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Abstract— In this paper, an X-model reference adaptive
system (X-MRAS) estimator for speed estimation of indirect
vector controlled dual stator winding induction machine drive,
and online stator resistance estimator is presented. X-MRAS
estimator does not require flux observer for estimation, so this
is immune to the pure integration problems. Furthermore, the
estimation scheme is stable in all four regions of operation. In
order to improve the zero and low-speed operation, an online
stator resistance estimator based X-MRAS is designed. The
stability of the estimation schemes and sensitivity analysis are
further added to ensure the robustness of the drive system. The
proposed speed estimation approach for DSWIM drive, as well
as the online stator resistance estimation algorithm, have been
simulated in MATLAB/SIMULINK.
Keywords— dual stator winding induction machine, X-model
reference adaptive system, online stator resistance estimator.

I. INTRODUCTION
Dual stator winding induction machine (DSWIM) has
been proposed as a good candidate for the sensorless
application. This machine was first introduced at the
beginning of 20th century by Munoz and Lipo [1]. The
DSWIM contains two separate symmetric three phase
winding sets in the stator, having the different number of poles
P1 and P2 (e.g., 2/6 or 4/12) and a standard squirrel-cage rotor.
This structure results in absolutely independent operation of
stator winding sets. This type of machine offers some
advantages like high reliability, absence of circulating
currents, and also easy sensorless application, especially at the
low-speed operation. The speed estimation techniques
overcome the drawback of the rotor speed sensors, such as
increased size and cost of the drive. So far, various approaches
have been discussed for speed estimation in literature. Two
broad speed estimation methods are the machine model-based
methods and the magnetic structure-based methods [2].
Machine model-based methods due to employing the terminal
variables are generally used. An attractive speed estimation
approach causes simple implementation, and the high speed
of adaptation is a model reference adaptive system (MRAS).
MRAS strategies based error function is organized to various
methods. MRAS based rotor flux that is known as the classical
MRAS was first introduced by Tamai et al. The classical
MRAS is simple nevertheless suffers from inaccurate speed
estimation, especially at the low-speed operation and also flux
pure integration problems like drift and saturation. One of the
MRAS methods that it is free of the pure integration problems
and also more effective than the previous techniques is XMRAS estimator. This method was first proposed in 2012 for
the rotor speed and stator resistance estimation of single
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winding induction motor [3-5]. It eliminates the requirement
of the flux observer for both stator winding sets, and also, it is
stable under the four regions of operation. However, the XMRAS method is sensitive to the stator resistance variation,
especially at the low-speed operation. A precise value of the
stator resistance is essential for the accurate operation of
sensorless drive in the low-speed regions, since any mismatch
between the actual value and the set value used in the speed
estimator may lead not to significant estimated error but also
to instability [6]. To achieve an accurate speed estimation,
various methods for the online stator resistance estimation
have been presented. The stator resistance estimation based
X-MRAS approach for conventional induction machine
reported in [3], [7]. There are still a few studies in the literature
in the field of DSWIM speed estimation. In [8], speed
estimation is achieved using stator current and rotor flux
observation based on MRAS. Therefore, this method requires
flux observation for each winding set of DSWIM. This work
presents a speed estimation scheme for the sensorless vector
controlled DSWIM drive. Also, to decrease the sensitivity of
the speed estimator to the stator resistance variation at the zero
and low-speed ranges, the online stator resistance estimator
for each stator winding set is presented. The sensorless
DSWIM is simulated in motoring and regenerating operation
modes, and also in low-speed regions.
The main contributions of this paper are classified as
following: section ӀӀ introduces the DSWIM model. In section
ӀӀӀ, the estimation schemes for the rotor speed and stator
resistance are expressed. Later, the stability of the estimators
and the sensitivity analysis of speed estimation algorithm to
stator resistance are assessed In section ӀV. Section V,
simulation results to evaluate the accuracy of the estimation
algorithms are presented. Finally, the paper concludes in
section VӀ.
II. MACHINE MODEL
The mathematical equations of dual stator winding
induction motor are expressed in the d-q axis synchronous
reference frame. This machine is modeled as two separate
single winding induction machines (1-4). The number of pole
pairs is different, and a standard squirrel-cage rotor is
adopted. The first three-phase winding set is considered the
ABC winding and wounded for winding and wounded for P2
(i=2).
𝑑𝜆𝑠𝑖

