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Abstract

In induction motor drive systems employing indirect field-oriented control (IFOC), vari-
ations in the rotor time constant lead to inaccurate estimation of the rotor field phase,
thereby preventing accurate decoupling of torque and flux. To solve this problem, this
paper designs an online rotor time constant identification scheme based on an improved
stator-flux model. Considering that the stator-flux model is susceptible to DC offset, a sta-
tor-flux observer with DC-offset compensation is designed. Based on the improved stator-
flux model, a rotor-flux voltage model is established as the reference model of the model
reference adaptive system (MRAS), while the rotor-flux current model is adopted as the
adjustable model. The corresponding adaptation law is derived based on Popov’s hyper-
stability theory to ensure the stability of the identification system. Simulation results show
that the proposed observer reduces the relative flux estimation root-mean-square error
from 37.38% to 2.05% in the DC-offset test. In the parameter identification test, the esti-
mated inverse rotor time constant enters a +2% error band in approximately 0.43 s and
achieves a relative root-mean-square error of 0.51% over the interval from 1.5 to 2 s.

Keywords: induction motor; rotor time constant; stator flux; model reference adaptive
system

1. Introduction

Induction motor drive systems employing indirect field-oriented control have been
extensively applied to industrial applications, including machine tool spindle drives, elec-
tric vehicles, and rail transit because of their good dynamic performance and ease of im-
plementation [1-3]. Recent studies have examined induction motor drives from the per-
spectives of efficiency, control, and transient operation. Azab reviewed developments in
high-efficiency induction motor drives, including motor technologies, power converters,
and control strategies [4]. Konuhova investigated induction motor responses to voltage
sags and subsequent re-acceleration, highlighting the effects of supply disturbances on
motor dynamics [5]. Regarding parameter-dependent control, Tang et al. reviewed iden-
tification methods for inverter-fed induction motors and discussed parameter variations
associated with temperature, skin effect, and magnetic saturation [6]. In rotor flux-ori-
ented control, accurate rotor-flux orientation is strongly influenced by the rotor time con-
stant. However, during practical motor operation, the rotor time constant may vary sig-
nificantly as a result of temperature changes and magnetic saturation [7-9]. If the control-
ler uses an outdated rotor time constant, the rotor-flux phase observation error will
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increase, preventing precise independent regulation of induction motor torque and flux,
and consequently reducing its torque output capability and slowing the dynamic re-
sponse [10]. To address this issue, various rotor time constant identification schemes have
been proposed, including approaches based on sliding mode observers [11], model refer-
ence adaptive system methods [12], and extended Kalman filter methods [13]. Among
these, MRAS has received considerable research attention owing to its simple structure
and ease of implementation. A typical MRAS framework incorporates three essential ele-
ments, namely an adjustable model, a reference model, and an adaptation law. A reactive-
power-based rotor time constant identification scheme is presented in [14]; however, this
approach imposes relatively high requirements on the design of the adjustable model.
Reference [15] constructs an identification system using the dot product of the stator cur-
rent and rotor flux, which effectively suppresses the influence of the dead-time effect.
However, this method relies on accurate rotor-flux information, and the pure integrator
in conventional flux observation introduces a DC-offset problem. Zhong et al. [16] devel-
oped a ROGI-PNSS flux observer for PMSM sensorless control, incorporating DC-offset
compensation and positive- and negative-sequence separation to suppress DC offsets and
negative-sequence fundamental disturbances. The present study focuses on the flux ref-
erence model used for rotor time constant identification in induction motor drives. Feed-
back compensation is constructed from the steady-state relationship between the stator
back electromotive force and flux linkage, and the resulting flux estimate is incorporated
into an MRAS identification scheme.

To address integrator drift in the flux reference model, this paper develops a stator-
flux observer with feedback compensation based on the steady-state relationship between
the stator back electromotive force and flux linkage. The observer suppresses the accumu-
lation of input offsets while preserving the ideal integrator response at the synchronous
frequency under steady-state conditions. The resulting stator-flux estimate is used to con-
struct the rotor-flux reference model for MRAS-based online rotor time constant identifi-
cation. An adaptation law is derived using Popov hyperstability theory under the stated
assumptions. Simulation comparisons assess the influence of the flux observer on flux es-
timation accuracy and rotor time constant identification performance.

