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ABSTRACT Variable frequency speed regulation technology is widely used in energy-saving control
systems for fan and pump loads. Replacing mechanical adjustment devices such as valves with variable
frequency speed regulation can effectively reduce energy consumption. The energy-saving and speed
regulation performance of induction motor variable frequency drive system based on the indirect rotor
flux-oriented control (I-RFOC) heavily depends on the accuracy of rotor time constant. Traditional rotor
time constant measurement methods often require the motor to be in a static state, which cannot reflect the
different load conditions of the motor. In the process of stator back electromotive force decay of induction
motor, the rotor side information is reflected in the change law of stator side voltage and current through flux
linkage coupling. Aiming at the transient experimental phenomenon of stator winding back electromotive
force decay after power is disconnected, this paper proposes a rotor time constant identification method
based on curve fitting and differential evolution algorithm. The identification can be completed by measuring
stator voltage and current. The influence of load, zero-sequence component and variable frequency supply
conditions on the identification process is also analyzed. Finally, with a 55-kW induction motor, experimental
validation is also performed to verify the proposed identification method.

INDEX TERMS Induction motors, stator back-EMF transient process, rotor flux orientation control, rotor
time constant identification, differential evolution algorithm.

I. INTRODUCTION the slip angular velocity and the rotor angular velocity. The

Induction motors (IMs) are widely used in industrial fields
with the advantages of high reliability, simple structure and
low cost. With the development of power electronics and
variable frequency speed control related technologies, vector
control is widely used in induction motor drive control sys-
tems. Among them, the indirect rotor flux-oriented control
(I-RFOC) based on rotor flux observation is widely adopted
for its good dynamic and static performance. The directional
angle of the rotor flux is obtained by integrating the sum of
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calculation of the slip angular velocity is related to the rotor
time constant 7;. The parameter error of T} affects the decou-
pling of the excitation component and the torque component,
it further affects the transient characteristics of the speed and
torque. Therefore, accurate rotor time constant is a prerequi-
site for achieving good control performance in I-RFOC. The
accurate observation of the rotor flux heavily relies on the
rotor time constant of the IM, and there are many difficulties
in accurately measuring rotor time constant. On the one hand,
the rotor side parameters are affected by factors such as
temperature and frequency, and the values vary greatly under
different operating conditions. On the other hand, due to the
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high-speed rotation of the rotor during motor operation, there
is a lack of mature measurement schemes to obtain rotor side
parameters.

At present, the main methods for identifying the rotor
time constant include conventional experimental methods,
model reference adaptation, recursive least squares, etc. In the
traditional off-line identification scheme of 7, no-load and
locked-rotor experiments are often used to obtain motor
parameters. The off-line measurement of rotor resistance and
rotor leakage inductance is required to be carried out under
single-phase AC voltage, and the measurement of mutual
inductance needs to be carried out under no-load conditions.
The measurement of rotor side parameters by applying differ-
ent kinds of current and voltage signals to detect the response
of current and voltage in [1], [2], and [3] belongs to static
experiments. Due to the significant differences between the
experimental environment and the actual operating condi-
tions of the motor, the accuracy of the obtained rotor time
constant results is poor. The parameter identification of IM
based on recursive least square method was proposed in [4]
and [5], but the algorithm used second-order or third-order
filters to transform voltage and current is relatively complex.
An online identification method for rotor time constant based
on model reference adaptive control was presented in [6],
which has the advantages of easy implementation and good
stability. However, the optimal adaptive parameters of this
method are difficult to determine, and the influence of system
regulator parameters is significant.

A method for measuring the rotor time constant based on
the magnetic flux decay experiment during power outage
was proposed in [7], which can use voltage data to obtain
identification results. However, the influence of load and zero
sequence components on the measurement experiment was
ignored in the paper. At the same time, there is a lack of the-
oretical analysis of the identification process under variable
frequency power supply, and the accuracy of the results needs
to be verified.

In [8], the rotor time-constant is identified by injecting
stator current with an arbitrary frequency. After a proper
time to reach the steady-state condition, the test current is
switched to a predefined dc level. The voltage transient is
therefore analyzed, allowing the estimation of the rotor time
constant. Other studies presented in [9], [10], [11], and [12]
has achieved online identification of the rotor time constant,
adaptive control systems require the initial parameter devi-
ation to be within a certain range, that is, the initial value
of the rotor time constant needs to be obtained. Therefore,
accurate offline identification of the rotor time constant is a
prerequisite for online identification.

