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Abstract—In this article, an online dual-parameter identifica-
tion strategy for linear induction motors (LIMs) is investigated.
Considering the influence of unique end effects in LIMs and the
critical impact on control system performance, the magnetizing
inductance and secondary time constant are chosen as the targets of
estimation. Compared with rotary induction motors, the influence
factors in LIMs are much more complex, which can heavily affect
the parameter value especially for the high-speed condition. As
a result, the online identification is vital for high performance
applications. Based on the model reference adaptive system with
magnetizing current as state variable, this article starts from the
adaptive law of secondary time constant derived by Popov’s crite-
rion for hyperstability. Then, the physical significance and stable
range are analyzed in details, based on which a handy magnetizing
inductance identification method is combined. To further ensure
the precision of estimation, one simplification scheme is specially
designed. Besides, to eliminate the pure integrator, the derivatives
of magnetizing current are chosen as the state variables. Finally,
the dual-parameter identification system that utilizes only one PI
controller and has low coupling property is constructed. Compre-
hensive simulation and experiments have fully demonstrated the
effectiveness and superiorities of the proposed method.

Index Terms—Linear induction motors (LIMs), model reference
adaptive system (MRAS), parameter identification, physical
significance analysis.

I. INTRODUCTION

THE linear induction motors (LIMs) have arisen more and
more attention for the ability to accomplish the linear

motion directly, which leads to the removing of intermediate
gearing device [1], [2]. Besides, it also has the superiorities in
radius of turning circle, grade ability, maintenance cost, and
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so on, which is very suitable for the high-capacity urban rail
transportation applications. Accordingly, numerous researches
have got great interest in this topic [3]–[5]. However, most
of them require the accurate information of motor parameters,
mismatching of which will heavily influence the overall per-
formance. Unfortunately, the parameter variation in LIMs is
much more complex compared with that for rotary induction
motors (RIMs). First, the special structure of LIMs, such as
large air gap, leads to a small value of magnetizing inductance
even though compared with leakage inductance. As a result, a
relatively small error in magnetizing inductance might lead to
noticeable degradation of control performance. Accordingly, the
accuracy requirement of identification will be higher for LIMs.
Besides, some existing identification method may lose efficacy
or be degraded in accuracy. Second, the existing of dynamic
longitudinal end effect (LEE) has considerable influence on
the dynamic change of magnetizing inductance and secondary
parameters, which will vary with the speed and load condition
changing. Thus, some investigations have been put forward to
study the parameter identification of LIMs [6]–[12]. However,
the main attention now is focused on the offline methods [6]–[8].
To be more concrete, the researches on magnetizing inductance,
secondary parameters, and dual-parameter are discussed respec-
tively as follows.

For RIMs, the magnetizing inductance is mainly affected by
the saturation level. As a result, in many conditions, the of-
fline identification and online updating with magnetizing curve
will be sufficient. However, when it comes to LIMs, the end
effects have turned to be another key factor. The variation of
magnetizing inductance is determined by multifactors, such as
speed, slip frequency, and so on, which makes it more difficult
to record the offline information. So, the online identification
of magnetizing inductance just reflects the challenging of pa-
rameter identification in LIMs. Taking the strategies for RIMs
into account, till now, there has been some studies focusing
on the online schemes for magnetizing inductance [12]–[15].
To be clearer, the properties of the existing methods are sum-
marized as Table I. Although the pure integrator mentioned
in Table I can be solved by some methods, such as low-pass
filter [16] and adaptive neural integrator [17], the computation
burden will increase to some extent and other problems may
arise.
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TABLE I
COMPARISON BETWEEN THE EXISTING METHODS AND PROPOSED METHOD

Except for the influence on magnetizing inductance, the end
effects will also lead to additional eddy-current loss according to
relevant research [18]–[21], which will introduce an additional
resistance into LIMs model. Thus, the variation of secondary
parameter in LIMs will be much more complex and severe.
For rotor resistance or rotor time constant of RIMs, there have
been quite a lot of literatures aimed at the online identification.
The model-based methods mainly adopt the model reference
adaptive system (MRAS) structure with different variables, such
as rotor flux [22], derivative rotor flux [23], electromagnetic
torque [24], stator voltage [25], reactive power [26], [27], and
magnetizing current [28] to derive the various adaptive laws. To
analyze the MRAS strategies with different functional candi-
dates more clearly, one unified model on the basis of indirect field
orientation control (FOC) for RIMs is developed in [29]. Except
for the abovementioned fundamental-frequency-model-based
methods, some methods conduct the identification by utilizing
small signal injection [30] or ever-present signal jitter [31],
which can be cooperated with the sensorless control. While,
the additional signal injection or specially designed filter will
increase the complexity and even degrade the performance of
drive system.

For that both magnetizing inductance and secondary parame-
ters are heavily affected by multiple factors in LIMs, the parallel
identification is significant for high-performance control. How-
ever, for the difficulties, relatively less researches are aimed to
solve this issue, which are also summarized in Table I. It is worth
mentioning that the compensation of inverter nonlinearities is

Fig. 1. T-model steady-state equivalent circuit of LIMs.

one of the key issues in parameter identification, which needs the
information of excitation voltage. However, it has been deeply
investigated by [34]–[37], and, in this article, it is set as one
of the basic theories, just like the FOC, rather than one of the
researching focuses.