𝑉 =𝑅 𝐼 +
+ 𝑗𝜔 𝜆
𝑆𝑖

𝑠𝑖 𝑠𝑖

𝑒𝑖 𝑠𝑖
𝑑𝑡
𝑑𝜆𝑟𝑖
𝑉𝑅𝑖 = 𝑅𝑟𝑖 𝐼𝑟𝑖 +
+ 𝑗(𝜔𝑒𝑖 − 𝜔𝑟𝑖 )𝜆𝑟𝑖
𝑑𝑡



978-1-7281-5849-5/20/$31.00 ©2020 IEEE
Authorized licensed use limited to: Auckland University of Technology. Downloaded on May 25,2020 at 16:16:44 UTC from IEEE Xplore. Restrictions apply.

𝜆𝑆𝑖 = 𝐿𝑠𝑖 𝐼𝑆𝑖 + 𝐿𝑚𝑖 𝐼𝑟𝑖



𝜆𝑅𝑖 = 𝐿𝑟𝑖 𝐼𝑟𝑖 + 𝐿𝑚𝑖 𝐼𝑆𝑖



𝑉𝑆𝑖 , 𝑉𝑅𝑖 , 𝐼𝑠𝑖 , 𝐼𝑟𝑖 are stator voltage, rotor voltage, stator current
and rotor current vectors, respectively. 𝑅𝑆𝑖 , 𝑅𝑟𝑖 , 𝐿𝑟𝑖 , 𝐿𝑆𝑖 , 𝐿𝑚𝑖 ,

indicate the stator resistance, rotor resistance, rotor
inductance, stator inductance,
mutual inductance,
respectively. 𝜆𝑠𝑖 , 𝜆𝑟𝑖 are the stator and rotor flux vectors. 𝜔𝑒𝑖 ,
𝜔𝑟𝑖 represent the synchronous speed of i=1or 2 windings and
rotor speed. The DSWIM model in the synchronous reference
frame( 𝜔𝑒𝑖 ) can be defined as (5), (6). The state-space of
DSWIM is represented as (7), (8).
𝑖𝑑𝑠𝑖
−𝑥1
𝑖𝑞𝑠𝑖
−𝜔𝑒𝑖
=[
𝑑𝑡 𝜆𝑑𝑠
𝑥4
𝑖
0
[𝜆𝑞𝑠𝑖 ]

𝜔𝑒𝑖
−𝑥1
0
𝑥4

𝑑

𝑖𝑑𝑠
1 0
[ 𝑖] = [
𝑖𝑞𝑠𝑖
0 1

Where,
𝑥1 =

𝑥2 𝑥3 𝜔𝑟
1
−𝑥3 𝜔𝑟 𝑥2
1
0
]
+
[
−𝑥5 𝜔𝑠𝑙𝑖
𝜎𝑖 𝐿𝑠𝑖 0
−𝜔𝑠𝑙𝑖 −𝑥5
0

0
1] [𝑉𝑑𝑠𝑖 ] 
0 𝑉𝑞𝑠𝑖
0

𝑖𝑑𝑠𝑖
0 0 𝑖𝑞𝑠𝑖
]
0 0 𝜆𝑑𝑠𝑖
[𝜆𝑞𝑠𝑖 ]

𝐿2𝑚𝑖
1
(𝑅𝑠𝑖 +
)
𝜎𝑖 𝐿𝑠𝑖
𝐿𝑟𝑖 𝜏𝑟𝑖
𝐿𝑚
𝑥4 = ( 𝑖 )
𝐿𝑟𝑖



𝐿𝑚𝑖
1
(
)
𝜎𝑖 𝐿𝑠𝑖 𝐿𝑟𝑖 𝜏𝑟𝑖
1
𝑥5 = ( )
𝜏𝑟𝑖

𝑥2 =

𝑥3 =

1 𝐿𝑚𝑖
( )
𝜎𝑖 𝐿𝑠𝑖 𝐿𝑟𝑖

𝐿𝑟

𝑟𝑖

The state-space representation of the DSWIM is given by
(7) and (8). In which, stator currents and rotor fluxes are
considered as the state variables. Also, stator currents and
voltages are regarded as outputs and inputs in state-space
equations, respectively.
𝑋̇𝑖 = 𝐴𝑖 𝑋𝑖 + 𝐵𝑈𝑖

