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Abstract—The performance of the induction motor (IM) con-
trol system under the conventional rotor-flux-oriented (RFO)
scheme may greatly deteriorate in the presence of parameter
mismatch. To address this problem, first, the motor parameters
sensitivity of two different field orientation methods are analyzed.
Then, a modified field orientation method, which combines the
advantages of the two different field orientation methods, is
presented. Compared with the conventional scheme, the proposed
induction motor control scheme guarantees the robustness of the
system against leakage inductance mismatch across the full load
range, leading to static and dynamic high-speed performance
improvement. Finally, the effectiveness of the proposed method
is verified by simulations and experiments.

Index Terms—Field orientation method, induction motor drive,
parametric uncertainties, rotor-flux-oriented (RFO).

I. INTRODUCTION

THE rotor-flux-oriented (RFO) based induction motor (IM)
drives with speed sensors are wieldy adopted in various

electric vehicles due to their faster dynamic response, high re-
liability and excellent performance [1-3]. The accuracy of the
rotor flux angle is crucial for achieving RFO control. To obtain
the rotor flux angle, a flux observer is commonly employed.
There are two classic types of flux observers: voltage model [4-
5] and current model [4]. The voltage model exhibits excellent
performance in the high-speed region because it is highly
robust to the detuning of Rr and Lm. However, it has a high
parameter sensitivity to Lσ at high speed [6]. On the contrary,
the current model shows better performance at low speed.
However, both flux observers mentioned above rely on the
accuracy of motor parameters. The motor parameter mismatch
will lead to inaccurate field orientation, which degrades the
control performance of the RFO-based IM drive systems.

To improve the performance of the RFO-based IM drive
systems, there have been various approaches aiming at im-
proving the accuracy of field orientation under parameter
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NOMENCLATURE

Superscript ref Reference value

Superscript ˜ Error value

Superscript ˆ Estimated value

Superscript - Steady-state value

us = usd + jusq Synchronous-frame voltage vector

is = isd + jisq Synchronous-frame current vector

ψs = ψsd + jψsq Synchronous-frame stator flux vector

ψr = ψrd + jψrq Synchronous-frame rotor flux vector

Lr Rotor inductance

Lm Mutual inductance

Ls Stator inductance

Lσ = Lr − L2
m

/
Lr Leakage inductance

Rs Stator resistance

Rr Rotor resistance

Tr = Lr/Rr Rotor time constant

ω1, ωr, ωs
Synchronous angular speed, Rotor

angular speed, Slip angular speed

np The number of pole pairs

θ Rotor flux phase angle

mismatch. These methods can be categorized into two types:
parameter identification and robust flux observer design. In
[7-11], the approaches based on model reference adaptive
system (MRAS) are studied to identify parameters. The MRAS
can be divided into q-axis rotor flux based [7], d-axis stator
voltage based [8-9], and reactive power based methods [10-
11]. These methods are built upon the model of IM, so their
accuracy largely depends on the precision of the reference
model. In [10-11], the rotor time constant was identified by
the reactive power equation which is independent of stator
resistance. However, the method depends on the accuracy
of leakage inductance. Unfortunately, the leakage inductance
varies with the magnetic saturation of the leakage flux in the
rotor core. Therefore, the robustness of MRAS is decreased
in this condition. The schemes based on the extended Kalman
filter (EKF) are described in [12-13]. Model uncertainty and
nonlinearity inherent in IMs are well adapted to the stochastic
nature of EKF [13]. However, the EKF is computationally
intensive. In [14-15], methods based on fuzzy logic and back-
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stepping approach are proposed to estimate rotor resistance,
respectively, which improves the robustness of the control
system against the rotor resistance mismatch.

Another class of scheme is to improve the accuracy of
field orientation by designing robust flux observers. Adaptive
full-order state observers have been studied in [16-20]. In
[18], a method is proposed to compute the gains of induction
motor flux observers and reduce observer sensitivity to rotor
resistance uncertainty. In [19], an adaptive observer for online
estimation of rotor and stator resistances is considered for
induction motors, while only one phase current is measured. In
[20], an improved “phase-shift”-based compensation method
is proposed to improve the accuracy and stability of the stator
resistance estimator under different speeds and load torque
conditions. The sliding mode observer has also been widely
used because it has strong robustness to parametric uncer-
tainties [21-23]. In [21], a sliding-mode observer is proposed
due to its disturbances rejection, and strong robustness to
parameter deviations. However, the discontinuous control laws
bring unnecessary chatting to the system, which deteriorates
the performance of the system. In [24-29], some approaches
combining current and voltage models are proposed to improve
the accuracy of field orientation. The Gopinath observers in
[24-26], reduced-order observers in [27-28], and full-order
observers in [29] all adopt voltage model in the high-speed
region. However, the voltage model has a high sensitivity
to leakage inductance mismatch under large load conditions
[6,26], and these studies do not propose any specific methods
for solving the issue. In addition, if leakage inductance is not
accurately reflected in the estimation of the rotor flux, the
torque of IM reveals an oscillatory response. In the extreme
case, overcurrent fault and out-of-control phenomenon may
occur [30-31]. In [30], an overestimated leakage inductance
is used to address the out-of-control problem. However, the
problem of large field orientation errors caused by leakage
inductance mismatch has not been solved. In summary, the
problem that voltage model has a high sensitivity to leakage
inductance mismatch under high speed and large load condi-
tions has not yet been solved.

