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Torque Control Accuracy Using Different
Techniques for Determination of
Induction Motor Rotor Time Constant

E. Armando, Senior Member, IEEE, A. Boglietti, Fellow, IEEE, F. Mandrile, Member, IEEE,
S. Rubino, Member, IEEE

Abstract — Induction motor (IM) drives represent a
competitive solution for both industry and transports
electrification. Most control solutions for induction motors
currently perform the torque regulation by implementing field-
oriented control (FOC) algorithms schemes defined in rotating
dq coordinates. According to this scenario, the estimation of the
d-axis position covers a key role to get good accuracy of the
torque regulation. If considering the low-speed operation of the
motor, the torque control performance is significantly affected
by the accuracy in estimating the rotor time constant. According
to the literature, this parameter can be computed using either the
results of standard- (no-load and locked rotor tests) or flux-decay
tests. However, these tests get unequal values of the rotor time
constant, thus leading to a different torque control performance.
Therefore, this paper aims at investigating the best value of the
rotor time constant to optimize the accuracy of the FOC-based
torque control. Experimental results obtained on a 4 poles IM,
rated 10 kW at 6000 r/min, are presented.

Index Terms -- Field-oriented control, Flux-decay test,
Induction machines, Rotor time constant, Standard tests.

I. INTRODUCTION

HANK their high performance, reliability, and

ruggedness, ac motor drives are used in a huge number of
industrial applications. The use of induction motors (IMs) in
electrical drives represents an economical and reliable
solution due to the low cost and the robustness of this machine
with respect to other typologies. In the last years, several
control typologies have been proposed and adopted to get high
performance of adjustable speed drives. According to this
scenario, the field-oriented control (FOC) is the most
employed torque control algorithm in practice. Indeed, it
allows for managing torque and the machine's speed in a
straightforward way, getting similar performance to a dc
motor drive [1], [2].

In order to perform the torque control, the FOC scheme
needs the knowledge of the rotor flux angle [2], [3]. Several
FOC techniques are usually implemented in practice
according to how this angle is obtained. Anyway, regardless
of the considered FOC algorithm (direct-FOC, indirect-FOC,
or sensorless methods), the accurate estimation of the rotor
time constant is crucial because it is directly connected to the
rotor flux controller's performance, i.e., machine torque
regulation [4]. Indeed, if the rotor time-constant estimate is
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wrong, the control performance is derated, as demonstrated in
[5]. As a consequence, the correct determination of the rotor
time constant is mandatory.

In the literature, there are several solutions for the
estimation of the rotor time constant. In [6], the rotor time
constant is identified by injecting stator current with an
arbitrary frequency. In [7], the measurement method
implements a one-phase supply using a dc voltage. In this
case, the current value is limited by the stator resistance. Other
techniques to estimate the rotor time constant are carried out
while the machine is operated in closed-loop speed control,
using a dedicated drive scheme. In [8], short rectangular
pulses into the flux-producing current reference are applied.
In parallel, the torque-producing current reference is analyzed
to estimate the rotor time-constant, using the solution of a
specific differential time-equation. In [9] and [10], an
extended Kalman filter (EKF) is implemented by setting as
state variables the stator and rotor currents, together with the
reciprocal of the rotor time constant. A model reference
adaptive systems (MRAS) is suggested in [11], [12] to
produce a model of the IM, thus generating a control error.
The MRAS is therefore applied to tune the rotor resistance,
providing an accurate convergence. Other techniques apply
artificial intelligence (neural networks or fuzzy logic) to
estimate the rotor time-constant and so optimally tune the
control system [13], [14]. These methods are costly from the
computational point of view because they require both
estimators and a complex vector space model of the IM,
obtained using composite algorithms.

However, despite the existence of the above techniques, the
most used method for the determination of rotor time constant
is based on the use of the IM parameters obtained from the
results of the standard tests like no-load and locked-rotor ones.
The no-load test allows the determination of the magnetizing
inductance at the rated flux condition, taking into account the
magnetic saturation of the machine. In contrast, the locked-
rotor test allows the determination of the rotor resistance and
leakage inductances. The main drawback of the locked-rotor
test is that during the test, the rotor frequency f; is equal to the
stator one f;, while during the normal operating conditions, the
rotor frequency depends on the slip s as:

Jr=s5- M



Since the rated slip of an induction motor is always a few
percent, it is well evident that the rotor time constant
computed using the locked rotor test parameters is far from the
value in the operative conditions. In fact, at the stator
frequency, the rotor parameters are affected by the skin effect
phenomenon, which alters both the values of the rotor
resistance and leakage inductance [15], [16]. In addition, in
the presence of closed rotor slots, the rotor leakage inductance
is dependent on the magnetic saturation of the slot enclosure,
making the value of this parameter non-constant and
expressed as a function of the rotor bar current [17].