𝑦𝑖 = 𝐶𝑖 𝑋𝑖

where,
𝑇

𝑈𝑖 = [𝑉𝑑𝑠𝑖 . 𝑉𝑞𝑠𝑖 ]

𝑇

𝑋𝑖 = [𝑖𝑑𝑠𝑖 . 𝑖𝑞𝑠𝑖 . 𝜆𝑑𝑠𝑖 . 𝜆𝑞𝑠𝑖 ]

III.

𝑖

𝑠𝑖 𝑠𝑞𝑖

𝑒𝑖 𝑠𝑑𝑖

𝑑𝑡

𝑠𝑑𝑖

[𝑅𝑠𝑖 𝑖𝑠𝑑𝑖 +

𝑑𝜆𝑠𝑑𝑖
𝑑𝑡

− 𝜔𝑒𝑖 𝜆𝑠𝑞𝑖 ]𝑖𝑠𝑞𝑖

The derivative term is considered zero at the steady-state and
the X can be defined as
𝑋𝑖3 = [𝑅𝑠𝑖 𝑖𝑠𝑞𝑖 − 𝜔𝑒𝑖 𝜆𝑠𝑑𝑖 ]𝑖𝑠𝑑𝑖 +

[𝑅𝑠𝑖 𝑖𝑠𝑑𝑖 − 𝜔𝑒𝑖 𝜆𝑠𝑞𝑖 ]𝑖𝑠𝑞𝑖

In the rotor flux vector oriented, the stator fluxes become
𝜆𝑠𝑑𝑖 = 𝐿𝑠𝑖 𝑖𝑠𝑑𝑖 and 𝜆𝑠𝑞𝑖 = 𝜎𝑖 𝐿𝑠𝑖 𝑖𝑠𝑞𝑖 . Substituting stator fluxes in
X, and the simplified X becomes
2
2
𝑋𝑖4 = 𝜔𝑒𝑖 [𝐿𝑠𝑖 𝑖𝑠𝑑𝑖
− 𝜎𝑖 𝐿𝑠𝑖 𝑖𝑠𝑞𝑖
] + 2𝑅𝑠𝑖 𝑖𝑠𝑞𝑖 𝑖𝑠𝑑𝑖

And, 𝜏𝑟𝑖 = 𝑅 𝑖 . 𝜎𝑖 = 1 − (𝐿2𝑚𝑖 /𝐿𝑠𝑖 𝐿𝑟𝑖 )

𝑦𝑖 = [𝑖𝑑𝑠𝑖 . 𝑖𝑞𝑠𝑖 ]

expressed. The instantaneous value of X for each winding set
is given as
𝑋𝑖1 = 𝑣𝑠𝑞𝑖 𝑖𝑠𝑑𝑖 + 𝑣𝑠𝑑𝑖 𝑖𝑠𝑞𝑖

1
Accordingly, 𝑋𝑖 does not dependent on the rotor speed.
hence, it is employed as the reference model of MRAS.
Substituting the equations of 𝑣𝑠𝑑𝑞𝑖 from (1) in (9), the
expression of X is obtained:
𝑑𝜆𝑠𝑞𝑖