Therefore, this paper aims to solve the problem that the
voltage model-based drive system is sensitive to leakage in-
ductance mismatch under high speed and large load conditions.
The contribution of the present paper can be summarized as
follows:

(1) The influences of parameter mismatch on field ori-
entation errors under different field orientation methods are
analyzed, which provides insight into ideas of improving field
orientation accuracy.

(2) A robust field orientation scheme is proposed, which
improves the robustness of the voltage model-based IM drives
to leakage inductance mismatch at high speed and large
load conditions, leading to a better speed response and an
improvement in the anti-disturbance ability of IM.

The rest of this paper is arranged as follows. In Section
II, the mathematical model of IM is introduced. Section III
compares the performance of two field orientation methods
under parameter mismatch. The proposed field orientation
method is presented in Section IV. Simulation and experi-

mental results are presented in Section V and Section VI,
respectively. Finally, the conclusions are described in Section
VII.

II. MATHEMATICAL MODEL OF INDUCTION MOTOR

The electromagnetic dynamic model of the IM in the
synchronous d-q frame is described as follows:{

dψrd
dt + 1

Tr
ψrd = (ω1 − ωr)ψrq +

Lm
Tr
isd

dψrq
dt + 1

Tr
ψrq = −(ω1 − ωr)ψrd +

Lm
Tr
isq

(1)


Lσ

disd
dt = −Risd + ω1Lσisq +

Lm
LrTr

ψrd

+Lm
Lr
ωrψrq + usd

Lσ
disq
dt = −Risq − ω1Lσisd +

Lm
LrTr

ψrq

−Lm
Lr
ωrψrd + usq

(2)

where R =
(
Rs +

L2
m

L2
r
Rr

)
.

The electromagnetic torque of the IM is expressed as:

Te =
3

2

Lmnp
Lr

(ψrdisq − ψrqisd) (3)

Torque control is very critical for high-performance motor
control. In the RFO control scheme, the electromagnetic
torque and flux of IM can be independently controlled like
a separately excited dc motor [32]. However, the precondition
is that there is no field orientation error. Therefore, improving
the field orientation accuracy is very essential in practice.

III. FLUX ESTIMATION ERROR ANALYSIS

A. Influence of Parameter Mismatch on Estimated Rotor Flux

The voltage equation in the synchronous d-q frame is
represented as:{

dψs

dt + jω1ψs = us −Rsis

ψr = Lr
Lm
ψs − Lr

Lm
Lσis

(4)

Then, according to (4), the estimated rotor flux equations
based on the voltage model are expressed as:{

dψ̂s

dt + jω1ψ̂s = us − R̂sis

ψ̂r = L̂r
L̂m
ψ̂s − L̂r

L̂m
L̂σis

(5)

Combining (4) with (5), the actual rotor flux and the
estimated rotor flux in steady state are simply expressed as:{

ψ̄r = k1ūs + k2̄is
¯̂
ψr = k̂1ūs + k̂2̄is

(6)

where k1 = Lr/(Lmjω1), k2 = −(Rs/jω1 + Lσ)Lr/Lm,
k̂1 = L̂r

/(
L̂mjω1

)
, k̂2 = −

(
R̂s

/
jω1 + L̂σ

)
L̂r

/
L̂m.

According to (6), the following relationship is obtained.

ψ̄r =
k1

k̂1

¯̂ψr +

(
k2 −

k1k̂2

k̂1

)
īs (7)



3

According to (7), the following relationship in steady-state
is obtained (assuming Ls = Lr [34]):

ψ̄rd =

(
1+

1
2n

)
(1−L̃)

1−L̃+1
2n−

1
2 ñ

¯̂
ψrd +

(
1 + 1

2n
)
Lmīsd (−m̃k − ñ)

ψ̄rq =

(
1+

1
2n

)
(1−L̃)

1−L̃+1
2n−

1
2 ñ

¯̂
ψrq +

(
1 + 1

2n
)
Lmīsd (m̃− kñ)

(8)

where ñ = L̃σ
Lm

, m̃ = R̃s
ω1Lm

, L̃ = L̃m
Lm

, R̃s = Rs − R̂s ,

L̃m = Lm − L̂m, L̃σ = Lσ − L̂σ , k =
īsq
īsd

, n = Lσ
Lm

.
The following relationship can be derived by the

linearization of equation (8) at the point where the parameter
errors are zero:

ψ̄rq =

(
1 +

1
2 ñ− 1

2nL̃

1 + 1
2n

)
¯̂
ψrq +

(
1 + 1

2n
)
Lmīsd (m̃− kñ)

(9a)

ψ̄rd =

(
1 +

1
2 ñ− 1

2nL̃

1 + 1
2n

)
¯̂
ψrd+

(
1 + 1

2n
)
Lmīsd (−m̃k − ñ)

(9b)
Clearly, it is difficult to make ψ̄rq = 0 in the presence of

parameter errors.