The contribution of this paper is to propose a rotor time
constant identification method for IMs based on the transient
decay process of stator back-EMF. This method overcomes
the shortcomings of traditional motor parameter identifi-
cation experiments, which are complicated to operate and
cannot reflect the real operating state of the motor. The
influence of load, zero-sequence component and variable
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frequency supply conditions on the identification process is
also analyzed. Finally, with a 55-kW induction motor, exper-
imental validation is also performed to verify the proposed
identification method.

Il. BASIC PRINCIPLE OF I-RFOC

The I-FOC indirectly manages the direction of rotor flux,
using feedback from rotor speed and slip frequency tuning
as a function of stator current. Although I-FOC does not
achieve the same dynamic performance as D-FOC, it has
been implemented in most industrial applications driven by
induction motors. The rotor flux angle can also be obtained
through calculations based on machine parameter estimation
using sensorless methods.

As akey link in I-RFOC, the main function of the rotor flux
observer is to use the input speed and stator current signals
to accurately observe the amplitude and phase angle of the
rotor flux in real-time, which is a condition for decoupling
the excitation and torque components of the stator current.
The principle of I-RFOC is shown in Fig. 1.
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FIGURE 1. Block diagram of I-RFOC scheme.

As in Fig. 1, the accurate orientation of the rotor flux is
very dependent on the motor parameters, especially the rotor
time constant directly affects the dynamic tracking perfor-
mance of the rotor magnetic flux electric angular velocity.
If there is a deviation in the rotor time constant 7T, it will
lead to inaccurate orientation of the rotor magnetic flux,
which in turn causes incomplete decoupling of the stator
current excitation and torque components, causing the motor
torque fluctuation, and cannot obtain the expected dynamic
performance [13], [14], [15].

The rotor time constant is given by

Lr Lm + Llr

I= =2 (1)

R, R,
where Ly, is the excitation inductance, and the main influenc-
ing factors of Ly, are the magnetic materials and geometric
dimensions of the stator and rotor, as well as the influence
of magnetic saturation. R; is the rotor resistance, mainly
influenced by the rotor temperature and skin effect. Ly is the
rotor leakage inductance.
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The identification results of the 7} obtained by curve fitting
in this paper reflect the state of the induction motor from
the time of the stator power supply is disconnected to the
end of the transient process, i.e, the T} is considered to be a
constant value in the transient process, rather than reflecting
the change of the rotor time constant at each moment in real
time. If the saturation near the rotor slot and the rotor skin
effect are considered, higher requirements will be placed on
the accuracy of data acquisition in the transient process, and
it is also difficult to obtain a simple analytical expression.
Therefore, the relationship between the change of rotor tem-
perature and rotor current frequency and the change of rotor
resistance and inductance is not considered when deriving
the expression of stator voltage decay during the transient
process.

For the convenience of analysis, the mathematical model of
the induction motor is selected to be written in the two-phase
rotating coordinate system with the rotor flux speed as the
rotational speed, as presented in (2):

Usd R; Isd —WeVsq VYsd
Usqg | _ R; Isq WeVsd Vsq
= . + +
R, Urd 0 p Yy
0 R, irq Wslip Yy 0
(2

where usq and ugq are the stator d-axis and g-axis voltages.
R and R, are the resistance of the stator and rotor windings.
Isd, Isq» Ird> and irq Tefer to the stator d-axis, g-axis current and
rotor d-axis, g-axis current. Wyq, Wyq, W; represent the stator
d-axis flux linkage, stator g-axis flux linkage, and rotor flux
linkage; we, wslip, wr represent the rotor flux electric angu-
lar velocity, slip electric angular velocity, and rotor electric
angular velocity; p is a differential operator.