In this article, a practical strategy to identify magnetizing
inductance and secondary time constant online is proposed for
LIMs traction system. The particularity of LIMs is fully taken
into consideration. The Popov’s criterion for hyperstability is
adopted to design adaptive law of secondary time constant,
in which the global asymptotic stability can be ensured. And
then the physical significance is revealed. On this basis, the
magnetizing inductance calculation method is derived and the
proposed dual-parameter identification strategy is decoupled. As
a result, the overall stability of system can be analyzed easily
and only one PI controller is needed to simplify the tuning
process. Besides, the pure integrator is removed by adopting the
derivatives of magnetizing current as the state rather than the sec-
ondary flux. In Section II, the mathematic model and parameter
variation principle of LIMs are introduced briefly. In Section III,
the basic adaptive law of secondary time constant is derived
and the physical significance is clarified. Section IV makes full
description on the characteristics of proposed dual-parameter
identification. Comprehensive simulation and experiments are
presented in Section V to verify the effectiveness, which includes
the comparison with conventional strategy. Finally, Section VI
concludes this article. To make a brief comparison, the proposed
method is also listed in Table I, which will be further discussed
in subsequent sections.

II. MODEL AND PRINCIPLE OF LIMS

For the special structure of LIMs, such as discontinuity of
magnetic circuit, the mathematical model should be analyzed
anew, which has been fully discussed in [18]–[21]. Before the
quantitative change rule or identification method is researched,
the model adopted should be explicit. The method proposed
by Duncan attributes the influence of LEE to the variation of
resistance and inductance in the magnetizing branch. However,
it will increase the difficulty of control strategy and identification
method design.

The equivalent circuit of LIMs selected in this article is based
on the model researched in [18], as shown in Fig. 1, which is
similar to that of RIMs and attributes end effects to the variation
of magnetizing inductance and secondary resistance. As a result,
the meanings of Lm and R2 are distinctly different from these
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for RIMs, for which equivalent variables should be named to
distinguish them. The Kr,x and Cr,x mean the longitudinal-end-
effect and transversal-edge-effect coefficients of the equivalent
secondary resistance and magnetizing inductance, respectively,
which reflect the effects of longitude and transverse end effects
on parameters. It will not only bring convenience to transplant
the high-performance control strategies from RIMs to LIMs, but
also make the design of observation and identification system
much easier.

The mathematic model in the stationary frame can be obtained
by neglecting the iron loss resistance in magnetizing branch,
which is usually adopted in control strategy design for the
similarity with RIMs, as described by⎧⎪⎨

⎪⎩
di1
dt = −R1L

2
2+R2L

2
m

σL1L2
2

i1 +
Lm

σL1L2T2
ψ2

− Lm

σL1L2
ω2Jψ2 +

1
σL1

u1
dψ2

dt = ω2Jψ2 − 1
T2
ψ2+

Lm

T2
i1

(1)

where subscripts 1 and 2 represent variables for the primary
and secondary of the LIMs, respectively; i, u, and ψ are the
current, voltage, and flux vectors, respectively; R represents
the resistance, L the inductance, Lm the equivalent magnetiz-
ing inductance (called magnetizing inductance for short), R2

the equivalent secondary resistant (called secondary resistant
for short), T2 = L2/R2 the equivalent secondary time constant
(called secondary time constant for short), σ = 1− L2

m/L1L2

the leakage coefficient, ω2 = vπ/τ the equivalent electrical
angular velocity, v the linear speed, τ the pole pitch, and J=
[0,−1;10].

From (1), the classic flux-based voltage and current model
can be derived as{

dψ2

dt = L2

Lm
[u1 − (R1i1 + σL1

di1
dt )]

dψ2

dt = ω2Jψ2 − 1
T2
ψ2 +

Lm

T2
i1.

(2)

To separate magnetizing inductance and secondary time con-
stant in voltage and current model, the magnetizing current is
defined as

im = ψ2/Lm. (3)

On the basis of (2) and (3), the corresponding voltage and
current equations for magnetizing current estimation can be
arranged, respectively, as

dim
dt

=
L2

L2
m

[
u1 −

(
R1i1 + σL1

di1
dt

)]
(4)

dim
dt

= ω2Jim − 1

T2
im +

1

T2
i1. (5)

Despite that the equation of secondary time constant contains
the magnetizing inductance, it can be seen as one integrated
independent parameter. After the magnetizing inductance and
secondary time constant is estimated successfully, the secondary
resistance can be calculated easily. In this way, the magnetizing
inductance and secondary time constant only exist in voltage
model (4) and current model (5), respectively. Selecting sec-
ondary time constant as one of the identified variables will be
helpful for decoupling. That is to say, there contains no sec-
ondary resistance in (4) and no isolated magnetizing inductance

Fig. 2. Inverse-Г dynamic equivalent circuit of LIMs.

Fig. 3. Identification structure of secondary time constant based on MRAS.

in (5). Hence, the given voltage model (4) can be assigned as
reference model and current model (5) as the adaptive model
when the adaptive law of secondary time constant is designed.
For magnetizing inductance, it will be just the reverse. The
corresponding inverse-Г equivalent circuit can be drawn as
Fig. 2.