B. Field Orientation Methods

As the estimated rotor flux is not the actual one due
to parametric uncertainties, there are two field orientation
methods to achieve the RFO control. One is the conventional
RFO method (Method A), where the d-axis of the synchronous
rotating coordinate frame is aligned with the estimated rotor
flux vector:

¯̂
ψrq = 0 (10)

The other is the method B, which is proposed in this paper.
Under the field orientation angle of the method, equation (11)
is satisfied:

¯̂
ψrd = L̂mīsd (11)

It can be found that method A and method B are equivalent
when the parameters are accurate. However, they have differ-
ent effects on the field orientation error when the parameters
are inaccurate. To compare the sensitivity under the two
field orientation schemes to motor parameter mismatch, the
field orientation errors under the two methods with parameter
mismatch are subsequently analyzed.

C. Field Orientation Angle Error Analysis under Method A

In this sub-section, the field orientation angle error under
method A is calculated.

The spatial relationship between the estimated rotor flux and
the actual rotor flux is shown in Fig. 1, where θ̃ is the field
orientation angle error. And θ̃ is expressed as:

θ̃ = −tan−1 ψ̄rq
ψ̄rd

(12)

By combining (9a) with (10), it is found that:

ψ̄rq =
(
1 + 1

2n
)
Lmīsd (m̃− kñ) (13)

Fig. 1. The spatial relationship between the estimated and
actual rotor flux.

According to (1), the following steady-state relationship is
obtained.

ψ̄2
rd + ψ̄2

rq − Lmīsdψ̄rd − Lmīsqψ̄rq = 0 (14)

Usually, ψ̄rd > 0 and
∣∣ψ̄rd∣∣ ≫ ∣∣ψ̄rq∣∣, so according to (13)

and (14), ψ̄rd is given by:

ψ̄rd = Lmīsdf1 (k) (15)

where f1 (k) can be found in the appendix.
By combining (12) with (13) and (15), the field orientation

angle error is expressed as:

θ̃ = −tan−1

(
1 + 1

2n
)
(m̃− kñ)

f1 (k)
(16)

D. Field Orientation Angle Error Analysis under Method B

In this sub-section, the field orientation angle error under
method B is calculated.

From (9b) and (11), ψ̄rd is expressed as:

ψ̄rd = Lmīsdf2 (k) (17)

where f2 (k) can be found in the appendix.
Usually,

∣∣ψ̄rd∣∣≫ ∣∣ψ̄rq∣∣, so combining (14) and (17) yields:

ψ̄rq = Lmīsdf3 (k) (18)

where f3 (k) is explained in the appendix.
According to (12), (17) and (18), the field orientation angle

error is expressed as:

θ̃ = −tan−1 f3 (k)

f2 (k)
(19)

E. Parameters Sensitivity Comparison

According to (16) and (19), the field orientation errors under
methods A and B with parameter mismatch are plotted in Fig.
2 to Fig. 4.

Fig. 2 shows the field orientation errors under the two meth-
ods with leakage inductance and stator resistance mismatch
when k = 2. As seen, method A is robust to stator resistance
mismatch but very sensitive to leakage inductance mismatch.
While method B is robust to both stator resistance and leakage
inductance mismatch.
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(a) (b)

Fig. 2. The field orientation angle errors with variations in R̂s and L̂σ when ω1 = 400 rad/s and k = 2: (a) Method A; (b)
Method B.

Fig. 3 shows the field orientation errors under the two
methods with leakage inductance mismatch and k variations.
The intersection lines of the error curves under methods A
and B are displayed with dashed lines. As seen, method A is
more robust to leakage mismatch when |k| is relatively small,
while method B is more robust when |k| is relatively large.

Fig. 4 shows the field orientation errors under the two
methods with mutual inductance mismatch and k variations.
The flux angle error curves under method B with θ̃ = ±0.1rad
(±5.7 degrees) are highlighted with the black dashed line.
As seen, method A is robust to mutual inductance mismatch
across the full load range, method B is more sensitive to the
deviation of Lm when |k| is small, but the sensitivity decreases
when |k| is large.