In [18], a straightforward experimental method is proposed
to estimate the IM's rotor time constant based on the flux-
decay test. The proposed method allows for determining the
rotor time constant at the real operative condition since this
test can be performed at the rated voltage and with the rotor
speed close to the synchronous one. The machine is initially
supplied with a predefined stator voltage level, thus
magnetizing the rotor. From a generic moment onwards, the
machine supply is suddenly turned off, allowing the
measurement of the stator back-emf. Finally, by analyzing the
decay of the back-emf, the rotor time constant is evaluated.

According to the above considerations, it is evident how
standard- and flux-decay- tests lead to different values of the
rotor time constant, which raises the question of the best value
to be used for implementing the torque control machine. In
this paper, this aspect is investigated by evaluating the
accuracy of the torque control using values of rotor time
constant obtained with the methods mentioned above. In
detail, a FOC-based current vector control (CVC) scheme is
used to regulate the torque of a 4 poles IM, rated 10 kW at
6000 r/min.

The paper is organized as follows. Section II briefly
summarizes the flux-decay test. Section III describes the CVC
scheme used to compare the torque accuracy obtained by each
rotor time constant value. Section IV reports the experimental
results. Finally, Section V provides paper conclusions.

II. FLUX-DECAY TEST

In the flux-decay test, the IM under test is initially supplied
with the rated stator voltage and frequency and operated in no-
load conditions. Then, the stator winding is disconnected from
the supply using an electromechanical switch. During the test,
the stator voltages are measured, and their evolution is
recorded after the supply disconnection. Therefore, the
voltage measurements are performed using a data recorder, as
reported in the experimental setup shown in Fig. 1.

Sinusoidal / M
I"ower \ 3-phase
Supply
Data :
Recorder
—_—

Fig. 1. Experimental setup for performing the flux decay test.

It follows a brief description of the electromagnetic
phenomena involved when performing the flux-decay test.
According to [18], the IM’s voltage model in rotor flux (dg)
coordinates is the following:
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where (Vsa,Vsq), (isdsisg)s (irdsirg), and (Asahsq) are the (dg)
components of stator phase voltages, stator phase currents,
rotor currents, and stator flux linkages, respectively. The rotor
flux amplitude is denoted with A,, while the synchronous
speed and electric slip speed are denoted with o, and @,
respectively. Finally, R, and R, are stator and rotor resistances,
respectively. The current model of the machine, consisting of

the currents-to-fluxes relationships [18], is the following:
}\‘s,d = LS -is,d +Lm .ir,d
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where Ly, L., and L,, are the stator-, rotor-, and magnetizing-
inductances. According to (2), (3) the following steady-state
conditions can be written:
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where 6 = 1 — L,?/(Lys-L,) is the overall leakage factor, while
the superscript “*” is used to denote a steady-state quantity
before the flux-decay transient happens. It is noted how
regardless of the considered load condition, the stator currents
practically generate the machine flux.

The flux-decay transient starts when the stator supply is
turned off, zeroing the stator currents. It is assumed that the
open-circuit event happens quickly, thus considering that
stator currents are forced to zero immediately. Therefore, after
the open-circuit event, the machine flux is generated by the
rotor currents that, in turn, induce back-emf components on
the stator voltages. After performing some mathematical
manipulations, the back-emf (e 4,e54) are computed as:

—t
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where o, is the mechanical speed, p is the pole pair number,

while 7, is the rotor time constant and whose definition is the
following:

Vig = G54

T = Lr /Rr (6)
According to (5), the back-emf amplitude e, is computed as:
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By denoting with 9,° the initial rotor electric position, after
applying the inverse Park transformation [T7]! on the machine
back-emf (esqe54), the corresponding values in phase
coordinates are finally computed as follows:

cos(p-wm~t+8(r))
Vi =€l :[Tp]i1 Vodg =€ ° COS(P'(Dm 'H‘SE _275/3) 3
cos(p~o)m-t+8?+2n/3)

According to (8), the time constant associated with the
decay of the machine’s back-emf corresponds to the rotor time
constant since the variations of the rotor speed are negligible
while the decay transient happens. However, the following
nonlinearities must be considered.

e The magnetizing inductance L,, is not constant due to

the saturation phenomena involving both the stator and
rotor laminations [15], [16].

e  The rotor leakage inductance L., from which the rotor
one depends as L, = L,, + L;, is subjected to saturation
phenomena of the rotor leakage fluxes if the rotor slots
are closed [17]. In addition, it is highlighted how also
the skin effect affects the value of L.

e The rotor resistance R, depends on the rotor
temperature and is affected by skin effect [15], [16].