2. Influence of Rotor Time Constant on IFOC

The fundamental principle of IFOC is to orient the d-axis of the synchronously ro-
tating reference frame along the rotor-flux vector, enabling decoupled control of the in-
duction motor flux and torque. To realize the IFOC of the induction motor, the key is to
obtain the rotor field phase angle 0. The rotor field phase angle is indirectly determined
by integrating the sum of the rotor electrical angular frequency and the slip angular fre-
quency. This phase angle €. can be written as:

1 iy 7L

W5l =75 dr =5~

T; i,\'d Rr

@™
0. =0, +0, = (0, +oy)dt = [w.di

In the above equation, wy, @, and . are the slip electrical angular frequency,
the rotor electrical angular frequency, and the synchronous electrical angular velocity, re-
spectively; i,z and i, are the d-axis and g-axis components of the stator current, re-
spectively; 7., L.,and R, are the rotor time constant, rotor inductance, and rotor re-
sistance, respectively;and €., 6. and 0y are the rotor field phase angle, the rotor po-
sition angle, and the slip angle, respectively. For the convenience of analysis and illustra-
tion, the following convention is adopted: X denotes the observed value, and X de-
notes the actual value.
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From Equation (1), it can be seen that the phase angle of the rotor field is determined
by the slip angular frequency and the rotor angular frequency. Usually, the rotor position
is detected using an encoder, and it can be considered that the rotor position angle O,
has essentially no deviation. Therefore, the accuracy of observing the rotor field phase
angle mainly depends on the calculation of the slip angle 6,;.

According to Equation (1), if 7, =7;, then the observed value of the slip angular fre-
quency equals the actual value, and 0, =0, ; in this case, the observed rotor field position
coincides with the actual position, and the field orientation is accurate. If T. > T., then
Oy <wy, and therefore, 0, <6,; in this case, the observed rotor field position lags behind
the actual position. If T, <T,, then @&y >wy, and therefore, 6, >0, ; in this case, the ob-
served rotor field position leads ahead of the actual position. A schematic diagram of the
rotor field phase observation deviation is shown in Figure 1.

q

(Stator phase-A axis)
Figure 1. Rotor-flux phase estimation error.

As shown in Figure 1, when the rotor time constant changes, the observed rotor field
position deviates from the actual position; at this time, i, #iy, i, #i,, and @, =y, . The
orientation error will cause the excitation component and torque component of the stator
current to become coupled, making it impossible to control the flux and torque inde-
pendently, and thus preventing accurate control of the induction motor.

Therefore, it is necessary to perform online identification of the rotor time constant
of the induction motor.

3. Design of an Improved Stator-Flux Observer
Using the stationary «-f reference frame, the voltage equations of the induction
motor can be written as:
Usq = Rilsq + PWsa
Usp = Rlsp + pyp
Urg = Ryirg + PWra + @Y p
Uy = Robyp + pyip — Oy

@)

In Equation (2), y. and wy denote the o-and f-axis components of the stator-
flux linkage; w.. and y,; represent the corresponding rotor-flux linkage components;
Uy, and uydenote the a- and f-axis components of the stator voltage; u,, and uy
represent the corresponding rotor voltage components; i, and iy denote the «-and

B -axis components of the stator current; i, and i, represent the corresponding rotor
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current components; R, denotes the stator resistance; and p denotes the differential
operator;
The flux linkage equations of the stator and rotor can be written as:
Wea = Lilsy + Linkg
Wy = Ly + Lyiyg
Wra = Linisq + Lyirg ®)
Wip = Ll + Lyiyg

In Equation (3), L, denotes the stator inductance, whereas L, represents the mu-
tual inductance.
The electromagnetic torque equation can be written as:

E = anm (iv/firrl - i&rxir/f) (4)

In Equation (4), I. denotes the electromagnetic torque, while n, represents the

number of pole pairs.
According to Equation (2), the stator-flux linkage in the induction motor can be writ-
ten as:

Voo = | (u, = Ri, Yt = [e,dt
v = [ (1 = R it = [

According to Equation (3), the rotor-flux linkage of the induction motor can be writ-

®)

ten as:
l//ra = ll:_;(l//sa - ULsisa )
(6)
L .
t//rﬂ = L/” (V/Aﬁ _O-lesﬂ)

m

2
m

In Equation (6), o=1- denotes the leakage coefficient.

sr

Under steady-state conditions, the stator back electromotive force and the stator-flux
linkage described by Equation (5) satisfy the following relationship:

e, = joy, @)

In the above equation, e, denotes the stator back electromotive force, and y, rep-

resents the stator-flux linkage.
When DC components are present in the input voltage and current signals, Equation
(5) can be expressed as:

v, =f(es +Ad )t 8)

In Equation (8), Ad denotes the total DC component. From the analysis of Equation
(8), it can be seen that when the input electrical signals include DC components, these
components are continuously integrated, causing the calculated stator-flux linkage to de-
viate from its true value.