Based on the above analysis, leakage inductance and mu-
tual inductance are the main parameters that affect the flux
orientation accuracy of the two schemes. Because mutual
inductance identification technology is mature and simple [34],
mutual inductance online updating technology is adopted [35].
Therefore, in the following analysis, the mutual inductance
mismatch is assumed to be limited within a small range. Then,
we could focus our attention on designing a control scheme
which is robust to variations of leakage inductance.

IV. PROPOSED SCHEME

A. Proposed Robust Field Orientation Method

Based on the the above analysis, the overall control block
diagram of the proposed method is presented in Fig. 5. The
proposed field orientation scheme combining methods A and
B is expressed as:

θ̂ =

{
θ̂A, |k| ⩽ C

θ̂B , |k| > C
(20)

where θ̂A , θ̂B represent the field orientation angle under
method A and method B, respectively. C is a positive constant,
which represents the switching point between the two methods.

The field orientation angle under method A can be calcu-
lated as:

θ̂A = tan−1

 Im
(
ψ̂r

)
Re
(
ψ̂r

)
 (21)

where Im
(
ψ̂r

)
and Re

(
ψ̂r

)
represent the imaginary part

and real part of ψ̂r , respectively.
However, the field orientation angle under method B can’t

be obtained directly. In this study, a closed-loop controller
is designed to obtain the field orientation angle, which is
expressed as (22):

θ̂B = θ̂A + θcom (22)

where θcom represents the compensation angle, which is
obtained by (23).

θcom = (kp +
ki
s
)y(s) (23)

where y (s) = L{y}, and y = ψ̂rd − L̂mi
ref
sd . And irefsd repre-

sents the reference field current.
To achieve a smooth transition between the two methods,

the output saturation of the proportional-integral (PI) controller
(23) is designed as follows:

θmax
com =

{
0, |k| ⩽ C

(|k| − C) Γ, |k| > C
(24)

where θmax
com and θmin

com, represent the maximum and minimum
allowed value of θcom, respectively. Γ is a positive constant
that adjusts θmax

com and θmin
com. In addition, to avoid degradation

of the controller performance caused by the saturation of the
PI controller, the anti-saturation method in [36] is adopted.
Compared with method A, the proposed method needs an
additional PI controller.

B. Stability Analysis

Assuming the bandwidth of (23) is much smaller than that
of flux and current and the current controller is well designed,
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(a) (b)

Fig. 3. The field orientation angle errors with variations in k and L̂σ when ω1 = 400 rad/s and R̂s = 0.5Rs: (a) Method A;
(b) Method B.

(a) (b)

Fig. 4. The field orientation angle errors with variations in k and L̂m when ω1 = 400 rad/s: (a) Method A; (b) Method B.

Fig. 5. Overall control block diagram of the proposed method.

i.e. irefsd = isd . Then, according to (1), (9b), (12) and (14),
the following relation can be obtained.

y = ωskm tan θ̃ + d
(
ñ, m̃, L̃

)
(25)

where ωs represents slip angular speed, and ωs, km, d can be
found in the appendix. The angle error θ̃ is expressed as:

θ̃ = θ̂B − θ (26)

The following can be derived by the linearization of equa-
tion (26) at the point where the field orientation angle error is
zero:

∆y = K∆θ̃ (27)

where K = ωskm. And according to (22), (23) and (26), ∆θ̃

is expressed as:

∆θ̃ = ∆θ̂B = ∆θcom = (kp +
ki
s
)∆y(s) (28)

By combining (27) and (28), the closed-loop characteristic
equation is obtained.

∆θ̃ = (kp +
ki
s
)K∆θ̃ (29)

From (29), the pole of the closed-loop system is expressed
as:

p =
Kki

1−Kkp
(30)

To ensure stability, kp and ki should be designed to make
the pole less than zero. So we have:{

kp ≥ 0, ki > 0, ωs > 0
kp ≤ 0, ki < 0, ωs < 0

(31)

where ωs represents slip angular speed, which is obtained by
the method in [32].

C. Controller Parameters Selections

1) Selections for C and Γ

According to (22) and (24), the field orientation angle under
the proposed scheme is expressed as:

θ̂ =

{
(1− g1) θA + g1θB , g1 ≤ 1

θB , g1 > 1
(32)
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where g1 = θmax
com/|θB − θA|, which represents the gain

coefficient. According to (32), the proposed scheme can be
expressed as the sum of methods A and B, weighted by 1− g1
and g1, respectively.

According to Fig. 3, the field orientation error curves under
methods A and B intersect at approximately |k| = 1. So,
according to (24) and (32), the gain C is set to 1 to make
method B work when |k| > 1. According to Fig.4 (b), with
a 20% margin of mutual inductance errors, method B shows
small field orientation errors (0.1 rad) when k = 2. Therefore,
the gain Γ is set to 0.15 to make method B play a dominant
role when |k| ≥ 2.