For these reasons, the rotor time constant is not a constant
parameter as it depends on the electromagnetic and thermal
conditions of the machine. The primary source of variation
consists of the skin effect. It is particularly significant when
the rotor time constant is computed by measuring the rotor
resistance and rotor leakage inductance with a standard
locked-rotor test. In this case, the rotor currents have the same
frequency as the stator ones, thus maximizing the impact of
the skin effect. Therefore, performing the flux-decay test
allows getting the following primary advantages.

e The rotor time constant can be measured at the rated
flux linkage conditions, thus including the saturation of
the jumpers when the rotor slots are of a closed shape.

e The evaluation of the rotor time constant is not affected
by the skin effect on the rotor slots as it alters the values
of both rotor resistance and rotor leakage inductance.

For the IM used in the experimental validation, the results
of the flux-decay test are shown in Fig. 2 and Fig. 3. The
machine has been initially supplied in no-load conditions at its
rated voltage, i.e., 160 Vrms. After, the stator supply has been
suddenly turned off, and the subsequent flux-decay transient
of the stator back-emf has been recorded using a data recorder
(see Fig. 2). In this way, the envelope of the stator back-emf
has been computed as follows:

e, = V7 + vgz 9)

where the stationary components (aff) of the stator voltages
(va',v*) have been computed by applying the Clarke
transformation [7¢] as:

t
[V; V[;] =[Tc v (10)
Finally, the rotor time constant is obtained by fitting the

amplitude of the machine’s back-emf using a first-order
exponential function.
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Fig. 2. Measured machine’s back-emf during the flux-decay transient.
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Fig. 3. Measured envelope of the machine’s back-emf and fitting profile.

Therefore, measured samples immediately after the stator
shut-off directly obtain the initial value of the exponential
profile, i.e., 128.7 V. The rotor time constant can be instead
computed using a conventional spreadsheet, thus minimizing
the sum of the squares of the errors between the fitting profile
and the experimental back-emf envelope. The fitting results
are shown in Fig. 3, from which the computed value of the
rotor time constant corresponds to 160.5 ms.

III. FOC-BASED CURRENT VECTOR CONTROL SCHEME

To understand the best value of the rotor time constant to
get the maximum accuracy of the torque control, a FOC-based
CVC has been implemented. According to the literature, two
FOC schemes for IM drives can be implemented as follows:
direct FOC (D-FOC) and indirect FOC (I-FOC).

The direct field-oriented control (D-FOC) scheme senses
the rotor flux vector by using the feedback of electric and
mechanical sensors, together with the implementation of
dedicated flux observers [2], [3], [19].
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Fig. 4. 1-FOC torque control scheme.

Compared to D-FOC, the indirect field-oriented control (I-
FOC) indirectly manages the rotor flux orientation, using the
feedback of rotor speed and tuning the slip frequency as a
function of the stator currents [1]. Although I-FOC does not
get the same dynamic performance as D-FOC, it is
implemented in most industrial applications that use induction
motor drives [20]. However, the rotor flux angle can also be
obtained through calculations based on the machine
parameters' estimation, using sensorless algorithms [21], [22].

Regardless of the considered FOC algorithm (D-FOC, I-
FOC, or sensorless methods), the accurate evaluation of the
rotor time constant is crucial because it is directly connected
to the estimation of the d-axis position, i.e., the rotor flux
orientation. Indeed, the torque accuracy is compromised if the
rotor time constant estimate is wrong, as demonstrated in [5].
For example, Fig. 4 shows the computation of the rotor flux
orientation for the [-FOC scheme. It is noted how the electric
slip speed g, is computed from the reference (dgq) stator
currents (is4",is, ) using the estimated value of the rotor time
constant .. If this parameter is not estimated correctly, the
rotor flux orientation 9, is wrong, leading to a steady-state
error of the torque regulation. Therefore, through this
example, it is pointed out how the proper estimation of the
rotor time constant has a significant impact on the torque
regulation performance of induction motor drives.