Although the model introduced previously is similar to that of
RIMs, the change mechanisms of some parameters are distinctly
different. The additional influence factors are speed and slip
frequency. Taking the end effects into consideration of param-
eter change, the analytical calculation formulas of them have
been derived in [18], which starts from the design of LIMs
and needs the knowledge of many structure parameters. The
detailed expression is omitted here for the page limitation. To be
more practical for realizing in control strategies, the parameters
can be refreshed by the LEE factor f(Q) proposed by [19],
in which only some electric parameters and basic structure
parameters are required. However, it is noted that the change rule
of parameters should be cooperated with the adopted model for
that the meaning of some parameters can be different. Besides,
all of the magnetic saturation, skin effect and temperature rise
are not considered in the updating formulas mentioned above,
which also play a non-negligible role just like these in RIMs.
As a result, it is quite difficult to consider all of the factors,
respectively, and then acquire the accurate value of parameters
by offline identification or theoretical calculation for LIMs.
Hence, the online parameter identification is a key technology
for computing all of the influence factors roundly.

III. IDENTIFICATION OF SECONDARY TIME CONSTANT

A. Adaptive Law Derivation

According to (4) and (5), the secondary time constant can be
identified by constructing MRAS system, as shown in Fig. 3,
with the assumption that magnetizing inductance is known.
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Fig. 4. Equivalent nonlinear feedback system.

The adaptive mechanism can be designed by the Popov’s cri-
terion for hyperstability. The estimation equation can be derived
from (5) as

dîm
dt

= ω2Jîm − 1

T̂2
îm +

1

T̂2
i1. (6)

Furtherly, the state error equation of magnetizing current can
be deduced as

dεm
dt

= ω2Jεm − 1

T2
εm −

(
1

T2
− 1

T̂2

)
(îm − i1) (7)

where εm = im − îm, A = ω2J − 1
T2
I , and W = ( 1

T2
−

1
T̂2
)(îm − i1).
The nonlinear feedback system is drawn in Fig. 4. The

forward-path transfer matrix (sI −A)−1 has been proved to
be strictly positive real. The proof is omitted here for the page
limitation. Thus, the Popov’s criterion for hyperstability can be
satisfied only if the following inequation is true:∫ t1

0

εTmW dt =

∫ t1

0

(
1

T2
− 1

T̂2

)
εTm(îm − i1)dt ≥ −γ20

for all t1 ≥ 0. (8)

The adaptive mechanism can be designed as [28]

1

T̂2
=

(
Kp +

1

s
Ki

)
Δη =

(
Kp +

1

s
Ki

)
εTm(i1 − îm).

(9)
Substituting (9) into (8), it is derived that∫ t1

0

εTW dt =

∫ t1

0

[
R2

Lm
+

(
Kp +

1

s
Ki

)
Δη

]
Δηdt

=

∫ t1

0

[
Kp(Δη)

2 +

(
R2

Lm
+
Ki

s
Δη

)
Δη

]
dt.

(10)

Considering (10) and
∫ t1
0

df(t)
dt f(t)dt ≥ − 1

2f
2(0), it can be

proved that the inequation (8) is fully satisfied. Thus, the global
asymptotic stability of the system is ensured by the adaptive law
(9).

Fig. 5. Phasor diagram of im and i1 – im at steady state.

B. Physical Significance Revelation

Despite that the adaptive law of secondary time constant
has been obtained, the physical significance is not so clear.
Besides, the reference value of magnetizing current is acquired
by (4), in which the magnetizing inductance is contained. So,
it is uncertain whether the deviation of magnetizing inductance
will affect the accuracy of identified secondary time constant.
To clarify the deep meaning of (9) and decouple the followed
dual-parameter identification, the physical significance analysis
is needed. More details are summarized as follows.

First, the connotation of i1 − îm is clarified. Substituting (6),
it can be converted as

îm(i1 − îm) = T̂2îm
dîm
dt

− ω2T̂2îmJîm. (11)

It can be concluded from (11) that the first item is always zero
at steady state as long as the observer can achieve the stable
condition, which is assured by the adaptive law (9). And the
second item will be always zero at any state. As a result, (11)
will be always zero at steady state. So, the steady-state value
of secondary time constant has no concern with îm(i1 − îm)

in (9). From the aspect of phasor diagram, it means that îm is
orthometric to i1 − îm at the steady state, as shown in Fig. 5. It
should be noted that the variables in Fig. 5 are all the alternating
quantities under αβ-stationary frame, which is different from
the dc type in synchronous d-q frame. The steady-state i1 − îm
can be defined as ît, the estimated trust component of i1, which
corresponds to Iq in secondary flux orientated control. When
estimated secondary time constant T̂2 converges to real value,
estimated magnetizing current îm will approach the real one
too.