𝑋 2 = [𝑅 𝑖 +
− 𝜔 𝜆 ]𝑖 +

𝑇

ESTIMATION SCHEMES

A. X-MRAS Speed Estimator
Among all the speed and parameters estimation
strategies, the model reference adaptive system is used in this
paper because of high speed of adaptation and their
simplicity. The fundamental structure of the MRAS consist
of two models. The first model is called the reference model
and is based on the machine equations that does not include
an estimated rotor speed. The second model is called the
adaptive model, which includes an estimated rotor speed. The
error between two these models is applied to drive the PI
controller that generates the estimated speed. The X-MRAS
estimator has been made using instantaneous and steady-state
of 𝑋 = 𝑣⃗𝑠∗ × 𝑖⃗𝑠 , which X is a fictional quantity and has no
physical concept. Unlike the classical model reference
adaptive approach, the X-MRAS method does not require
calculation of the stator or rotor flux, hence it is less sensitive
to the pure integration problems like saturation and drift. In
the following, formulation of X-MRAS for DSWIM is



Where, 𝜔𝑒𝑖 = 𝜔
̂𝑟𝑖 + 𝜔𝑠𝑙𝑖 and 𝜔𝑠𝑙𝑖 is slip speed and is obtained
as 𝜔𝑠𝑙𝑖 = 𝑖𝑞𝑠𝑖 ⁄𝜏𝑟𝑖 ⋅ 𝑖𝑑𝑠𝑖 for each winding set. Finally, the
expression of X can be written as
2
2
𝑋𝑖4 = (𝜔
̂𝑟𝑖 + 𝜔𝑠𝑙𝑖 )[𝐿𝑠𝑖 𝑖𝑠𝑑𝑖
− 𝜎𝑖 𝐿𝑠𝑖 𝑖𝑠𝑞𝑖
]
+2𝑅𝑠𝑖 𝑖𝑠𝑞𝑖 𝑖𝑠𝑑𝑖 




Therefore, 𝑋𝑖4 is dependent on estimated rotor speed and
does not include the rotor flux. Hence, it is selected for the
adaptive model. The error between two models for each
winding set is obtained using (14), and the MRAS error
function of DSWIM is suggested in (15). The PI controller is
adopted to estimate the speed. Also, the rotor speed of
DSWIM and each winding set is estimated using (16), (17),
respectively.
𝜀𝑖 = 𝑋𝑖1 − 𝑋𝑖4



𝜀 = 𝑘 ⋅ 𝜀1 + (𝑘 − 1) ⋅ 𝜀2



𝜔
̂𝑟𝑚 = 𝑘𝑝 ⋅ 𝜀 + 𝑘𝑖 ⋅ ∫ 𝜀 𝑑𝑡



𝜔
̂𝑟1 =

𝑃1
⋅𝜔
̂𝑟𝑚
2

𝜔
̂𝑟2 =

𝑃2
⋅𝜔
̂𝑟𝑚
2

 

Where, k=0 or 1. and 𝑋11 , 𝑋14 are the reference model and
adaptive model outputs for ABC winding set (i=1),
respectively. While, 𝑋21 , 𝑋24 are the reference and adaptive
model outputs for XYZ winding set (i=2), respectively.
Figure. 1 illustrates the diagram of X-MRAS speed estimator
including the reference and adaptive models.
B. Online stator estimator
The zero and low-speed operations are still an important
issue in the sensorless drives. Precise knowledge of 𝑅𝑠 is a
prerequisite for the speed estimation in the low-speed range.
Unfortunately, the X-MRAS algorithm is sensitive to 𝑅𝑠
variation in the low-speed region. Hence, the stability of
DSWIM drive in the zero and the low-speed regions is
reduced. Furthermore, offline estimation of the 𝑅𝑠 is not
adequate because the stator resistance value changes due to
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Fig. 2. The structure of X-MRAS stator resistance estimator for each
winding set of DSWIM
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Fig. 1. The diagram of X-MRAS speed estimator for DSWIM

many reasons such as temperature. In this section, to improve
the speed estimation, an online stator resistance estimator
based on the X-MRAS estimator using the PI controller
presents. In the following, the stator resistance estimator for
DSWIM is expressed. The voltage equations of DSWIM in
the steady-state (𝑑 ⁄𝑑𝑡 = 0) and for rotor flux oriented ( 𝜆𝑠𝑑𝑖 =
𝐿𝑠𝑖 𝑖𝑠𝑑𝑖 , 𝜆𝑠𝑞𝑖 = 𝜎𝑖 𝐿𝑠𝑖 𝑖𝑠𝑞𝑖 ) are obtained as
𝑣𝑠𝑑𝑖 = 𝑅𝑠𝑖 𝑖𝑠𝑑𝑖 − 𝜔𝑒𝑖 𝜎𝑖 𝐿𝑠𝑖 𝑖𝑠𝑞𝑖