2) Selections for kp and ki
The pole of the angle-compensated closed-loop system can

be obtained from (30) and (31) (when approximating
∣∣ 1
2 ñ
∣∣≪

1 , ψ̄rd = ψrefr ):

p =
− |ωs|Trψrefr |ki|
1 + |ωs|Trψrefr |kp|

(33)

Firstly, the bandwidth of the angle-compensated closed-loop
system should be significantly smaller than that of the flux
loop. In addition, considering the speed drive performance, it
should be larger than that of the speed loop. In the study, it
should satisfy:

2aω < |p| ≤ 0.1aψ (34)

where aω and aψ are the bandwidth of the speed loop and
flux loop, respectively. In the study, the gains kp and ki are

(a) (b)

Fig. 6. Flux angle error comparison results for leakage inductance mismatch: (a) L̂σ = 0.5Lσ; (b) L̂σ = 1.5Lσ .

(a) (b)

Fig. 7. Flux angle error comparison results for stator resistance mismatch: (a) R̂s = 0.5Rs; (b) R̂s = 1.5Rs.

(a) (b)

Fig. 8. Flux angle error comparison results for the different cases: (a) R̂s = 0.5Rs, L̂σ = 0.5Lσ; (b) R̂s = Rs, L̂σ = Lσ .

(a) (b)

Fig. 9. Flux angle errors in the case of mutual inductance mismatch: (a) L̂m = 0.5Lm (b) L̂m = 1.5Lm .
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designed as follows:{
kp =

ki
50

2aω
ks(1+2aω/50)

< |ki| ≤ 0.1aψ
ks(1+0.1aψ/50)

(35)

where ks = ωrateds Trψ
ref
r , ωrateds is the rated slip angular

speed.

V. SIMULATION RESULTS

In this section, the effectiveness of the proposed control
scheme is verified by simulations. The Gopinath observer in
[25] is adopted as an example to verify the effectiveness of the
proposed scheme. The motor parameters are listed in Table I.
The gains of controllers are designed by the methods in [30],
and these gains will be updated for all parameter mismatch
cases. The base speed that enters the flux-weakening region is
set to 925 rpm. All results are carried out in the flux-weakening
region with a speed reference of 2000 rpm. The load torque
is stepped through the sequence 50% and 100% rated load
torque.

Fig. 6 shows the flux angle errors under method A and
the proposed method when there is a leakage inductance
mismatch. In the case of no-load condition, the proposed
method almost has the same errors as method A. However,
the proposed method shows much smaller errors when 50%
or 100% rated load torque is applied, with steady-state errors
kept within 0.05 rad.

Fig. 7 shows the flux angle error comparison results for
stator resistance mismatch. As we can see, both schemes show
small field orientation errors across the full load power range.

Fig. 8(a) shows the flux angle error results in the case of
stator resistance and leakage inductance mismatch. As seen,
the errors under the proposed scheme are much smaller than
those of method A when load is applied. Fig. 8(b) shows the
results in the case of accurate stator resistance and leakage
inductance. The errors under the proposed method are nearly
equal to method A over the entire load power range.

The flux angle errors under 50% variation of mutual in-
ductance are depicted in Fig. 9. As seen, method A is robust
to mutual inductance mismatch across the full load range. In
the proposed method, there is an angle error of 0.1 rad (5.73
degrees) under 100% rated load.

Based on the above discussion, the proposed method shows
high robustness to leakage inductance and stator resistance

Fig. 10. Mutual inductance of the IM.

TABLE I
PARAMETERS OF THE IM

Quantity Value Quantity Value

Rated power 0.68 kW Stator resistance 0.0147 Ω

Rated voltage 14 V Rotor resistance 0.013 Ω

Rated current 50 A
Stator/rotor
inductance 1.57 mH

Rated frequency 70 Hz Pole pairs 2

Rated torque 3 N.m Sampling frequency 8kHz

mismatch over the entire load power range, and exhibits a
certain tolerance for mutual inductance mismatch, which is in
good agreement with the theoretical analysis.

VI. EXPERIMENTAL RESULTS

All the conditions of the experiment are identical to the
simulation. The mutual inductance is measured offline [35],
as shown in Fig. 10, and updated by linear interpolation.
Since linear interpolation is simple to implement, a slight of
computational burden is added. The IM is fed by a three-
phase voltage source inverter (VSI) using the space vector
pulse-width modulation. Fig. 11 shows the prototype IM drive
system with a TI TMS320F28335 DSP. Because calculating
the actual rotor flux is very difficult in experiments, the rotor
flux estimated by the Gopinath model with well-identified
parameters is defined as the actual flux [24-25].

A. Flux Angle Error Comparisons

Fig. 12 depicts the flux angle errors under method A and
the proposed method when there is a leakage inductance
mismatch. The variations of load power will significantly
affect the field orientation accuracy under method A. However,
the proposed method shows much higher field orientation
accuracy despite the load power variations.