The motivation for introducing feedback compensation is to prevent a constant input
offset from accumulating indefinitely in the pure integrator while preserving the required
integration response at the synchronous frequency. Under sinusoidal steady-state condi-
tions, the stator back electromotive force and flux linkage satisfy Equation (7). A deviation
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from this relationship is used to construct a feedback correction signal, denoted as Ad,
which is expressed as:

sgn(w, )e,

Ad, =|o |y, ————— 9
» ; )

s

.

€

Equation (9) is written in a form valid for both directions of rotation: the magnitude
and the sign of the synchronous angular frequency are treated separately so that the com-
pensation loop keeps a sign-definite gain when the motor reverses, and so that no division
by w. isrequired near standstill.

Under ideal sinusoidal steady-state conditions and with accurate flux information,
when there is no DC offset, Ad; =0, and when a DC offset exists, Ad, #0 . During tran-
sients, however, this signal may also reflect deviations from the steady-state relationship
in Equation (7), rather than DC offsets alone. After obtaining this signal, the DC offset of
the integrator is compensated by means of a negative feedback signal with compensation
feedback gain K, and this feedback signal is fed to the input of the integrator. Therefore,
the improved stator-flux mathematical model can be expressed as:

, e —KAd
yo=—"—"-"" (10)
s

Considering the forward and reverse operating conditions of the induction motor,

the configuration of the improved flux observer is illustrated in Figure 2.

v
4 — Y

sgn(em, )

w

Figure 2. Improved stator-flux observer.
From Figure 2, the transfer function for the stator-flux observer can be written as:

, l+£_"sgn(a)g)
G(s)=tr=—L (1)

3 =
e, s+K;|o,

In the steady state, Equation (11) can be simplified as:

1
s=jo, jC() (12)

e

G.(s)

e

Although Equation (12) shows that the observer preserves the ideal integrator re-
sponse at the synchronous frequency under steady-state conditions, its DC gain is non-
zero. For a fixed nonzero synchronous electrical angular frequency and a positive com-
1- /K, sgn(e.)

K ||

set produces a finite steady-state flux error rather than the continuously increasing error

pensation gain, the DC gainis G.(0)= . Consequently, a constant input off-

associated with a pure integrator. The proposed observer therefore suppresses integrator
drift but does not completely eliminate the offset-induced flux error.
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From Equation (12), it can be seen that, under steady-state conditions, the frequency
response of the improved stator-flux observer is equivalent to that of an integrator, so it
is capable of observing the stator-flux linkage of the induction motor. In addition, from
Equation (11), the expressions for the «-and f-axis components of the improved stator-

flux linkage can be further obtained as:

(u,, —Rji,)+K, sgn(we)(usﬁ -Ri, )

Vi = s+K,|ow,
13
. (u,y/; —Rsisﬂ)—K,1 sgn(o, )(u, —Ri,) (13)
Vo s+K;|o,

Figure 3 shows the magnitude-frequency and phase-frequency characteristics of
G.(s) when . =628 rad/sand K, issetto0.01,1, and 10, respectively. Figure 4 shows
the magnitude-frequency and phase-frequency characteristics of G.(s) when K, =10
is given and . is set to 31.4, 314, and 628 rad/s, respectively. It can be seen from Figure
3 that increasing K, results in a wider observer bandwidth and a faster dynamic re-
sponse; however, in the high-frequency range, the observer becomes more sensitive to
measurement noise. It can be seen from Figure 4 that as ®. increases, the suppression
effect of the observer on DC disturbances becomes more pronounced. Therefore, in this
paper, K, is designed in the following form:

C,lo,
K={o, | . (14)

>

e

e

In Equation (14), C is the critical integral gain coefficient, generally taken as 1-10, and
o, is the cutoff frequency, generally selected as 5-20% of the motor rated frequency.

