented stator-flux-regulated system with lim-
ited flux regulation bandwidth will experience a perturba-
tion in the stator flux magnitude under torque command
changes. The perturbation is not present in the stator-
flux-oriented system with a correct decoupler, but is pre-
sent at a potentially larger degree when either detuned or
the decoupler is eliminated.

IX. IMPLEMENTATION OF OBSERVER BASED DIRECT
FIELD ORIENTATION

The three observer-based DFO systems designated
RFR-RFO, SFR-RFO, and SFR-SFO were experimen-
tally evaluated via the implementations in Fig. 16. The
observers and coordinate transformations were imple-
mented in software on the Motorola DSP56001 with a 4
kHz sample rate. A faster timed interrupt routine sam-
pled and averaged the measured voltages and currents
(after the anti-alias filters), providing an effective integra-
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Fig. 16. Experimental DFO systems using closed-loop flux observers.
Upper diagram: stator-flux-regulated stator-flux-oriented (SFR-SFO).
Lower diagram: stator-flux-regulated rotor-flux-oriented (SFR-RFQ).
The rotor-flux-regulated rotor-flux-oriented (RFR-RFO) system imple-
mentation was of the same form as the SFR-SFO system without the
decoupler. All three were implemented with a Motorola DSP56001.

tion step of 15.6 us (64 kHz). The PWM VSI switched at
3.4 kHz with a stationary frame PI current regulator with
=~ 350 Hz bandwidth. Due to signal noise, the flux regula-
tor bandwidth was limited to real eigenvalues of = 15-20
Hz. The flux observer two eigenvalues were set at 0.5 and
5.0 Hz.

Experimental results illustrating the response of the
three systems to square-wave torque commands toggled
between velocity limits are shown in Figs. 17-20. The load
was dominated by the rotor inertia with negligible damp-
ing; thus, a triangular velocity waveform would be ex-
pected for a tuned system.

Under rated conditions and with a reasonably high flux
regulator bandwidth, all three systems behaved similarly,
providing good torque and flux control, independent of
detuning and /or the SFO decoupler.

Zero- and low-speed operation of the SFR-SFO system
is demonstrated in Fig. 17 under tuned and detuned
(7. = 2.0r,) conditions with a rated torque command. As
expected (see Fig. 11), some sensitivity to 7, is present
from the stator flux current model.

To demonstrate the differences among the three DFO
approaches, the systems were pushed to the limits, i.e.,
wide-speed operation up to +2.7 p.u., field weakening to
1/3 rated flux, 1/3 rated torque commands, and severe
detuning to L, = 3.0L,, (see Figs. 18-20). The resulting
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Fig. 17. Experimental low-speed results for estimated rotor and stator
flux magnitudes and rotor velocity for the SFR-SFO system without
decoupler under tuned and detuned conditions.
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Fig. 18. Experimental results for estimated rotor and stator flux and
rotor velocity for the RFR-RFO system under tuned and detuned
conditions.
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Fig. 19. Experimental results for estimated rotor and stator flux and
rotor velocity for the SFR-RFO system under tuned and detuned
conditions.
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Fig. 20. Experimental results illustrating estimated rotor and stator flux
magnitudes and rotor velocity for the SFR-SFO system with (a) tuned
decoupler and (b) without decoupler.

high-slip operation was shown to increase the sensitivity
to the leakage estimates. The flux regulator is forced to
compensate for errors attributable to poor parameter
estimates, the chosen orientation reference, and to the
stationary frame PI current regulator limits.

In Fig. 18, the RFR-RFO system performed well when
tuned and field weakened, but not detuned and field
weakened. In Fig. 19, the SFR-RFO system performed
nearly as well as the RFR-FRO system when tuned and
field weakened, but was substantially better than the
RFR-RFO in the detuned, field-weakened operation. In
Fig. 20, the SFR-SFO system with the tuned decoupler
performed excellently up to intermediate speeds = 1.7
p.u. velocity. At speeds greater than this, the decoupled
system gave evidence of instabilities. In Fig. 20, the
SFR-SFO system without the decoupler operated ade-
quately at higher speeds, although the cross coupling was
substantially more than the flux regulator could easily
compensate for.

X. CONCLUSIONS

This paper presented an analysis and comparison of
different methods of achieving observer-based direct field
orientation (DFO). DFO based upon rotor and stator flux
closed-loop observers is an excellent means of achieving
flux and torque control over very wide speed ranges
including zero and field-weakened regions. The approach
has substantially improved parameter insensitivity com-
pared to existing methods.

Three observer-based DFO approaches were evaluated.

¢ Below rated operation, all showed good performance.

e Zero- and low-speed operation of stator-flux-ob-
server, stator-flux-oriented control was demonstrated.

The three DFO approaches differed when the system
limits were pushed.
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e The rotor-flux-regulated and -oriented system was
shown to be highly sensitive to leakage inductance esti-
mates under high-slip operation.

o A stator-flux-regulated and -oriented system without
decoupler is parameter insensitive at high speeds, but
suffers from excessive cross coupling under high-slip oper-
ation that must be handled by the flux regulator.

o A stator-flux-regulated and rotor flux-oriented system
appears to offer intermediate parameter sensitivity and
cross coupling which is substantially easier to remove than
with stator flux regulation and orientation.

APPENDIX

A. Current Model, Voltage Model, and Closed-Loop Observer
FRF Equations

Rotor Flux Observers:

y r Am 1 + .7.’ w.Y
e - o 1—+’——) = FRF (A1)
qdr m J7, W
f;dr Lm I:r r .
— =1+ 1 +jrw,)
qdr Lr L,n Lm2

. r, =7,
(oL, - 6L,) —j - ) = FRF;, (A2)

€

e——

A

Lr
Kf,— (FRFRC) + jwe(FRFRV)

qdr — m
Afsld" Lr .
K— +jo,
Lm
where K = K, + K,/p (A3)
Stator Flux Observers:
Xiue Lo(1+jre\[1+j6%w,
e —‘( ke ! = FRF,. (A4)
ads L\l+jfeo )\l +jor e,
AS 1 {1+jrw ro—F
qds . r%s K s
—=1—-j— = FRF, AS
f]d: JL: 1 +j07r ws) o, ) v ( )
A;ds _ K(FRF;.) + jw,(FRE, ) (A6)
j)d.r K +jwe

B. Induction Machine Parameters

Westinghouse TEE II, Frame 215T, 10 hp, three phase,
460/230 V, 12.2/24.4 A, 1750 rpm, rated w; = 0.037 p.u.

R

r=0200 L,
r=0200 L,

1.5mH L, = 323mH.
1.5mH

Q
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NOMENCLATURE

~

Estimated quantities.
Commanded or reference quantities.
e Arbitrarily aligned synchronous frame quantity.

*

f, sf Rotor and stator flux synchronous frame quan-
tities, respectively.

s Stationary frame quantity.

Soars fqus Complex rotor and stator quantities, respec-
tively, i.e., fou4, = for = ifar-

)4 Differential operator; p = jw, at steady state.

T, Normalized electromagnetic torque, 7, =
3/2P/2T).

A, A Rotor and stator flux magnitudes, respectively.

oL, Stator transient inductance, L, — L2 /L,.

T, Rotor time constant; L,/7,.

6, rotor position (elec. rad).

67,6,  Rotor and stator flux angles, respectively (elec.
rad).

w, Fundamental excitation frequency (rad/s).

®,, Rotor velocity and slip frequency, respectively

(rad/s).
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