Due to the use of rotor flux orientation in the d-axis of the
rotating two-phase coordinate system, the rotor flux decou-
ples the torque component from the excitation component, i.e
W, = W4. At this point, the voltage equation of the induction
motor has been simplified to a certain extent [5]. The flux
equation, torque equation, and mechanical motion equation
in the two-phase rotating coordinate system with rotor flux
orientation are given by (3)-(5):

I/fsd L 0 Ly, 0 Isd
qu _ 0 Ly 0 L, Isq 3)
Wr Lin 0 Ly 0 ird
0 0 Lpn 0 Ly |ig
3 L .
T, = E pL_r:ll/frlsq 4)
J dow,
T, —T; = — 5
e L 1y dt ( )

where L is the stator winding inductance. J is the rotational
inertia of the motor rotor. ny is the number of pole pairs. T is
the electromagnetic torque. 71, is the motor load torque.
After the stator power is disconnected from the motor, due
to the presence of inductance in the stator and rotor windings,
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a back-EMF is generated in the stator and rotor windings.
During the decay process of the back-EMF, the electrical
information on the rotor side can be reflected in the decay
law of the stator voltage. Therefore, this process can be used
to identify the rotor time constant.

In essence, the difference between the wye connection
and the delta connection of the stator winding is whether
to consider the zero-axis component of the stator voltage.
The derivation in the two cases is similar. In order to better
illustrate the process of stator back-EMF decay in the IM,
an example of stator winding wye-connected squirrel cage
induction motors under sinusoidal power supply is used to
analyze and explain the stator back-EMF decay experiment
during power outage. The experimental process is as fol-
lows: under the required identification working conditions,
the motor is directly started, and the stator power is discon-
nected after the speed stabilizes. The data of the three-phase
voltage decay process of the stator after the power outage
is measured. Finally, the rotor time constant 7; is carefully
identified.

lIl. IDENTIFICATION METHOD FORT,

A. CURVE FITTING METHOD

By substituting isq =0 and isq =0 into the rotor flux oriented
dq rotating coordinate system induction motor model, the
voltage, current, and flux relationship of the motor during the
power outage process can be given as follows (6)-(8):

Usd ] _Rs 0 i —We 1//sq VYsa
Usq _ R; 0 ®eVsd 1ﬂsq
0 R, | T 0 [ TPy,
0 i L R, irq | Wslip Yr 0
(©)
1/fsd ] i Ls 0 Lm 0 B 0
V| _ [0 Lo 0 L[]0 -
wr L 0 L, 0 Ird
0] L0 Lu 0 L |l|ig

From the flux linkage equation, it is stated that:

irg =0
ird = 1pr/Lr (8)
1aﬁsd = LmWr/Lr
wsq =0
Based on the voltage relationship, it is given by (9):
Ry /Ly + p¥r = Y, /Ty +pYr =0 ®

The decay law of the rotor flux linkage can be computed
as follows:

Uy (1) = Yroe T (10)

where Wy is the initial value of the rotor flux linkage at
the beginning of the decay of the stator electromotive force,
that is, the instantaneous value of W, before disconnecting
the stator power supply. Since the phase current of the stator
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can be considered to change to O instantaneously when the
stator winding is wye-connected, the voltage equation can be
computed as follows:

Usd = pYsd

Usqg = WeWsd

0= Rrird +p1/fr
0= Rrirq + Cl)slipWr

(11)

It can be obtained from the equation for slip angle fre-
quency in the voltage equation wsj;, =0, which means that
after disconnecting the stator power supply, the rotor flux
speed is equal to the rotor electrical angular velocity. The rela-
tionship between the stator phase voltage and the stator d-q
axis voltage during the decay process of the stator back-EMF
is obtained as follows:

e =y + 10, (12)

The influence of zero sequence component can be
ignored in the case of wye-connected stator winding.
Equations (9)-(11) are substituted into (12), and the stator
voltage expression in the decay process is given by (13).

1
eﬂzﬂ(?5+wae‘ﬁ (13)

where e¢g is the phase voltage of stator winding, which can
be measured by voltage sensor. k = (Wy9Ly/L;), considering
the single identification process, it is considered that Ly, L,
W, are constants, and kis not a function of decay time and
does not affect the identification results of the rotor time
constant.

After disconnecting the stator power supply, the decay
waveform of phase A voltage of the stator is shown in Fig. 2.
It can be seen from the envelope drawn on the measured
amplitude of the stator voltage waveform that the amplitude
of the stator voltage after power off decays in exponential
form. It is not difficult to see from (13) that the speed of
voltage amplitude decay can reflect the information of 7;.