Pure Integrator
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-20 } N — K-l
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T 40 "
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2 60
=
—80
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w .
o —
3 =
7 100t .
AN
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(=
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Figure 3. Bode diagrams under different values of K.

20
—— w,=31.4rad/s
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=40}
=)
T
g
3 .
§=
[=1]
o
= —60 |
80 1 1 - 1 1
10° 10! 10° 10° 10* 10°
Frequency(rad/s)
—-80
=31.4rad/s
o=314rad/s
—100 - —— =628rad/s
w120 -
<
= -l40+
—-160
_lg() 1 1 1 1

10° 10! 10° 10° 10* 10°

Frequency(rad/s)

Figure 4. Bode diagrams under different values of ..

4. MRAS Identification Method
4.1. Basic Principle

The structure of a model reference adaptive system generally includes an adjustable
model, a reference model, and an adaptation mechanism [17-19]. Among them, the refer-
ence model does not contain the parameters to be identified, and its output is regarded as
the ideal response; the adjustable model contains the parameters to be identified, and its
output is affected by these parameters. The error between the outputs of the reference and
adjustable models serves as the input to the adaptation mechanism, which then adjusts
the identified parameters according to the adaptation law. The adaptation mechanism ad-
justs the estimated parameter to reduce the flux error between the reference and adjusta-
ble models. Convergence of this error to zero does not, by itself, guarantee convergence
of the estimated parameter to its true value. Parameter convergence additionally requires
an accurate reference model, sufficiently informative excitation, and identifiable operating
conditions.

In this work, the improved rotor-flux voltage model is employed as the MRAS refer-
ence model, while the rotor-flux current model is adopted as the adjustable model. Since
Popov hyperstability theory can guarantee system stability and convergence during the
parameter identification process, this paper uses Popov hyperstability theory as the theo-
retical basis to design the adaptation law.
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4.2. Design of the Adaptation Law

The conventional rotor-flux reference model is obtained by substituting Equation (5)
into Equation (6). According to the analysis in Section 3, the DC-offset problem will lead
to inaccurate observation of the stator-flux linkage, which consequently affects the accu-
racy of the rotor-flux reference model. To enhance the accuracy of the rotor-flux reference
model, this paper constructs the reference model for rotor flux using the improved stator-
flux linkage. This rotor-flux reference model can be expressed as:

W, = f—(w ~oLi,)

f_;(‘”fﬁ ~oLi,)

(15)
Wr/? =

The rotor-flux adjustable model can be expressed as:
L T, —0, (|¥y, isa
p = +L 7| (16)
l//r/)’ C()r _Tr l//r/z’ ls/)’

1
In Equation (16), 7, =— is the reciprocal of the rotor time constant. When 7 in

the controller is consistent with its true value, the calculated flux linkage results of the two
models are identical.
On this basis, replacing the actual value in Equation (16) with the estimated value

A

1 N . .
7, = —, the rotor-flux estimation expression can be obtained as:

l//\/m - f r _a)r li}ra A ix(x
pl. |= | VS b 0 (17)
V/rﬂ CO), - Tr l//)ﬂ lsﬂ

After subtracting Equation (16) from Equation (17), the rotor-flux error is defined as:

r

pe, =4e, —w (18)

e — -7, -
In  Equation (18), e, :{ m}:{%“ W"’} , A ={ r ”} , and

e l//r/} - l/,};ﬁ’
A iSOL l/;ra
w=(7. — L A .
(rr Tr)( m {isﬁ} L’fﬁD

4
For the stability analysis, ®, and 7. are assumed to be constant. Under these as-
sumptions, 4. is constant, and Equation (18) can be represented by the feedback struc-
ture shown in Figure 5, with a linear time-invariant forward block and a nonlinear time-
varying feedback block. When the rotor speed varies, the forward block becomes time-
varying, and the transfer-function-based analysis presented here does not directly apply.
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W

" linear time- |
! invariant block |

nonlinear time-varying
feedback block

-

Figure 5. Standard nonlinear feedback system.