Second, based on the analysis abovementioned, when only
steady state is considered, the adaptive law (9) can be simplified
as

1

T̂2
=

(
Kp +

1

s
Ki

)
im(i1 − îm). (12)

As can be seen, the physical significance of (12) is clear
now that the vertical relationship of im and i1 − îm is utilized
to represent the error of estimated secondary time constant.
Besides, it is found that the coefficient L2/L

2
m in (4) has none

influence on the steady-state value of secondary time constant
identified by (9). However, the coefficient σL1 also contains
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Fig. 6. Numeric analysis of the simplification.

magnetizing inductance, which can be rewritten as

σL1 =

(
1− L2

m

L1L2

)
L1 = Ll1+

Ll2Lm

Ll2 + Lm
. (13)

Considering that the secondary leakage inductance is rela-
tively smaller than the primary leakage inductance and mag-
netizing inductance in LIMs, it can be deduced that the error
of magnetizing inductance in (4) has a weak impact on the
steady-state accuracy of secondary time constant identified by
(9). In the conventional identification method for RIMs, the
simplification of leakage coefficient is usually conducted as

σL1 = Ll1+Ll2. (14)

However, different from that in RIMs, it is suggested to calcu-
late the coefficient σL1 by using the static value of magnetizing
inductance in LIMs, defined as Lm0, to improve the accuracy
as much as possible. It is the reflection of difference between
RIMs and LIMs. The numeric comparison is shown in Fig. 6, in
which two simplified calculation methods and the real value of
coefficient σL1 are given by adopting the prototype parameters
in this article. As can be seen, by using the Lm0, the error is
quite small even when the real magnetizing inductance deviates
heavily from the static value. However, the other simplified
method Ll1+Ll2 has a relatively large error all the time.

C. Static Stability Analysis

Although the global asymptotic stability of the secondary time
constant identification system has been proved in SectionⅢ-A,
the following analysis will explain why the stability range is
extended with a more intuitive perspective. And comparation
with the method discussed in [32] will be conducted, which
is based on the results in Section Ⅲ-B. That is the reason for
splitting it from Section Ⅲ-A and placing it after Section Ⅲ-B.

First, the phase error between magnetizing current and esti-
mated item in Fig. 5 is calculated by

θerr = arctan

(
Iq
Id

)
− arctan

(
Îq

Îd

)
(15)

where Id,q is the d- and q-axis components of primary current in
secondary flux orientation synchronous d-q frame, correspond-
ing to it and im in stationary reference frame.

Considering that the precise measured speed is adopted in the
control system, it can be obtained that

ω1 − ωr = ωsl =
Iq
T2Id

= ω̂sl =
Îq

T̂2Îd
. (16)

Fig. 7. Three-dimensional diagram for relationship of θerr with T̂2/T2 and
Iq/Id.

Combining (15) and (16), it will get

θerr = arctan

(
Iq
Id

)
− arctan

(
T̂2
T2

Iq
Id

)
. (17)

It is distinct that the phase error is influenced by both of
identified secondary time constant and load condition Iq / Id, as
depicted in Fig. 7, in which the red line means the corresponding
phase error under IT / IM = 0 and the green line means the
corresponding phase error under correct estimated secondary
time constant, that is to say, T̂2/T2 = 1. As can be seen, under
the two states, the phase error maintains as zero.

As shown in Fig. 7, the sign of phase error is divided into
four parts by Iq/Id = 0 and T̂2/T2 = 1. That is to say, the
relationship between phase error and identified secondary time
constant can be flipped by the operation states.

According to Fig. 5, the adaptive law based on the cross
product betweenψr and ψ̂r [32] can be rearranged to the similar
form with (12) by using imand îm, as described by

ε = imβ îmα − îmβimα = − |im|
∣∣∣îm∣∣∣ sin θerr. (18)

The identification system designed by (18) will lose efficacy
under Iq / Id< 0, such as the breaking condition. Despite that the
sign of PI gains can be changed by judging the operation state
online to extend the stable range, it will increase the complexity
of system and may result in instability during mode switching
process.

However, for the strategy based on (9), under steady state, it
will get

ε′ = imît = |im|
∣∣∣ît∣∣∣ cos(π

2
± θerr

)
= ∓ |im|

∣∣∣ît∣∣∣ sin θerr
(19)

where “±” changes with the direction of thrust component of
primary current automatically.

As a consequence, the adaptive mechanism (9) can maintain
stability under all the operation range. It can be divided into two
parts, one for steady state error and the other only the dynamic
item, as illustrated by

1

T̂2
=

(
Kp +

1

s
Ki

)
[im(i1 − îm)︸ ︷︷ ︸

steady

−îm(i1 − îm)︸ ︷︷ ︸
dynamic

]. (20)
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IV. PARALLEL IDENTIFICATION STRATEGY FOR LIMS

A. Simplified Magnetizing Inductance Identification Method

Compared with resistance parameters, the difficulty of mag-
netizing inductance identification is relatively high. It is for the
reason that the distribution of magnetizing inductance is quite
wide in the mathematical model of IMs. The coupling problem
will be one of the key points especially when the secondary
parameter needs to be estimated simultaneously.