In this paper, the torque control has been implemented
using an [-FOC algorithm since it represents the most
employed solution in the industry. Referring to Fig. 4, the I-
FOC scheme is based on the (dg) model of the machine (2),
(3). In steady-state conditions, the slip angle Sy, is computed
from the stator (dq) currents as:

1 i,
8y = [0 di = [ ——d (1)

‘Cr ls,d
By adding the slip angle to the electric rotor speed 9.
(obtained as pole pair p times that mechanical 9,,) the d-axis
position is thus obtained. Therefore, I-FOC implements (11)
using the estimated value of the rotor time constant T,
(subscript ‘“** stands for an estimated variable/parameter) and
by considering the stator (dg) currents equal to the reference
ones. In this way, the need for implementing a rotor flux

observer is avoided.

The d-axis position is used in the current control to perform
the rotational transformations as follows: i) obtain the

feedback stator (dg) currents from those measured in phase
coordinates i;>3*, and ii) compute the reference phase voltages
of the machine v;»3*" starting from those defined in (dq)
coordinates provided by the regulators performing the CVC.

Concerning the reference (dq) currents (isq",is"), these are
computed according to the flux and torque levels. Considering
the machine operation below the base speed, the d-axis current
reference is typically set equal to the rated magnetizing
current, thus imposing the rotor flux amplitude to its rated
value. Therefore, according to the rated value of magnetizing
inductance Ly, rareq and rotor flux amplitude A rareq, the d-axis
current reference is computed as follows:

i:,d = }\‘r,rated /Lm,rated (12)

Finally, the g-axis current reference is computed according
to the reference torque T". Indeed, starting from (2), (3) the
electromagnetic torque of the machine 7. is computed as
follows:

3 L
e 2 p Lm + Ll), s,d “s,q ( )

Therefore, based on (12), (13), the g-axis current reference is
computed as:

* 2 Lmrae +Zr *
i, = e .7 (14)
*3-p L A

In summary, in the I-FOC scheme, the implemented value
of the rotor time constant affects the torque accuracy only in
terms of d-axis orientation since the reference (dg) currents are
computed using the currents-to-flux relationships of the
machine (i.e., currents-to-torque) [23].

'm,rated r,rated

IV. EXPERIMENTAL VALIDATION

The proposed analysis has been validated on a 4 poles IM
(full-pitch windings with four slots/pole/phase), rated 10 kW
at 6000 r/min. Table I reports the primary machine data, where
the IM parameters have been obtained by performing the no-
load and locked-rotor tests at the supply frequency of 50 Hz
using a conventional variac. However, the rated frequency of
the machine is 200 Hz. Therefore, the locked-rotor test was
also performed at the supply frequencies of 100 Hz, 150 Hz,
and 200 Hz, obtaining the results summarized in Table II.
According to these results, and assuming the magnetizing
inductance equal to the rated value L, =L raeq (see Table 1),
the rotor time constant is computed using (6). The results are
reported in Table III. It is noted how the skin effect leads to a
significant increase of the rotor resistance, i.e., as much
reduction of the rotor-time constant. Therefore, using the
torque controller described in Section III, the best rotor time
constant value corresponds to optimizing torque accuracy.

A.  Testrig

The IM under test has been mounted on a test rig for
validation purposes. The rotor shaft has been coupled to a
driving machine acting as a prime mover, as shown in Fig. 4.
To check the accuracy of the torque control scheme, the torque
transducer T40B from HBK has been mounted along with the
mechanical coupling between IM under test and the driving
machine, as shown in Fig. 4.



TABLE L MACHINE PRIMARY DATA
Electrical Data
Pole number 4
Rated power 10 kW
Rated speed 6000 r/min
Rated phase-voltage 115 Vrms
Rated phase current 10 Arms
Machine Parameters
Stator resistance R; 600 mQ
Leakage inductances Ly, L, @ 50 Hz 3.96 mH
Magnetizing inductance L, yared 56.0 mH
Rotor resistance R, @ 50 Hz 583 mQ
Rated stator flux amplitude A, 4eq 463 mVs

TABLE IL. LOCKED-ROTOR TEST RESULTS
Frequency (Hz) R, (mQ) Lis= L, (mH)
50 583 3.96
100 893 3.81
150 1232 3.71
200 1575 3.63
TABLE IIL. ROTOR TIME CONSTANT FROM STANDARD TESTS
Frequency (Hz) 7 (mSs)
50 102.8
100 67.0
150 48.5
200 37.9

Fig. 4.
driving machine (right).