T T
— Back-EMF

— Envelop Curve
— Envelop Curve

-200

tls

FIGURE 2. The waveform of stator back-EMF decay process.
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This paper adopts a speed identification method based on
frequency analysis of rotor tooth harmonic signals, which
does not require the use of speed sensors and only requires the
measurement of stator current to complete the identification
of speed [16], [17]. The mechanical angular speed of the rotor
when the IM is in steady state operation is given by (14):

2
O = Z—” (Fon £11) (14)

For induction motors with wye-connected stator windings,
after disconnecting the stator power supply, the stator phase
current can be considered to instantly become 0. During the
decay process of the stator back-EMF, the speed is also in a
decay state, and the decay speed is related to the motor load
situation. The rotor angular velocity can be expressed as:

T
wr = np | Wpmo — 7[ (15)

where wymg i the initial value of the rotor mechanical angular
velocity during the decay of the stator back-EMF. Ty is the
load torque, and its value is constant for constant torque
load conditions. Substituting (15) into (13) can obtain the
expression for the decay of the stator back-EMF as follows:

T 2
es="\/”5 (wrmo—TL") + /T e (16)

where wrm is obtained through steady-state speed identifica-
tion or speed sensors. 71 is the load torque, and the moment
of inertia J is the mechanical parameter of the motor itself.
Only k and T; are unknown, and when the motor is under
different load conditions, k and 7; may also differ. Therefore,
the envelope of the measured stator voltage decay process can
be fitted through this expression, so as to determine the rotor
time constant of the motor.

B. IMPROVED DIFFERENTIAL EVOLUTION ALGORITHM
Differential Evolution Algorithm (DE) is a global optimiza-
tion algorithm based on swarm intelligence. Each individual
in the algorithm represents a solution vector. Through muta-
tion, hybridization, competition and other operations of the
population, the target function value is close to the preset
value.

In traditional differential evolution algorithms, the muta-
tion rate is often set to a fixed value, and the mutation operator
is too large, making it difficult to obtain the global optimal
solution. The mutation rate is small, and the diversity of
the population decreases, leading to premature convergence.
Improve the mutation operator by setting it as a variable that
increases with the number of iterations [18], [19], it is stated
that

F =2*F, (17)

where A = l=Gm/(Gm-G+D. & represents the number of
iterations.

At the beginning of evolution, the mutation operator is
2Fy, which can maintain the population diversity of the
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FIGURE 3. Differential evolution algorithm flowchart.

initial evolution and prevent premature convergence of the
algorithm. In the later stage of evolution, the mutation opera-
tor becomes Fy, which is conducive to obtaining the solution.
It is worth noting that there are some differences in the
parameter identification of the motor using the differential
evolution algorithm based on the steady-state data and the
transient data. This is due to the fact that the rotor inertia of
the induction motor must be known during the steady-state
identification.

This section uses the rotor time constant identifica-
tion method of differential evolution algorithm to iden-
tify the rotor time constant of the induction motor with
delta-connected stator windings by measuring the stator volt-
age and current. The differential evolution parameters are
shown in Table 1, where N is the population number, Gpyax iS
the maximum iteration number, E is the target error function,
CR is the crossover operator, and F is the initial variation
factor.

TABLE 1. Differential evolution algorithm parameter settings.

Parameters N Gnax E CR

Values 60 200 le* 0.1
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The identification parameter population is set to [Rg, Lis,
R;, Ly, L], and the objective function is given in (19):

2
SSE = Z;lzl |:(i;ka - isa)2 + (ljﬂ - isﬁ) + (ZTO - i30)2:|
(18)

The parameter settings of differential evolution will affect
whether the identification results can converge to the correct
value, so adjustments need to be made based on the conver-
gence of the objective function. For the case of stator winding
delta-connected, due to the existence of zero sequence com-
ponents, it is necessary to choose the motor state equation that
considers the zero sequence component to solve the optimal
parameters, as shown in (20).

X =AX + BU (19)
where equations X, A, B, U, as shown bottom of the next

page.

TABLE 2. Improved differential evolution algorithm parameter
identification results.