Different from the torque or reactive power, the quantities
such as magnetizing current has two degrees of freedom, i.e.,
the amplitude and phase, which can be utilized to accomplish
parallel identification. For the reason that there is no isolated
magnetizing inductance in (5), it should be selected as the refer-
ence model on the premise of accurate secondary time constant
for magnetizing inductance identification design. Defining the
back EMF as em, the voltage model (4) can be rearranged
as

em=
L2
m

L2

dim
dt

=
L̂2
m

L̂2

dîm
dt

=u1−
(
R1i1+σL1

di1
dt

)
. (21)

Considering the simplification (13), the back EMF can be
calculated by the static value of magnetizing inductance. Com-
bined (5) with (21), the identified magnetizing inductance can
be obtained easily by solving

L̂2
m

L̂2

= |em| /
∣∣∣∣dimdt

∣∣∣∣ . (22)

However, it can be only established on the basis of known
secondary time constant, that is to say, it should be applied
with the identification of secondary time constant parallelly.
Compared with the conventional online method [14], it has
the superiorities that less simplifications are needed and no
PI controller is used, which will improve the accuracy and
portability to a large extent. Specially, the back EMF rather than
the magnetizing current is utilized in (22), which can avoid the
pure integrator problem. Correspondingly, the adaptive strategy
of secondary time constant is modified as

1

T̂2
=

(
Kp +

1

s
Ki

)
dεTm
dt

(
di1
dt

− dîm
dt

)
. (23)

As a result, the proposed dual-parameter identification is
constructed on the derivatives of magnetizing current rather than
the magnetizing current. The corresponding stability analysis is
similar to the former content, as well as the physical significance.
Besides, to avoid the dynamic influence of identified magnetiz-
ing inductance, the reference derivatives of magnetizing current
in (23) can be calculated by the static value of magnetizing
inductance, as illustrated by

dim
dt

=
L20

L2
m0

em. (24)

B. Decoupling Analysis of Parallel Identification

The coupling of parallel identification is usually neglected
in some studies, which derive the adaptive laws separately.
However, the dynamics will be affected with each other, which

Fig. 8. Sensitivity analysis results of key parameters. (a) Primary resistance.
(b) Magnetizing inductance. (c) Secondary time constant.

may lead to the difficulty in tuning of controllers or even stability
problem. Whereas, in the proposed strategy, the coupling is
relieved to some extent, which is one of the key contributions in
this article. It can be discussed by parameter sensitivity analysis
aspect.

First of all, the analyzed parameter should be determined.
Considering that the secondary resistance always appears with
the secondary inductance in the mathematic model (11), it will
be difficult to separate secondary resistance and magnetizing
inductance. Thus, despite that the equation of secondary time
constant contains the magnetizing inductance, it can be seen
as one integrated independent parameter, just like that in the
proposed identification system.

From the adopted voltage model (21) and current model (5),
the error equation can be derived as

Δem = −
[
R̂1i1 + (σL1 − σ̂L̂1)

di1
dt

]
(25)

dΔim
dt

= ω2JΔim −
(

1

T2
− 1

T̂2

)
im +

(
1

T2
− 1

T̂2

)
i1.

(26)

As can be seen, the voltage model is mainly affected by
leakage coefficient and primary resistance; the current model
is only determined by secondary time constant. In the leakage
coefficient as stated in (13), assuming that leakage inductance is
known, it is mainly influenced by magnetizing inductance. The
sensitivity analysis of the abovementioned three key parameters
are illustrated in Fig. 8.

It can be found that the voltage model is sensitive to
primary resistance but nearly independent with magnetiz-
ing inductance. When it comes to the current model, it
is heavily influenced by the secondary time constant. Both



12456 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 10, OCTOBER 2022

Fig. 9. Schematic diagram of discretization in reference model.

primary resistance and secondary time constant will result
in the phase and amplitude error in estimated quantities
distinctly.

Synthesizing the abovementioned theories and analytical re-
sults, it can be summarized that even if the precise magnetizing
inductance has not been acquired, the voltage model can observe
the back EMF precisely. Furthermore, the identified secondary
time constant of adopted method can track the real value with
small error. Then, on the basis of the converged secondary time
constant, the accurate magnetizing inductance can be identified
by (22). The overall stability is apparent, which is another
superiority of the proposed method. As to the primary resistance,
it can be set as the research target in the future work to eliminated
the negative effects on estimation.

C. Realization in Digital System

Considering that the proposed identification method relies
on the precise observation of selected quantities, which will
heavily influence the performance, the suppression of discretiza-
tion error in digital system should be put emphasis to improve
the identification precision. Different from the compensation
of inverter nonlinearity, it should be specially designed under
different applications. Besides, as the primary voltage is usually
reconstructed by the reference voltage rather than sampled, the
delay time in voltage vector sequence should be considered. For
the voltage model, considering that the derivatives of primary
current need to be computed in (21), other variables should be
synchronized with them, that is to say, half sample period should
be delayed. As the natural delay exists between the reference
voltage and real PWM waveform, the discrete form of (21) can
be expressed as

em

(
k − 1

2

)
= u1(k − 1)−

(
R1
i1(k − 1) + i1(k)

2

+ σL1
i1(k)− i1(k − 1)

ΔT

)
(27)

where the k and k-1 represent the variables at the kth and the
(k-1)th time steps, respectively, em(k-1/2) the discrete back EMF
taking into consideration the effect of discretization error, and
ΔT the sample period. It is presented visually in Fig. 9.

Fig. 10. Whole system of both control and parameter identification.