Fig. 13 shows the flux angle error comparison results with
stator resistance detuning. Both methods show high robustness
to stator resistance mismatch, with small flux angle errors over
the entire load power range.

Fig. 11. Experimental platform.
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(a) (b)

Fig. 12. Flux angle error results in the case of leakage inductance mismatch: (a) L̂σ = 0.5Lσ; (b) L̂σ = 1.5Lσ .

(a) (b)

Fig. 13. Flux angle error results in the case of stator resistance mismatch: (a) R̂s = 0.5Rs; (b) R̂s = 1.5Rs.

(a) (b)

Fig. 14. Flux angle error results in the different cases: (a) R̂s = 0.5Rs, L̂σ = 0.5Lσ; (b) R̂s = Rs, L̂σ = Lσ .

(a) (b)

Fig. 15. Flux angle errors in the case of mutual inductance mismatch: (a) L̂m = 0.5Lm (b) L̂m = 1.5Lm .

Fig. 14 (a) demonstrates the flux angle errors in detuned
cases of R̂s = 0.5Rs, L̂σ = 0.5Lσ . It shows results similar to
Fig. 12(a), the proposed scheme exhibits much smaller field
orientation errors under load variations. Fig. 14 (b) shows the
flux angle errors in the case of accurate parameters. Both
methods have nearly zero errors over the entire load power
range.

Fig. 15 demonstrates the flux angle errors under 50%
variation of mutual inductance. As seen, when a 100% rated
load is applied, the angle errors under the proposed method
are 0.1 rad, which is consistent with the simulation results.

B. Speed Response Comparisons Under Load Variations

The experimental results of speed response comparisons
between the proposed method and method A are shown in
Fig. 16 to Fig. 21. The speed command is 2000 rpm.

Fig. 16 shows the comparative results in the case of L̂σ =
1.5Lσ . When load torque changes, the speed convergence time
under the proposed scheme is 0.14s, which is smaller than
0.25s with method A. From the waveforms of currents, the d-
axis current under method A decreases to balance the change
of rotor flux caused by the rise of the q-axis current. On
the contrary, the d-axis current under the proposed scheme
remains basically unchanged despite variations in load torque.
From the waveforms of flux angle, the compensation angle



9

(a) (b)

Fig. 16. The performance comparisons when load torque step change and L̂σ = 1.5Lσ: (a) Method A; (b) Proposed scheme.

(a) (b)

Fig. 17. The performance comparisons when load torque step change and L̂σ = 0.5Lσ: (a) Method A; (b) Proposed scheme.
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(a) (b)

Fig. 18. The performance comparisons when load torque step change and L̂σ = 0.5Lσ ,R̂s = 0.5Rs: (a) Method A; (b)
Proposed scheme.

(a) (b)

Fig. 19. The performance comparisons when load torque step change and L̂σ = Lσ , R̂s = Rs: (a) Method A; (b) Proposed
scheme.
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(a) (b)

Fig. 20. The performance comparisons when load torque step change and L̂σ = 0.5Lσ: (a) Method A; (b) Proposed scheme.

Fig. 21. Transient performance during algorithm switching.

under the proposed scheme converges stably to 0.18 rad. And
the estimated flux angle under the proposed scheme is more
closely aligned with the actual one.

Fig. 17 shows the comparative results in the case of L̂σ =
0.5Lσ . Though the experiments are performed based on the
same external conditions, significant differences can be found.

First, the speed convergence time under the proposed scheme
is 0.18s, which is smaller than 0.26s with method A. Second, it
can be found that the d-axis current under the proposed scheme
is almost constant, while the d-axis current under Method A
varies with the change of working condition. Meanwhile, q-
axis currents under different control schemes are also different.
Obvious oscillations during the load change can be found on
q-axis currents when method A is used. At last, different flux
angle errors can be seen. The flux angle error under method A
is 0.178 rad, and the error under the proposed one is only 0.035
rad. In fact, the different flux angle errors are the reason for
the significant differences in speed response, d-axis and q-axis
currents. It is well known that if flux angle errors are small,
the rotor flux is mainly influenced by d-axis current. However,
if flux angle errors are large, the rotor flux is influenced by
both d-axis and q-axis currents. In this case, d-axis current
varies with the change of q-axis current to keep a constant
rotor flux. As a result, the control performance of the IM is
degraded.

Fig. 18 shows the comparative results in the case of L̂σ =
0.5Lσ and R̂s = 0.5Rs. Because stator resistance mismatch
has little effect on the flux angle errors under the two methods,
the experimental results are essentially consistent with those in
Fig. 17. The proposed scheme still shows much smaller field
orientation errors and better speed drive performance.

Fig. 19 shows the comparative results in the case of accurate
parameters. The proposed scheme exhibits almost the same
performance as method A, because the compensation angle
under the proposed scheme is nearly zero. This means that



12

the proposed scheme is equivalent to method A under accurate
parameter conditions.