Parameters Values Variation range
Rs/Q 0.1059 0.01~1
R/Q 0.064 0.01~0.1

LiymH 0.898 0.01~1
Li/mH 2.6 1~5
L/mH 74.19 10~100

C. INFLUENCE OF ZERO-SEQUENCE COMPONENT ON TR
IDENTIFICATION

For IMs with stator winding delta connection, after dis-
connecting the stator power supply, the line current can
be considered to instantly change to 0, and there will be
zero sequence circulating current of equal amplitude and
phase inside the delta-connection winding. As shown in
Fig.4, there is a zero-sequence circulating current Iy in the
delta-connected stator winding after power off, As shown
in Fig.5, the zero-sequence potential corresponding to the
zero-sequence circulating current is also a part of the stator
voltage decay. The left side es of (16) is the original stator
phase voltage data obtained by direct measurement. Because
the zero-sequence voltage ugy contributes to the stator volt-
age, (16) needs to be corrected as (20):

T 2
s = \/kzn/% (wrmo - TL ’ t) + (l/Tr)2 e/ + u?()
(20)

The frequency domain analysis results of the previous
cycle of zero-sequence voltage attenuation are shown in
Figure 5. In the frequency domain, the zero-sequence volt-
age corresponds to the third harmonic voltage, and the third
harmonic voltage amplitude reaches 19.08 V when the stator
phase voltage amplitude is 535 V.
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FIGURE 4. The decay process of Igg in delta-connected stator winding.

FIGURE 5. The decay process of ugg in delta-connected stator winding.

D. THE IMPACT OF POWER HARMONICS

To study the effect of variable frequency power supply on the
decay process of stator back-EMF, an analysis is conducted

18 ™~ (150Hz,19.08V)

U/V

0 200 400 600 800 1000

FIGURE 6. The frequency domain decomposition results of ugg

on the k-th harmonic contained in the power supply. Based
on the mathematical model of I-RFOC, the rotational d-q
coordinate system speed is set to the rotor flux speed under
the k-th harmonic power supply, and the voltage, current,
and flux are also written in the form of k-th harmonic power
supply. Substituting uksd/q» iksd/q» ikrd/q» Ykd/q» Wkr» @ke IO
the mathematical model of the motor in the rotating d-q
coordinate system, following the analysis ideas in the first
section, the relationship between electrical angular velocity
and rotor flux linkage can be computed as follows:

(e — o) wk =0 1)

Considering that the rotor flux linkage hange abruptly,
it can be concluded that a)lg = wy. The physical meaning of
this equation is that the power harmonics caused by variable
frequency power supply do not affect the rotational speed of
the rotor flux after power outage, and the rotational speed
of the rotor flux generated by any order of power harmonics
becomes the rotor electrical angular velocity at the moment

. . . T
X = [lsoz Lsp 1sO Yra Iprﬂ 1//rO]

F_ R _ R
ToL; T oLlL? 0
0 Ry R-L2
T oLy oLL?
A= 0 0
RyLy,
L, 0
0 R'Lfm
i 0 0
— 1 T
oL (1) 000
B=|0 ;-000
0 0 £00
- Is
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of power outage. Correspondingly, (16) is stated that

L, 1
&=k et @)
r r

From the above equation, it can be seen that the decay
process of the stator back-EMF is mainly affected by the
initial value of W, and the stator voltage. For different orders
of power harmonics, the stator voltage during the power out-
age process decays in a sinusoidal waveform with gradually
decreasing amplitude. Only with different initial values of the
rotor flux linkage, the decay speed of the back-EMF is the
same. Therefore, the identification method for the rotor time
constant is the same.

IV. EXPERIMENTATION VERIFICATION

For the rated power 55-kW induction motor with stator wind-
ing delta-connected, the rotor time constant was identified
by curve fitting and differential evolution algorithm. The test
bench is shown in Fig. 7.

Inverter

FIGURE 7. Test bench.
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FIGURE 8. Fitting envelope of stator voltage decay process with
sinusoidal supply voltage.

The decay curve of the stator back-EMF under sinusoidal
power supply is shown in Fig. 8. The rotor time constant iden-
tification results can be obtained by using the fitting formula
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considering zero sequence components and the improved
differential evolution algorithm. The convergence process
of the objective error function of rotor time constant using
differential evolution algorithm is shown in Fig. 9.
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FIGURE 9. The convergence process of the objective error function of the
DE algorithm with sinusoidal supply.

The envelope fitting results of the stator voltage decay
process with different loads and before and after consider-
ing the zero-sequence component are shown in Figure 10.
Curve A and B is the fitting result of considering the zero-
sequence component and not considering the zero-sequence
component when the load torque is 0.57. It can be seen that
there is a certain deviation in the identification results of the
rotor time constant when the zero-sequence component is not
considered in (16).