Correspondingly, in the current model, to balance the calcula-
tion time and accuracy, the improved Euler’s method is adopted
to obtain the discrete form of (5), as illustrated by⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

īm(k) = im(k − 1) + [ω2Jim(k − 1)− 1
T2
im(k − 1)

+ 1
T2
i1(k − 1)]ΔT

i′m(k − 1
2 ) =

1
2{[ω2Jim(k − 1)− 1

T2
im(k − 1)

+ 1
T2
i1(k − 1)]

+[ω2Jīm(k)− 1
T2
īm(k) + 1

T2
i1(k)]}

im(k) = im(k − 1) + i′m(k − 1
2 )ΔT

(28)

where īm is the predicted magnetizing current in the first round,
i′m(k − 1/2) the discrete derivatives of magnetizing current
taking into consideration the effect of discretization error.

From (28), the discrete derivatives of magnetizing current
considering the effect of discretization error can be acquired
directly, which is synchronized with the discrete derivatives of
primary current and back EMF in (27).

D. Overall System Construction

Integrating the strategies abovementioned, the whole system
that includes the parameter identification, control strategy, and
main circuit is illustrated as Fig. 10. The identified parame-
ters can be adopted in the control strategies to improve the
performance if it is needed. It should be noted that for the
proposed method is designed under stationary reference frame,
it has no concern with the adopted control strategy. This is a
prominent advantage compared with the methods based on the
flux orientation, which can be only used in the FOC or should
be reformed in some other strategies.

Fundamentally, the adopted identification method for sec-
ondary time constant relies on the angel information between
magnetizing current im and thrust current it. And the identifica-
tion of magnetizing inductance utilizes the amplitude informa-
tion between back EMF em and magnetizing current im. As a
result, although the adopted MRAS is a relatively conventional
algorithm, the proposed identification method can realize the
following distinctive properties, which are the main contribu-
tions of this article:
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TABLE II
DIFFERENCES AND OBSTACLES FROM RIMS TO LIMS

TABLE III
MAIN PARAMETERS OF TWO AIMS

1) magnetizing inductance and secondary time constant are
selected as the targets, which is unusual in parameter
identification;

2) clear physical significance;
3) pure integrator is eliminated;
4) only one coefficient simplification is needed, which can

better ensure the precision of identification;
5) weak coupling, firstly secondary time constant and then

magnetizing inductance are identified successively;
6) only one PI controller is utilized, the workload of param-

eter tuning is light.
Finally, to reflect the differences between RIMs and LIMs,

the corresponding obstacles in the research are summarized in
Table II. As can be seen, there are much more challenges in the
parameter estimation of LIMs.

V. SIMULATION AND EXPERIMENTAL RESULTS

Main parameters used in the validation are presented in Ta-
ble III, which come from one prototyped LIMs platform, as
shown in Fig. 11. Two coupled arc induction motors (AIMs)
with large enough radius are used to simulate the properties
of an actual LIMs [38]. One of the AIM is utilized as the
drive motor and the other can be adopted as the load motor
to produce negative thrust. However, in this way, the thrust
cannot be directly measured by the torque transducer on the
shaft. To satisfy some conditions that need the information of

Fig. 11. LIMs test platform comprised of two AIMs.

output torque, the extra permanent magnet synchronous motor
based load producer is constructed.

The FOC is employed as the main control structure here
to conduct the simulations and experiments. The comparative
results of secondary time constant estimated by the cross product
between secondary flux and estimated item [32] (called con-
ventional method here) and the proposed dual-parameter online
identification strategy are displayed to enhance the persuasion
of effectiveness and superiority. Besides, the simplified scheme
that omits the dynamic compensation part is also employed
to illustrate the validity of physical significance analysis. In
addition, to enhance comparability of different adaptive laws,
the conventional method is adjusted as the form of angle error
between reference and estimated derivatives of magnetizing
current. The modified conventional and simplified adaptive laws
are expressed as⎧⎨
⎩εCon =

dimβ

dt
dîmα

dt − dimα

dt
dîmβ

dt

ε Sim = dimα

dt

(
di1α
dt − dîmα

dt

)
+

dimβ

dt

(
di1β
dt − dîmβ

dt

)
.

(29)

A. Simulation and Analysis

To reflect the influence of end effects on magnetizing in-
ductance and secondary time constant in LIMs to simulate the
real condition, the two parameters change with the rule of LEE
factor f(Q) [19] and R2N×(1+0.04×abs(ω)), respectively, for
convenience. Besides, the PI controllers of three secondary time
constant identification approaches are tuned to be the same for
the similar form.

Firstly, the typical operation condition is conducted, in which
the speed changes from 0→4→11→6 m/s at 0, 4, and 8 s,
respectively, and load changes from 50→150→100 N at 2 and
6 s, respectively, as shown in Fig. 12. It can be seen that the
estimated secondary time constant and magnetizing inductance
by the proposed, simplified and conventional methods can all
track the real values with fast dynamic response and precise
steady state. To be more clearly, the detail drawings are given
out, from which it can be concluded that 1) both the dynamic
response and steady state are similar for the proposed and
conventional methods; 2) the difference between the proposed
and simplified methods mainly lies on the dynamic response,
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Fig. 12. Comprehensive simulation results of parameter identification for
proposed, simplified and conventional methods with speed and load change.