According to Popov hyperstability theory [20,21], to ensure asymptotic stability of

the system, the transfer-function matrix of the linear block must satisfy the positive real-

ness condition. Through analysis, it can be shown that the linear block satisfies the strictly

positive real requirement, and the nonlinear feedback block must satisfy the Popov inte-

gral inequality, namely:

n(O,tl) = jotl yiwdt =2 -y}

In Equation (19), 75 isan arbitrary positive real number. Substituting y =Ee, =e

and w into Equation (19) yields:

n(0.0)=[" et (&, =1, )(Ld, —, )de >3

e T
In Equation (20), e&:L’“} =[ewren ] = [Vra = on =] -
B

(19)

v,

(20)

According to the basic structure of MRAS, the estimated 7, is designed in the form

of proportional-integral:

t = [ R(r5.0)de+ B (3,0)+(0)

21

After selecting 7,(0) according to the actual situation, substituting Equation (21)

into Equation (20) yields:
n0m='e [ [ i(yrat)de+ Ao y,t)—i—f,(O)—r,}(Lmi_, i )di
=["er [ [ F(yrr)de+t, (0)—1,}(Lmi_, =Yt + [ P (9,0) (Lods =1 )t > =33

o v

To make (22) hold, one can take:

m (O,tl ) = jtl e U: K (y,r,t)dr +7, (O) - T,}(L,,,is -, )dt > —p?

0

m(0.0)=["el [ [l B y,t)](Lmz; Yt 2 3

(22)

(23)

Here, yi and y, are positive real numbers with the same property as y, so the

Popov inequality can be guaranteed to hold. For convenience, let:

Kif(6)=[ F(y.t)de+i(0)-7,
f(t)=el (Lui, )

From (24), we can obtain:

(24)
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Fi(y,T,t)zKieVa (Lmis _(/7/‘)91{!' >0 (25)

Then, the first term in Equation (23) satisfies:

| (0,f1)=I;l Kif(l)f(l‘)dt

KL ro-E 0 -
Here, y2 = % /2(0). Then, Equation (26) satisfies (0,) = —p?.
Now, we discuss the second term in Equation (23); for convenience, let:
Fy(y.t)=Kyel (Luis = ),K, >0 7)
Then, the second term in Equation (23) satisfies:
1 (0.0) = K, [ [ (Lot =) dr 2 0 (28)
In summary, 7, can be designed as:
8 =K, [ (L —0) |+ K[ [l (Li — ) Mt =(K, + %)q 29)

. i?{l ~ l/’;i'{l . ~
In Equation (29), i, =| " |, v, =| . |, & =€, (L,i,—,).
lsﬂ l/liﬂ

Figure 6 presents the overall structure of the MRAS-based identification scheme. The
rotor-flux error generated by the two models is fed into the adaptive mechanism to update
7. in real time and is also returned to the rotor-flux current model. The parameter con-

vergence discussion assumes that the rotor time constant is constant during the analysis,
the remaining motor parameters are accurately known, and the reference model provides
the true rotor flux. Sufficient excitation of the parameter-dependent dynamics is also re-
quired to distinguish the true rotor time constant from other parameter values. Under
practical conditions, reference-model errors caused by measurement offsets, parameter
mismatch, and unmodelled dynamics may introduce a bias into the identified parameter.
Therefore, convergence of the flux error alone is not taken as proof of exact parameter
convergence. The theoretical analysis is therefore restricted to constant-speed operation
with a constant rotor time constant. The simulations involving speed transients or rotor
parameter changes assess the dynamic tracking performance of the method; they do not
establish a general stability guarantee for time-varying operating conditions.

u

sa(f)
™ Improved Rotor

. _ | Flux Voltage Model
sa(p)
Rotor Flux
@ ™ Current Model

r

A g

Figure 6. Rotor-flux MRAS identification system.
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5. Simulation Verification
In order to examine how 7, influences indirect field-oriented control and to assess

the performance of the proposed identification system, a simulation platform correspond-
ing to Figure 7 was established in Matlab/SimulinkR2021b. The rated parameters of the
induction motor employed in the tests are summarized in Table 1.

Table 1. Induction motor parameters.