𝑣𝑠𝑞𝑖 = 𝑅𝑠𝑖 𝑖𝑠𝑞𝑖 + 𝜔𝑒𝑖 𝐿𝑠𝑖 𝑖𝑠𝑑𝑖



Substituting the value of 𝜔𝑒𝑖 from (18) in (19), the value of
stator resistance becomes
𝑅̂𝑠𝑖 =

𝑣𝑠𝑑𝑖 𝑖𝑠𝑑𝑖 + 𝜎𝑖 𝑣𝑠𝑞𝑖 𝑖𝑠𝑞𝑖
2
2
𝜎𝑖 𝑖𝑠𝑞𝑖
+ 𝑖𝑠𝑑𝑖



𝑋𝑖1 = 𝑣𝑠𝑑𝑖 𝑖𝑠𝑑𝑖 + 𝜎𝑖 𝑣𝑠𝑞𝑖 𝑖𝑠𝑞𝑖



2
2
𝑋𝑖4 = 𝑅̂𝑠𝑖 (𝜎𝑖 𝑖𝑠𝑞𝑖
+ 𝑖𝑠𝑑𝑖
)



Therefore, the expression of 𝑋𝑖1 is chosen as the reference
model and 𝑋𝑖4 is selected as the adaptive model for each
winding set. The MRAS error function of DSWIM is
obtained in (23). The PI controller is applied to estimate the
stator resistance for each winding set using (24). The
structure of stator resistance estimator for each winding set of
DSWIM displays in Fig. 2.
𝜀𝑅𝑖 = 𝑋𝑖1 − 𝑋𝑖4
𝑅̂𝑠𝑖 = 𝑘𝑝 ⋅ 𝜀𝑅𝑖 + 𝑘𝑖 ⋅ ∫ 𝜀𝑅𝑖 𝑑𝑡




IV. STABILITY OF ESTIMATOR ALGORITHMS AND STATOR
RESISTANCE SENSITIVITY ANALYSIS
In this section, the stability study has been done on the
DSWIM drive for the speed and online stator resistance
estimators. Furthermore, the effect of stator resistance
variations on the speed estimator is determined by computing
the sensitivity of estimated speed to 𝑅𝑠 variations.

In order to fulfill the stability analysis, the state-space
representation of machine equations around a stable
operating point 𝑥0 have been linearized. The small signal
representation of (7), (8) becomes
∆𝑋̇𝑖 = 𝐴𝑖 ∆𝑋𝑖 + ∆𝐴𝑖 𝑥0



∆𝑦𝑖 = 𝐶𝑖 ∆𝑋𝑖

Substituting the Laplace transform of (25) into (26), the value
of ∆𝑦𝑖 is defined as follows:


∆𝑦𝑖 = 𝐶(𝑠𝐼 − 𝐴𝑖 )−1 ∆𝐴𝑖 𝑥0

Where, 𝑥0𝑖 = [𝑖𝑠𝑑0𝑖 . 𝑖𝑠𝑞0𝑖 . 𝜆𝑑𝑟0𝑖 . 𝜆𝑞𝑟0𝑖
The ∆𝐴𝑖 matrix in term of ∆𝜔𝑟𝑖 is expressed using (29)
]𝑇

0
0
Δ𝐴𝑖 = [
0
0



0 𝑥3
0
0 −𝑥3 0
] Δ𝜔𝑟𝑖
0
0
−1
0
1
0

Using (27) and (28), the expression of ∆𝑦𝑖 is obtained:
∆𝑖𝑑𝑠𝑖
1
∆𝑦𝑖 = [
]=[
∆𝑖𝑞𝑠𝑖
0