Fig. 13. Simulation results for the stability test.

which is consistent with the theory analyzed before. The second
part of (20) just influences the dynamic performance. In the
bottom of Fig. 12, “Delta Δ” just represents the simplified part,
which is obtained by adopting the simplified method. As can be
seen, it maintains as zero at steady state despite that it is not used
in the adaptive law.

Considering the stability problem of conventional method, the
experiment is specially designed to make verification, in which
the LIMs operate on the state of negative thrust under positive
speed to make iq / id< 0. The results are shown in Fig. 13. As can
be seen, the estimated secondary time constant by conventional

Fig. 14. Simulation result for verifying the decoupling analysis.

method is divergent after 2 s. However, the adaptive law derived
by Popov’s criterion for hyperstability is stable under the same
state.

In Section III-B, a vital simplification is made for (13), which
will heavily influence the precision if it is not correct. To further
test the difference between the two simplification methods, the
comparative simulation results are shown as Fig. 14, in which
the speed is set as 9 m/s and load changes at 2 s. Three different
operation conditions are conducted: 1) with conventional simpli-
fication method by (14); 2) with proposed simplification method;
3) with real coefficients as the reference value. Besides, the
simulated value of secondary time constant is illustrated as the
standard value. As can be seen, with the adopted simplification
method, the unwanted identification error in secondary time
constant has been largely eliminated to an acceptable value.
Although the thought is relatively intuitionistic, it is a quite
practical method that would not increase the complexity and
calculation burden.

Besides, from Fig. 14, the decoupling analysis in Section IV-B
can be verified too. As can be seen, except for the condition
under the conventional simplification method, the other three
results are very closed. That is to say, the proposed simplification
method is necessary and sufficient to ensure the requirements for
accuracy of identification. After the secondary time constant is
determined, the current model can play the role of reference
model to provide the magnitude information for magnetizing
inductance identification. In this way, the coupling of the dual-
parameters identification can be removed well.

Finally, to test the importance of discretization method,
the comparison results between conventional forward Euler’s
method and the adopted improved Euler’s method are illustrated
in Fig. 15. Four different modes are set as follows:

1) both voltage and current model use the improved Euler’s
method;

2) only voltage model uses the improved Euler’s method;
3) only current model uses the improved Euler’s method;
4) both voltage and current model use the conventional for-

ward Euler’s method.
It is worth mentioning that the simulation model of control

and identification system is fully discretized to make it more
similar to the real digital real-time system. As can be seen,
only by utilizing the discretization equation in (27) and (28),
the identified parameters can track the simulated values with
very small error. It can be concluded that the proposed method
is very sensitive to the observe error and the special design of
discretization structure is essential for obtaining correct value.
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Fig. 15. Simulation result of identification parameters by four different dis-
cretization modes. (a) Magnetizing inductance. (b) Inverse of Secondary time
constant.

Fig. 16. Experimental results of parameter identification for the proposed,
simplified and conventional methods with changing speed and load.

B. Experimental Results and Analysis

As the accuracy of reconstructed voltage in the digital experi-
ment system is important to the proposed identification strategy,
one practical compensation method for power inverter nonlin-
earity is adopted to suppress the influence of error in voltage
signal [37] without using complex coefficients of inverter, such
as turn-ON and turn-OFF delay time. Similar to the simulation, the
comprehensive experiments with accelerating and load change
are conducted first, as shown in Fig. 16. As can be seen, the
parameter identification system can start with the LIMs control
system, in which the transient fluctuation appears. To avoid the

Fig. 17. Experimental results of the dynamic switching state. (a) Secondary
time constant. (b) Magnetizing inductance.

negative impacts, when it is adopted in compensation, it can be
filtered by a low-pass filter.

It is clear that in Fig. 16, the identified steady-state mag-
netizing inductance, secondary resistance, and secondary time
constant of three different adaptive laws are nearly the same
under various speed and load states. Besides, the trends follow
the functional rule of end effects on the parameters. For the
magnetizing inductance, it can be noted that the online identified
value is very close to the offline one without the unstable condi-
tion. As to secondary resistance, the relatively distinct variation
under load change is determined by both end effects and the
skin effect on secondary side for the varying of slip frequency.
It is difficult to derive the integral change rule of secondary
resistance by theoretical study, which considers all of the main
factors, and it makes the online identification more important.
The steady-state values of three different methods are nearly
the same, which is consistent with the theoretical analysis and
simulation results. And the difference on the dynamic process
is quite small. It indicates that the dynamic part of (20) has
little influence on the overall control performance, especially the
steady state. In Fig. 17, the dynamic switching of three different
methods is accomplished at 11 m/s. It is further confirmed
that the three methods have the similar property for smooth
transition and almost the same steady-state value especially for
the magnetizing inductance identification.

To compare the stability of proposed and conventional meth-
ods, the experiment of relatively long-time decelerating con-
dition is conducted to produce the state of iq / id < 0 during
the dynamic process. The corresponding results are shown as
Fig. 18. It can be seen that both methods are stable when
the speed accelerates from 5 to 11 m/s. However, under the
transient process of deceleration from 11 to 5 m/s, the conven-
tional method turns instable with the estimated secondary time
constant oscillating heavily. For the proposed method, despite
that the dynamic response is relatively slow, the stability can be
always maintained in the whole process.