Parameter Value Parameter Value
Power/kW 3.7 Rotor resistance/Q 0.8
Voltage/V 380 Mutual inductance/H 0.12
Number of pole pairs 2 Stator inductance/H 0.128
Stator resistance/C 0.9 Rotor inductance/H 0.128
Speed-loop proportional gain 0.35 Speed-loop integral gain 10
Current-loop proportional gain 15 Current-loop integral gain 500
Simulation time step/s 105 Critical integral gain coefficient 10
Cutoff frequency/rad/s 100 Adaptation-law proportional gain 3
Adaptation-law integral gain 700 Initial conditions 0

From the data in the table, it can be calculated that 7, =0.16 sand 7. =625 s

w* o) v.x__
¥ »
_4 et | SVPWM = Inverter
*
EUr P A ux‘/f
v ‘i iu
St -t — .
o™ abe i
e_‘,’Hc 1 - b .
<« ap « I

iy Tr Identification |——»pd— @ >| /s } >4,

Figure 7. Induction motor vector control system.

5.1. Analysis of Simulation Results on the Effect of Tr on IFOC

The speed reference is set to 1000 r/min, and the motor starts under no-load condi-
tions. A step load of 10 N'm is applied at 0.6 s. The actual motor rotor time constant re-
mains at 0.16 s throughout both simulations. To examine the influence of parameter mis-
match on IFOC performance, the rotor time constant used in the controller is fixed at 0.16
s in the matched case and 0.08 s in the mismatched case. All other settings remain identical.
The corresponding speed and torque responses are shown in Figures 8 and 9, respectively.
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1000
_ BoOf 1
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= 600 1
=
3
o 400 - 4
7]
200 4
0 L L L L L
0 0.5 1 1.5 2 25 3
Time (s)
20 T T
z
]
F
S
=
L L L

0 0.5 1 1.5 2 2.5 3
Time (s)

Figure 8. Speed and torque responses with a matched rotor time constant.

From Figure 8, it can be seen that when the rotor time constant used for field orien-
tation matches the actual value, the motor speed reaches the reference at approximately
0.2 s and subsequently tracks it smoothly. When the load is applied at 0.6 s, the speed
exhibits only a slight drop and quickly recovers. Figure 9 shows that a rotor time constant
mismatch causes a larger speed drop and more pronounced transient oscillations in both
speed and torque following load application. These oscillations gradually decay, and the
speed eventually returns close to the reference. The comparison indicates that rotor time
constant mismatch degrades the dynamic response to load disturbances.

T T
1000
_s00f 1
g
=
E 600 b
=
3
o 400 F A
w2
200 i
0 | | ) . L
0 0.5 1 1.5 2 2.5 3
Time (s)
20 T T T T T
3
o
2
,5 L L 1 1 1

0 0.5 1 1.5 2 2.5 3
Time (s)

Figure 9. Speed and torque responses with a mismatched rotor time constant.

Figure 10 compares the responses with and without online updating. At 2 s, a mis-
match is deliberately introduced into the rotor time constant used for field orientation.
Without updating, a pronounced speed drop and transient torque oscillations occur. With
updating, the MRAS estimate corrects the mismatch, keeping the speed close to its refer-
ence and substantially reducing the transient disturbance.
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1.9 2 21 22 23 24 25 2.6

Time (s) )

=

2

%

Torque (N-m)
=

=)
]

2, 22 23 2.4 25 26
Time (s)
Figure 10. Speed and torque responses to an imposed controller parameter mismatch with and with-

out online updating.

5.2. Simulation Results Analysis of the Improved Stator Flux

To evaluate the proposed stator-flux observer independently, sinusoidal back-EMF
signals with an amplitude of 50 V and an angular frequency of 105 rad/s are used. At 0.3
s, DC offsets of +0.5 V and —-0.5 V are introduced into the alpha- and beta-axis inputs,
respectively. Figures 11 and 12 present the flux estimation results obtained using the pure
integrator and the proposed observer, respectively.

The ideal flux amplitude is 0.47619 Wb. The theoretical steady-state residual flux-
error vector magnitude is 0.009765 Wb, consistent with the simulation result and equiva-
lent to 2.05% of the ideal flux amplitude. At 0.6 s, the pure-integrator error magnitude
reaches 0.21213 Wb, whereas the proposed observer maintains a bounded residual error.
For a quantitative comparison, the root-mean-square magnitude of the flux-error vector
is evaluated over the interval from 0.5 to 0.6 s and normalized to the ideal flux amplitude.
The resulting relative errors are 37.38% for the pure integrator and 2.05% for the proposed
observer. These results confirm that the observer suppresses continuous integrator drift
without completely eliminating the offset-induced flux error. The finite residual flux error
may introduce a bias into the MRAS reference model and consequently affect the identi-
fied rotor time constant. By suppressing integrator drift, the proposed observer limits the
accumulation of offset-induced reference-model errors.