View of the IM under test (left), torque transducer (middle), and

The power converter consists of an IGBT three-phase
inverter power module, rated 45 A/1200 V, fed at 540 V by a
dc source. Both the switching- and sampling- frequencies have
been set at 8 kHz. Finally, the digital controller is the
dSPACE® MicroLabBox fast prototyping board, while the
control algorithm has been developed in C-code.

B.  Experimental results

The experimental results concern the drive operation in
torque control mode. The motor speed has been set at 1500
r/min using the driving machine to make the iron losses
negligible, and the torque reference has been set at the value
of 24 Nm (overload 150 %). The results are shown in Fig. 5
(Teas stands for the measured torque). It is noted how the
torque control algorithm is first implemented using the rotor
time constant computed from the standard test (ST).
Subsequently, the rotor time constant value is suddenly
changed to that obtained from the flux-decay test (see flag
signal). The torque accuracy is checked using the ST values of
rotor time constant for the frequencies reported in Table III,
i.e., 50 Hz, 100 Hz, 150 Hz, and 200 Hz.

Fig. 5.

Torque Control - ST @ 50Hz

35}
|—T* —T heas —Flag
30
25
E “W
€20 -
[}
g
S15¢
l_
101
5
0
0 0.5 1 1.5 2
Time (s)
Torque Control - ST @ 100Hz
35[ — ' ]
\_T — "meas —Flag
30
25
E
20} ]
@
g
S 15F
|_
101 -+
5
0 ‘ |
0 0.5 1 18 2
Time (s)
Torque Control - ST @ 150Hz
35[ — ' ]
\_T — 'meas —Flag
30
25
E
20} ]
[}
g
15}
|_
101 -+
5
0 ‘ |
0 0.5 1 1.5 2
Time (s)
Torque Control - ST @ 200Hz
35[ — ' ]
\_T — 'meas —Flag
30
25
E
Z20t ]
[}
g
515}
|_
10 -+
5
0 ‘ |
0 0.5 1 1.5 2
Time (s)

Torque control accuracy using different rotor time constant values.



TABLE IV. TORQUE ACCURACY RESULTS

7- Approach | 7% (Nm) | Tiess (Nm) AT (Nm) AT (%)
Flux-Decay 24 23.2 0.8 33
ST @ 50 Hz 24 214 2.60 10.8
ST @ 100 Hz 24 15.6 8.4 35.0
ST @ 150 Hz 24 11.6 12.4 51.7
ST @ 200 Hz 24 9.2 14.8 61.7
Fig. 6. Layouts of stator and rotor laminations of the IM under test.

It is noted how regardless of the frequency used to tune the
rotor time constant values from ST, the value obtained from
the flux-decay test leads to higher torque accuracy of the
control, as also confirmed in Table IV, which summarizes the
obtained results. In detail, the torque accuracy when the rotor
time constant is computed from the ST at 200 Hz leads to a
significant torque error AT (near 62 %). However, such a
frequency is the rated one of the machine, and thus it should
be adopted for performing the locked-rotor test [24].
Unfortunately, for inverter-fed IMs like that considered in this
paper, the skin effect has a significant impact on the value of
rotor resistance due to the shape of the rotor slots, whose
layout is shown in Fig. 6.

Therefore, the investigation presented in this paper
demonstrates how, for inverter-fed IMs, it is better to obtain
the value of the rotor time constant using the flux-decay test
instead of combining the results obtained from ST. Indeed, ST
are performed at rotor frequencies (hundreds of Hz) much
higher than those in regular operation (few Hz). Thus, ST
results are affected by the significant errors introduced by the
skin effect on the rotor resistance. This issue is all the more
evident, the higher the nominal frequency of the motor, as
happens for IMs used in traction applications.

V. CONCLUSION

The paper investigated the best method to compute the
rotor time constant of induction motors (IMs) for performing
their accurate torque regulation. In detail, two test methods
have been considered: i) indirect computation of the rotor time
constant from standard tests (no-load and locked-rotor ones),
and 7) direct computation of the rotor time constant from the
flux-decay test.

The values of the rotor time constant computed from the
above methods have been used to implement a torque control
algorithm based on the indirect field-oriented control (I-FOC)
scheme, whose d-axis orientation is strictly dependent on such
a parameter.

Experimental results obtained on 4 poles IM, rated 10 kW
at 6000 r/min, have been presented. According to test results,
for IMs having a high rated speed/frequency, the rotor time
constant obtained from the flux-decay test leads to higher
torque control accuracy. Indeed, the flux-decay test is immune
to the skin effect phenomena that affect the results of the
locked-rotor test, thus leading to the computation of a rotor
time constant value near to that encountered in the operative
condition of the machine.
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