The steady-state values of identified parameters under differ-
ent motor speeds are displayed in Fig. 19. It can be seen that the
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Fig. 18. Experimental results of the stability comparison.

Fig. 19. Experimental results of the identified parameters under different
speeds. (a) Magnetizing inductance. (b) Secondary resistance.

overall trend, variation range, and gradient of identified param-
eters are consistent with relevant theoretical research. All of the
identified parameters have quite a wide change with the speed.
Specifically, taking the magnetizing inductance as example, the
variation from 5 to 15 m/s is 0.006 H (about 17% of the static
value), which just mainly comes from the increase of speed.
When the load condition and saturation degree change greatly,
the range of variation in parameters may be further extended.
It indicates that the parameter identification is crucial for the
LIMs and has potential application in the high-performance
strategies, which are dependent of accurate parameters, such as
model predictive control, loss minimization control, and so on.
Although the identification results of three methods are nearly
the same in Figs. 16 and 17, It is for the reason that there is no
unstable condition in these tests. The similarity just reflects the
uniformity of the three different methods, which will be helpful
to build up one unified framework.

The abovementioned analysis of experiments mainly focuses
on the comparation with the offline identified values and overall
trend of theoretical research. To verify the effectiveness of iden-
tification results in the experiments quantitatively, the analytical
method proposed in [18] is utilized to calculate the modified
value of estimated parameters considering the end effects. As

Fig. 20. Circuit calculation results of modification coefficients in LIMs.

Fig. 21. Comparison of parameters by analytical method under different load
conditions. (a) Magnetizing inductance. (b) Secondary resistance.

stated in Fig. 1, four coefficients are introduced to modify the
magnetizing inductance and secondary resistance.

By injecting the speed and slip frequency measured through
experiments, the four coefficients can be calculated, as shown
in Fig. 20. Then, the quantitative comparison can be drawn as
Fig. 19. As can be seen, not only is the trend of analytical results
coincident with the experimental results, but also the specific
value is very closed. The difference may come from the other
factors in parameters change, such as saturation, skin effect,
and temperature. It is quite difficult to consider all of them in
the theoretical analysis, for which the online identification will
be more useful. Besides, it is worth mentioning that the error
in other parameters, such as primary resistance, will affect the
precision of identification results to some extent. The method to
solve this problem can be set as the research goals in the future
work.

Furthermore, the aforementioned verification mainly focuses
on the discussion of speed factor in the end effects. The other
important issue is the slip frequency, which can be adjusted by
changing the load condition with constant speed. The compar-
isons of analytical results under different load conditions are
illustrated in Fig. 21. As can be seen, changing in slip frequency
by adding loads has a relatively small influence on the value
of magnetizing inductance. However, when it comes to the
secondary resistance, the variation is apparent during the whole
speed range. From the experimental results in Fig. 16, it can be
seen that the identified magnetizing inductance slightly increases
and identified secondary resistance rises largely when the load



DONG et al.: ONLINE IDENTIFICATION STRATEGY OF SECONDARY TIME CONSTANT AND MAGNETIZING INDUCTANCE FOR LIMS 12461

is added, which is just the same as that in the results of analytical
method.

From the abovementioned verification method, the effective-
ness of experimental results in identified parameters can be
assured to some extent, not only from the key points and overall
trend aspects, but also from the quantitative perspective by
analytical method. From another side, the online identification
in this article has just verified the validity of theoretical research
started from the design of LIMs.

VI. CONCLUSION

In this article, one practical online dual-parameter identifica-
tion strategy for LIMs is proposed to solve the severe deviation
of magnetizing inductance and secondary time constant, which
are affected by multiple nonlinear factors. Main contributions
and analysis results are briefly summarized as follows.

1) The physical significance and static stability of secondary
time constant adaptive law derived by Popov’s criterion
for hyperstability are clarified detailly, which is based on
the mathematic model with magnetizing current as state
variable and inverse-Г dynamic circuit.

2) According to specificity of parameters in LIMs, one im-
proved simplification method is presented to reduce the
estimation error and only one coefficient is involved,
which is effective but would not increase the complexity.

3) Based on the works abovementioned, the magnetizing
inductance estimation method is proposed to form the
dual-parameter identification system with only one PI
controller,

4) The coupling in the estimation of two parameters is weak.
Specifically, first, secondary time constant and then mag-
netizing inductance are estimated successively.

5) By changing the state variable from magnetizing current
to derivative of magnetizing current, pure integrator is
eliminated and new adaptive laws are derived.

6) Suitable discrete equations of voltage and current model
are fully derived to reduce the influence of delay time in
voltage vector sequence and discretization error.

7) The proposed method and simplified method by ignoring
the dynamic part are found to have the similar property
with the method based on the cross product between real
and estimated fluxes, which can be unified to the same
framework except for the braking state.

8) The online identified parameters can follow the theory
of end effects under different operation conditions and
basically match the offline identified values.

Besides, the proposed method can be also extended to some
applications of rotary induction motor, which have relatively
high demands on accuracy of parameters, such as electric vehicle
situation.
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