Fig. 20 shows the comparative results in the case of
L̂σ = 0.5Lσ . The load torque is increased from no-load
to 100% of rated load torque. The RFO system based on
method A is out of control, with current oscillations and
field orientation failure. This is because when the leakage
inductance is underestimated, a large value of k will cause
the RFO system based on method A to lose its control. This
issue is discussed in [30]. On the contrary, as depicted in Fig.
20 (b), the proposed scheme improves the precision of field
orientation and avoids the problem of being out of control.

The transient performance during algorithm switching is
shown in Fig. 21. The load is added from 30% to 50% and
back to 30% rated load torque. Method A enables under 30%
rated load, and the field orientation method switches to method
B when 50% rated load is applied. As seen, the switching
method works well during the switching process.

The above results indicate that the proposed scheme shows
high robustness against leakage inductance mismatch, leading
to a better speed response of the system.

VII. CONCLUSION

In this paper, a new field orientation scheme is proposed
for RFO-based IM drives, which improves the robustness of
voltage model-based IM drives against leakage inductance
mismatch at high speed. The main advantage of the proposed
field orientation method is that it combines the advantages of
two methods. It not only preserves the high robustness of the
method A for small |k|, but also the high robustness of method
B for large |k|. Therefore, the influence of leakage inductance
mismatch on the full load power range is reduced. The
proposed scheme is compared with method A by simulation
and experimental results. The proposed scheme shows high
robustness against leakage inductance mismatch over the entire
load power range. The flux orientation errors are reduced to
less than 0.05rad under full-load conditions. In addition, high-
speed drive performance and anti-disturbance ability of the
system are improved under parametric uncertainties. Future
research will be focused on improving the robustness of the
Gopinath observer-based IM drives at low speed.

APPENDIX

f1 (k)=
1
2+

√
1
4−
(
1+ 1

2n
)2
(m̃− kñ)
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[3] M. Bašić, D. Vukadinović, I. Grgić and M. Bubalo, “Speed-Sensorless
Vector Control of an Induction Generator Including Stray Load and Iron
Losses and Online Parameter Tuning,” IEEE Trans. Energy Convers, vol.
35, no. 2, pp. 724-732, June 2020.

[4] I. Takahashi and T. Noguchi, “A New Quick-Response and High-
Efficiency Control Strategy of an Induction Motor,” IEEE Trans. Ind.
Appl, vol. IA-22, no. 5, pp. 820–827, Sep./Oct. 1986.

[5] X.Xu and D.W. Novotny, “Implementation of Direct Stator Flux Orienta-
tion Control on a Versatile DSP Based System,” IEEE Trans. Ind. Appl,
vol. 27, no. 4, pp. 694–700, Jul./Aug. 1991.

[6] P . L. Jansen and R. D. Lorenz, “A physically insightful approach to
the design and accuracy assessment of flux observers for field oriented
induction machine drives,” IEEE Trans. Ind. Appl, vol. 30, no. 1, pp.
101–110, Jan./Feb. 1994.

[7] S. Y ang, P . Cao, and X. Zhang, “Stability analysis of q-axis rotor flux
based model reference adaptive system updating rotor time constant in
induction motor drives,” CES Trans. Elect. Mach. Sys, vol. 1, no. 2, pp.
109–116, Jun. 2017.

[8] X. Y u, M. W. Dunnigan, and B. W. Williams, “A novel rotor resistance
identification method for an indirect rotor flux-orientated controlled
induction machine system,” IEEE Trans. Power Electron, vol. 17, no.
3, pp. 353–364, May 2002.

[9] J. Kan, K. Zhang, and Z. Wang, “Indirect vector control with simplified
rotor resistance adaptation for induction machines,” IET Power Electron,
vol. 8, no. 7, pp. 1284–1294, 2015.

[10] A. Razzouk, A. Chériti, and P . Sicard, “Implementation of a DSP based
real-time estimator of induction motors rotor time constant,” IEEE Trans.
Power Electron, vol. 17, no. 4, pp. 534–542, Jul. 2002.

[11] P. Cao, X. Zhang, S. Yang, Z. Xie and Y. Zhang, “Reactive-Power-Based
MRAS for Online Rotor Time Constant Estimation in Induction Motor
Drives,” IEEE Trans. Power Electron, vol. 33, no. 12, pp. 10835-10845,
Dec. 2018.

[12] E. Zerdali, ”A Comparative Study on Adaptive EKF Observers for
State and Parameter Estimation of Induction Motor,” IEEE Trans. Energy
Convers, vol. 35, no. 3, pp. 1443-1452, Sept. 2020.

[13] S. Wade, M. W. Dunnigan, and B. W. Williams, “Comparison of
stochastic and deterministic parameter identification algorithms for indi-
rect vector control,” IEE Colloquium on Vector Control and Direct Torque
Control of Induction Motors, London, UK, 1995, pp. 2/1-2/5.