500 —A4, I,=0.5Ty, T,,,=1.255s
\
- = B, 7;=0.5T}, T,,=1.236s
. C, I,=0.75Ty, T,,,=1.210s
400 4 \
— =D, =T\, T,,,=1.189s
2 3004
&3]
200
100
0 1
0 5

t/s

FIGURE 10. Considering the influence of zero sequence component and
Tr identification results under different loads.

The curve C and D is the fitting curve when the load
torque considering the influence of zero sequence compo-
nent is 0.75T7N and Ty respectively. It can be seen from the
comprehensive observation of Curve A, C and D that as the
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load increases, the rotor time constant identification Trm that
reflect the transient process characteristics become smaller,
which may be due to the fact that the rotor resistance increases
with increasing temperature.

In order to verify the impact of variable frequency power
supply on the decay process of stator back-EMF, SPWM
variable frequency power supply was used under the same
rated load conditions, and the carrier frequency of the fre-
quency converter was set to 5 kHz. The decay process of
stator back-EMF is shown in Fig. 11. It can be seen that the
initial value of stator voltage decay under variable frequency
power supply is 530 V, which is close to the initial value of
stator voltage 535 V under sinusoidal power supply.

Ve

FIGURE 11. Fitting envelope of stator voltage decay process with SPWM
voltage supply.

From previous analysis, it can be seen that the impact of
variable frequency power supply on the decay process of
stator back-EMF is mainly reflected in the initial value of
rotor flux linkage, and has no impact on the identification
process itself. Therefore, the identification method under
variable frequency power supply is the same as the curve
fitting and differential evolution algorithm under sinusoidal
power supply.

The rotor time constant identification results under sinu-
soidal and variable frequency power supply are shown in
Table 3. Method A and B refer to the methods of calcu-
lating the rotor time constant using curve fitting analytical
mathematical formulas and differential evolution algorithm,
respectively. SIN and SPWM refer to sinusoidal and variable
frequency power supply, respectively.

The experimental results show that under the same rated
load conditions, the difference in rotor time constant iden-
tification results between variable frequency power supply
and sinusoidal power supply using the decay process of
stator back-EMF is small. Both the curve fitting method
and the differential evolution algorithm can obtain the rotor
time constant parameters required for rotor flux observation.
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TABLE 3. Identification results of T, for 55kW IM under full load.

Method A Method A Method B Method B
Parameters Values

(SIN)  (SPWM)  (SIN)  (SPWM)
T/s 1199  1.189 1.186 1.195 1.182
R/Q  0.064 / / 0.058 0.061
L/mH  76.79 / / 69.33 72.04

The advantage of curve fitting method is that it can quickly
identify the rotor time constant, and the identification accu-
racy is mainly affected by the accuracy of collected voltage
data, but the specific parameters of rotor side resistance and
inductance cannot be obtained. Its application is limited to I-
RFOC. The advantage of differential evolution algorithm is
that it can identify the values of R, and L;, so as to obtain the
T:. which can be further applied to study the variation char-
acteristics of the rotor side parameters with load conditions.
At the same time, the computational complexity is large, and
it is also affected by the accuracy of collecting stator voltage
and current.

V. CONCLUSION

1) This study focuses on the transient process of stator
back-EMF decay in induction motors after power off, and
analyzes the mathematical model of induction motors that
describes the decay law of stator back-EMF. Considering the
influence of load and zero sequence components on rotor time
constant identification, the curve fitting method and improved
differential evolution algorithm are proposed to identify the
rotor time constant under sinusoidal and variable frequency
power supply.

2) With a 55-kW induction motor, experimental valida-
tion was also performed to verify the proposed identification
method. The experimental results show that the identification
results of the rotor time constant based on the decay process
of the stator back-EMF are close to the design values. Differ-
ent experimental conditions are set to compare the influence
of zero sequence component and load condition on rotor time
constant identification. The advantages and disadvantages of
the two identification methods are also compared and ana-
lyzed. The identification method for the rotor time constant
of IMs based on the transient decay of stator back-EMF
proposed in this study lays the foundation for the accurate
orientation of the rotor flux in the I-RFOC.
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