0 0
1 0
0
0
[
0
0

0
0
0
0

0 (𝑠𝐼
]
− 𝐴𝑖 )−1 
0
𝑖𝑑𝑠0𝑖
0 𝑥3
−𝑥3 0 𝑖𝑞𝑠0𝑖
]
Δ𝜔𝑟𝑖
0
−1 𝜆𝑑𝑠0𝑖
1
0 [𝜆𝑞𝑠0𝑖 ]

And, the simplified transfer function of
be written as

∆𝑖𝑑𝑠𝑖
∆𝜔𝑟𝑖

and

∆𝑖𝑠𝑑𝑖 (𝑐14 − 𝑥3 𝑐12 ) ⋅ 𝜆𝑑𝑟0𝑖
=
|𝑠𝐼 − 𝐴𝑖 |
∆𝜔𝑟𝑖



∆𝑖𝑞𝑠𝑖
∆𝜔𝑟𝑖

can



∆𝑖𝑠𝑞𝑖 (𝑐24 − 𝑥3 𝑐22 ) ⋅ 𝜆𝑑𝑟0𝑖

=
|𝑠𝐼 − 𝐴𝑖 |
∆𝜔𝑟𝑖
Where, 𝑎𝑑𝑗(𝑠𝐼 − 𝐴𝑖 ) = [𝑐𝑖𝑗 ] and i, j is various between 1to 4.

By linearizing the equations, the small signal representation
of speed estimator error function for DSWIM ( ∆𝜀) becomes
Δ𝜀 = 𝑘{𝑘1 Δ𝑖𝑑𝑠1 + 𝑘2 Δ𝑖𝑞𝑠1 + 𝑘3 Δ𝜔
̂𝑠𝑙1 + 𝑘4 Δ𝜔
̂𝑟1 }
+(𝑘 − 1){𝑘1 Δ𝑖𝑑𝑠2 + 𝑘2 Δ𝑖𝑞𝑠2 + 𝑘3 Δ𝜔
̂𝑠𝑙2 +
𝑘4 Δ𝜔
̂𝑟2 }

 



The variables are obtained as: 𝜔
̂𝑟𝑖 = 𝜔
̂𝑟0𝑖 + 𝛥𝜔
̂𝑟𝑖 , 𝑖𝑠𝑑𝑖 =
𝑖𝑑𝑠0𝑖 + 𝛥𝑖𝑑𝑠𝑖 , 𝑖𝑞𝑠𝑖 = 𝑖𝑞𝑠0𝑖 + 𝛥𝑖𝑞𝑠𝑖 , 𝜔𝑠𝑙𝑖 = 𝜔𝑠𝑙0𝑖 + Δ𝜔𝑠𝑙𝑖 , and also
∆𝑣𝑑𝑠𝑖 and ∆𝑣𝑞𝑠𝑖 are defined by linearizing the current and
speed controllers as depicts in Fig. 6.
∆𝑣𝑑𝑠𝑖 = −𝑑3𝑖 ∆𝑖𝑑𝑠𝑖

∆𝑣𝑞𝑠𝑖 = −𝑑2𝑖 [𝑑1𝑖 ∆𝜔𝑟𝑖 + ∆𝑖𝑑𝑠𝑖 ]



A. Speed Estimator
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Where, 𝑑1𝑖 is transfer function of speed PI also, 𝑑2𝑖 and
𝑑3𝑖 are transfer functions of current PI controllers for each
winding set. k coefficient for each winding set is achieved:
𝑘1 = 𝑣𝑞𝑠0𝑖 − 2𝑅𝑠𝑖 𝑖𝑞𝑠0𝑖 − 2𝐿𝑠𝑖 𝜔𝑒0𝑖 𝑖𝑑𝑠0𝑖 − 𝑑3𝑖 𝑖𝑞𝑠0𝑖

2
2
𝑘4 = 𝜎𝑖 𝐿𝑠𝑖 𝑖𝑞𝑠0
− 𝐿𝑠𝑖 𝑖𝑑𝑠0
− 𝑑1𝑖 𝑑2𝑖 𝑖𝑑𝑠0𝑖
𝑖
𝑖

Δ𝜔
̂𝑟𝑚

Δ𝜔
̂𝑟1

(𝑘 − 1) {𝑘1

Δ𝑖𝑑𝑠2
̂ 𝑟2
Δ𝜔

Δ𝜔
̂𝑟1

+ 𝑘2

Δ𝑖𝑞𝑠2
̂ 𝑟2
Δ𝜔

3

+ (𝑘4 − 𝑘3 )} = 𝐺(𝑠)