[14] . Ben Regaya, A. Zaafouri, and A. Chaari, “Electric Drive Control with
Rotor Resistance and Rotor Speed Observers Based on Fuzzy Logic,”
Mathematical Problems in Engineering, vol. 2014, pp. 1-9, 2014.

[15] C. Ben Regaya, F. Farhani, A. Zaafouri, and A. Chaari, “A novel adaptive
control method for induction motor based on Backstepping approach
using dSpace DS 1104 control board,” Mechanical Systems and Signal
Processing, vol. 100, pp. 466-481, 2018.



13

[16] S. Munphal and S. Suwankawin, “A Position-Sensorless Control of Dou-
bly Fed Induction Machine by Stator-Equation-Based Adaptive Reduced-
Order Observer,” IEEE Trans. Power Electron, vol. 37, no. 12, pp. 15186-
15208, Dec. 2022.

[17] L. Harnefors and M. Hinkkanen, “Stabilization Methods for Sensorless
Induction Motor Drives—A Survey,” IEEE Journal of Emerging and
Selected Topics in Power Electronics, vol. 2, no. 2, pp. 132-142, June
2014.

[18] B. Robyns, F. Berthereau, G. Cossart, L. Chevalier, F. Labrique and
H. Buyse, “A methodology to determine gains of induction motor flux
observers based on a theoretical parameter sensitivity analysis”, IEEE
Trans. Power Electron, vol. 15, no. 6, pp. 983-995, Nov. 2000.

[19] A. Aliaskari, B. Zarei, S. A. Davari, F. Wang and R. M. Kennel,
“A Modified Closed-Loop Voltage Model Observer Based on Adaptive
Direct Flux Magnitude Estimation in Sensorless Predictive Direct Voltage
Control of an Induction Motor”, IEEE Trans. Power Electron, vol. 35,
no. 1, pp. 630-639, Jan. 2020.

[20] C. Luo, B. Wang, Y. Yu, C. Chen, Z. Huo and D. Xu, “Decoupled Stator
Resistance Estimation for Speed-Sensorless Induction Motor Drives Con-
sidering Speed and Load Torque Variations”, IEEE Journal of Emerging
and Selected Topics in Power Electronics, vol. 8, no. 2, pp. 1193-1207,
June 2020.

[21] C. Lascu and G.-D. Andreescu, “Sliding-Mode Observer and Improved
Integrator with Dc-Offset Compensation for Flux Estimation in Sensorless
Controlled Induction Motor”, IEEE Trans. Ind. Electron, vol. 53, no. 3,
pp. 785–794, Jun. 2006.

[22] M. Comanescu, ”Design and Implementation of a Highly Robust Sen-
sorless Sliding Mode Observer for the Flux Magnitude of the Induction
Motor,” IEEE Trans. Energy Convers, vol. 31, no. 2, pp. 649-657, June
2016.

[23] J. Kim, J. Ko, J. Lee and Y. Lee, “Rotor Flux and Rotor Resistance Esti-
mation Using Extended Luenberger-Sliding Mode Observer (ELSMO) for
Three Phase Induction Motor Control”, in Canadian Journal of Electrical
and Computer Engineering, vol. 40, no. 3, pp. 181-188, Summer 2017.

[24] J.-H. Kim, J.-W. Choi, and S.-K. Sul, “Novel rotor-flux observer using
observer characteristic function in complex vector space for field-oriented
induction motor drives,” IEEE Trans. Ind, Appl, vol. 38, no. 5, pp.
1334–1343, Sep./Oct. 2002.

[25] G. Jo and J. Choi, “Gopinath Model-Based Voltage Model Flux Observer
Design for Field-Oriented Control of Induction Motor,” IEEE Trans.
Power Electron, vol. 34, no. 5, pp. 4581-4592, May 2019.

[26] P . L. Jansen, R. D. Lorenz and D. W. Novotny, “Observer-based direct
field orientation: analysis and comparison of alternative methods,” IEEE
Trans. Ind. Appl, vol. 30, no. 4, pp. 945-953, July-Aug. 1994.

[27] L. Harnefors and M. Hinkkanen, “Complete Stability of Reduced-Order
and Full-Order Observers for Sensorless IM Drives,” IEEE Transactions
on Industrial Electronics, vol. 55, no. 3, pp. 1319-1329, March 2008.

[28] L. Harnefors, “Design and analysis of general rotor-flux-oriented vector
control systems,” IEEE Transactions on Industrial Electronics, vol. 48,
no. 2, pp. 383-390, April 2001.

[29] M. Hinkkanen and J. Luomi, “Parameter sensitivity of full-order flux
observers for induction motors,” IEEE Transactions on Industry Applica-
tions, vol. 39, no. 4, pp. 1127-1135, July-Aug. 2003
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