Vea

oy
Wep

0.8

0.4

0.0

Stator flux / Wb

0 0.1 0.2 0.3 0.4 0.5 0.6

Time/s

Figure 11. Stator-flux linkage observation results before improvement.
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Figure 12. Stator-flux linkage observation results after improvement.

5.3. Analysis of Simulation Results of Tr Identification

Under the operating condition of a commanded motor speed of 1000 r/min with a 10
N-m load applied at 1 s, the same voltage offsets as those in Section 5.2 are used: +0.5 V
and —-0.5 V are introduced into the alpha- and beta-axis stator voltages, respectively, at 0.3
s. Figure 13 presents the estimated 7,, the reciprocal of the rotor time constant, obtained
with the conventional stator-flux observer when DC-offset effects are considered. The re-
sults indicate that the appearance of a DC component in the conventional stator-flux ob-
server reduces the accuracy of the flux estimate and consequently produces an error in
the identified 7.

. -1
Inverse rotor time constant (s )

Estimated value |
= = = = Actual value
L L | L L | L L L

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (s)

Figure 13. Estimated reciprocal of the rotor time constant obtained with the conventional stator-flux

observer.

Figure 14 shows the identification result of 7,, the reciprocal of the rotor time con-
stant, obtained with the improved stator-flux observer. Under otherwise identical condi-
tions, the identified value of 7, given by this method converges to the true value at about

0.5 s. Although a slight jitter appears in the identification result at the instant the load is
applied, it quickly converges to the true value again, exhibiting better robustness than the
conventional stator-flux observation method.
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(=)

Figure 14. Estimated reciprocal of the rotor time constant.

To evaluate the dynamic tracking capability of the identification scheme, a step
change in the actual motor rotor resistance is introduced at 2 s, from 0.8 Q to 1.0 (3, while
the rotor inductance remains at 0.128 H. Consequently, the rotor time constant decreases
from 0.16 s to 0.128 s, and its reciprocal increases from 6.25 s to 7.8125 s71. The corre-
sponding identification response is shown in Figure 15.

Rotor resistance can vary with operating conditions, particularly rotor temperature.
However, the instantaneous resistance step used here is an idealized parameter perturba-
tion intended to assess the response of the identification scheme to a known change. It
does not reproduce the gradual thermal evolution of rotor resistance or the coupled pa-
rameter variations associated with magnetic saturation. The result therefore demonstrates
parameter-tracking performance under the specified step-change condition.

8k
6F — Estimated Value
— — - Actual Value

Z 4
-

2

0

1 1 1
0 1 2 3 4

Time/s

Figure 15. Identification results under rotor time constant sudden change.

To further assess the identification performance under a discrete implementation, an
additional test is conducted with a speed reference of 1000 r/min and a 10 N-m load ap-
plied at 0.8 s. The controller and identification update period is 100 ps, corresponding to
10 kHz, while the power-system discrete sample time is 10 ps. The voltage and current
inputs to the identification scheme are averaged over the preceding PWM period. The
adjustable rotor-flux current model uses an exact zero-order-hold state transition, with its
inputs and parameters held constant within each update interval. The identification re-
sponse is shown in Figure 16. The estimate approaches the actual inverse rotor time con-
stant and exhibits a small residual bias and ripple. Over the interval from 2.5 s to 3 s, the
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mean estimate is 6.3394 s71, compared with the actual value of 6.25 s7. The relative mean
bias and relative root-mean-square error are 1.43% and 1.47%, respectively. These results
demonstrate identification performance under the specified discrete implementation.

7 T T T T T
6
‘\'IJ
N
=5
3
b7
=i Steady-state detail
[} 4 - T T -
31
o
E
=3 T
=)
g
w2 i
&
o
>
E 1 .

= = = Actual value
0 Estimated value | |
1 1 1 1 1
0 0.5 | 1.5 2 2.5 3

Time (s)

Figure 16. Inverse rotor time constant estimation with a discrete implementation.