𝑘𝑖𝑀𝑅𝐴𝑆
)
𝑠
𝑘
1 + 𝐺(𝑠)(𝑘𝑝𝑀𝑅𝐴𝑆 + 𝑖𝑀𝑅𝐴𝑆 )
𝑠
𝐺(𝑠)(𝑘𝑝𝑀𝑅𝐴𝑆 +



Using (36), the stability of the speed estimator for many
operating points has been investigated. To checking the
stability analysis, Fig. 3 depicts the bode plots for one
operating point in the motoring and regenerating operations
and stator resistance variation. The speed estimator scheme is
observed to be stable in the motoring mode (Fig. 3(a)), further
in the regenerating mode (Fig. 3(b)), moreover for 100%
increase in 𝑅𝑠 in motoring (Fig. 3(c)) and regenerating modes
(Fig. 3(d)). However, both the gain margin and phase margin
show which the stability of estimator is more sensitive to
stator resistance variation in the low-speed regions. The
results of bode plots for speed estimator in both modes of
operation and under the stator resistance variation have been
illustrated in Table Ӏ.
B. Online Stator Resistance Estimator
The structure of online stator resistance algorithm is
indicated in fig 2. To check the stability of the 𝑅𝑠𝑖 estimator,
∆𝐴𝑖 in term of ∆𝑅𝑠𝑖 is calculated as
−𝑥1 0 0 0

0
Δ𝐴𝑖 = [
0
0

−𝑥1
0
0

0 0
] Δ𝑅𝑠𝑖
0 0
0 0

0 0 0
] (𝑠𝐼 − 𝐴𝑖 )−1 
1 0 0
−𝑥1 0 0 0 𝑖𝑑𝑠0𝑖
0 −𝑥1 0 0 𝑖𝑞𝑠0𝑖
[
]
Δ𝑅𝑠𝑖
0 0 𝜆𝑑𝑠0𝑖
0
0
0 0 [𝜆𝑞𝑠0𝑖 ]
0
0

1

∆𝑖𝑠𝑑𝑖

𝑖 𝑠𝑖

∆𝑅𝑠𝑖

Where, 𝑥1 = 𝜎 𝐿 . The transfer functions of
become

𝑘2′ = 𝜎𝑖 𝑣𝑞𝑠0𝑖 − 2𝜎𝑖 𝑅𝑠0𝑖 𝑖𝑞𝑠0𝑖 − 𝑑2𝑖 𝜎𝑖 𝑖𝑞𝑠0𝑖
2
2
𝑘3′ = −𝜎𝑖 𝑖𝑞𝑠0𝑖
− 𝑖𝑑𝑠0𝑖

∆𝑖𝑠𝑑𝑖
∆𝑅𝑠𝑖



𝑅𝑠𝑖

∆𝑅𝑠𝑖

∆𝑅𝑠𝑖

(𝑘𝑝𝑀𝑅𝐴𝑆𝑖 +

is calculated based on (42) ,(43).

𝑘𝑖𝑀𝑅𝐴𝑆𝑖
) + 𝐻(𝑠)𝑖
𝑠

The bode diagrams of (43) for one operating point in the
motoring and regenerating modes depict in Fig. 4. As seen
from the figures, the algorithm is robustly stable in both
motoring (Fig. 4(a)) and regenerating modes (Fig. 4(b)).
Moreover, if the stator resistance changes 100% of the
nominal value, the estimation algorithm can be stable. The
bode plots are depicted for 𝑅𝑠1 estimator. Similarity, the
stability analysis for 𝑅𝑠2 estimator is done and the same
results is obtained.
C. Sensitivity Analysis For Speed Estimator
In order to display speed estimator performance, the
sensitivity analysis against stator resistance variation, is
completed. To calculate the sensitivity to 𝑅𝑠𝑖 variation, Δ𝜔
̂𝑟𝑚
is obtained from the close-loop representation of MRAS
speed estimator as
Δ𝜔
̂𝑟𝑚 = (𝑘𝑝𝑀𝑅𝐴𝑆 + 𝑘𝑖𝑀𝑅𝐴𝑆 /𝑠)Δ𝜀