To further evaluate the identification scheme with a discrete implementation and in-
verter dead time, additional simulations are performed with a control and identification
update period of 100 microseconds and an electrical simulation time step of 1 microsecond.
The speed reference is set to 1000 r/min, and a load torque of 10 N'm is applied at 0.8 s.
The measured voltage and current signals are averaged over each PWM period before
being supplied to the identification scheme. The adjustable rotor-flux model is imple-
mented using an exact state transition with its inputs and estimated parameters held con-
stant over each update interval. Two cases are compared under otherwise identical con-
ditions: without dead time and with a dead time of 2 microseconds. As shown in Figure
17, both estimates converge close to the actual inverse rotor time constant of 6.25 s-1 and
recover following the load application. Over the interval from 2.5 to 3 s, the mean esti-
mated values are 6.2813 s—1 without dead time and 6.2854 s—1 with dead time, correspond-
ing to relative mean biases of 0.50% and 0.57%, respectively. The corresponding relative
root-mean-square errors are 0.50% and 0.57%. Although dead time slightly increases the

estimation bias and ripple, its influence remains limited under the tested operating con-
ditions.

[=)}
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Figure 17. Inverse rotor time constant estimation with and without inverter dead time.
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To examine the sensitivity of the identification scheme to stator resistance mismatch
at low speed, an additional test is conducted with a speed reference of 100 r/min. The
actual motor stator resistance is set to 0.5 (3, whereas the reference model retains the nom-
inal value of 0.9 Q). As shown in Figure 18, the estimated inverse rotor time constant de-
viates substantially from the actual value of 6.25 s7. Although the oscillations in the later
part of the response decrease, a considerable estimation bias remains over the simulated
interval. This result illustrates a limitation of the voltage-model-based reference flux un-
der the combined conditions of low-speed operation and stator resistance mismatch. At
low synchronous electrical frequencies, the reduced back electromotive force increases the
relative influence of inaccuracies in the stator resistance drop. The resulting reference-flux
error may be partially compensated by an adjustment of the estimated rotor time constant,
introducing identification bias. Although the proposed feedback compensation sup-
presses integrator drift, it does not eliminate errors caused by stator resistance mismatch.
Accurate stator resistance information or appropriate compensation is therefore im-
portant, particularly at low synchronous frequencies.

10

8
~ 6F"
er Estimated Value
o = = = Actual Value

4

2

0

1 | 1
0 0.5 1.0 1.5 2.0

Time/s

Figure 18. Inverse rotor time constant estimation under low-speed operation and stator resistance

mismatch.

6. Conclusions

To overcome the field-orientation error induced by rotor time-constant drift under
indirect field-oriented control of induction motors, an online identification approach that
relies on an improved stator-flux model is presented. A DC-offset compensation mecha-
nism is introduced, thereby raising the accuracy of the stator-flux estimate. On this basis,
an MRAS framework is established for identifying the rotor time constant. Under the spec-
ified DC-offset condition, the proposed observer reduces the relative flux estimation
RMSE from 37.38% to 2.05%. The inverse rotor time constant estimate enters a +2% error
band in approximately 0.43 s before load application, with a relative root-mean-square
error of 0.51% over the interval from 1.5 to 2 s. These results demonstrate improved flux
estimation and parameter identification under the tested conditions. Nevertheless, a finite
residual flux error remains, and the low-speed test with stator resistance mismatch reveals
sensitivity to reference-model inaccuracies. Future work will address these limitations
and include experimental validation.
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Nomenclature

(2]
o,

Yo

Slip electrical angular frequency
Rotor electrical angular frequency
Synchronous electrical angular velocity
d-axis stator current

g-axis stator current

Rotor time constant

Rotor inductance

Rotor resistance

Rotor field phase angle

Rotor position angle

Slip angle

a -axis stator flux

J -axis stator flux

a -axis stator voltage

f -axis stator voltage

o -axis stator current

f -axis stator current

a -axis rotor flux

f -axis rotor flux

Mutual inductance

Leakage coefficient

a -axis rotor voltage

S -axis rotor voltage

o -axis rotor current

p -axis rotor current

Stator resistance

Differential operator
Electromagnetic torque

The number of pole pairs
Stator back electromotive force
Stator-flux linkage

DC component

Improved stator flux
Compensation feedback gain
Cutoff frequency

Critical integral gain coefficient

Reciprocal of the rotor time constant

Rotor-flux error
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I Stator current
Y, Rotor-flux linkage
K, Proportional coefficient
K; Integral coefficient
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