𝑅𝑠 does not depend on slip speed. Therefore, it is assumed

zero, also the change in flux producing component of stator
current is zero i.e. ∆𝑖𝑠𝑑𝑖 = 0 . Then, by Substituting error
function (32) into speed estimation (44) Δ𝜔
̂𝑟𝑚 is obtained as
𝑘2 ⋅ ∆𝑖𝑞𝑠𝑖
(𝑘𝑝𝑀𝑅𝐴𝑆 + 𝑘𝑖𝑀𝑅𝐴𝑆 /𝑠)−1 − 𝑘4



Sensitivity of scheme by dividing (45) into ∆𝑅𝑠𝑖 is obtained
as
𝑘2 ⋅ ∆𝑖𝑞𝑠𝑖 ⁄∆𝑅𝑠𝑖
Δ𝜔
̂𝑟𝑚

=
(𝑘𝑝𝑀𝑅𝐴𝑆 + 𝑘𝑖𝑀𝑅𝐴𝑆 /𝑠)−1 − 𝑘4

Where,
∆𝑖𝑠𝑞𝑖

∆𝑖𝑠𝑞𝑖

=

Δ𝑅𝑠𝑖

and

and

The close loop transfer function of the X-MRAS based stator
resistance estimator is expressed as
𝑅̂𝑠𝑖
𝐻(𝑠)𝑖


Δ𝜔
̂𝑟𝑚 =

Substituting (40) into (27) the value of yi is obtained as
∆𝑖𝑑𝑠𝑖
1
∆𝑦𝑖 = [
]=[
∆𝑖𝑞𝑠𝑖
0

𝑘1′ = 𝑣𝑑𝑠0𝑖 − 2𝑅𝑠0𝑖 𝑖𝑑𝑠0𝑖 − 𝑑3𝑖 𝑖𝑑𝑠0𝑖

Also,

The close-loop transfer function of X-MRAS speed estimator
is expressed as
𝜔
̂𝑟𝑚
=
𝜔𝑟𝑚



Where,

If it is assumed ∆𝜔
̂𝑟𝑖 = −Δ𝜔𝑠𝑙𝑖 , dividing (32) into Δ𝜔𝑟𝑖 is
obtained as
Δ𝑖𝑞𝑠1
Δ𝜀
Δ𝑖𝑑𝑠1

= 𝑘 {𝑘
+𝑘
+ (𝑘 − 𝑘 )} +
4



Δ𝑖𝑞𝑠𝑖
Δ𝜀𝑅𝑖
Δ𝑖𝑑𝑠𝑖
= 𝑘1′
+ 𝑘2′
+ 𝑘3′ = 𝐻(𝑠)𝑖
Δ𝑅𝑠𝑖
Δ𝑅𝑠𝑖
Δ𝑅𝑠𝑖

2
2
𝑘3 = 𝜎𝑖 𝐿𝑠𝑖 𝑖𝑞𝑠0
− 𝐿𝑠𝑖 𝑖𝑑𝑠0
𝑖
𝑖

2

Δ𝜀𝑅𝑖 = 𝑘1′ Δ𝑖𝑑𝑠𝑖 + 𝑘2′ Δ𝑖𝑞𝑠𝑖 + 𝑘3′ Δ𝑅𝑖

Dividing both sides by Δ𝑅𝑠𝑖

𝑘2 = 𝑣𝑑𝑠0𝑖 − 2𝑅𝑠𝑖 𝑖𝑑𝑠0𝑖 − 2𝜎𝑖 𝐿𝑠𝑖 𝜔𝑒0𝑖 𝑖𝑞𝑠0𝑖 − 𝑑2𝑖 𝑖𝑑𝑠0𝑖

1

Linearizing the error function of 𝑅𝑠𝑖 estimator (24) becomes

∆𝑖𝑠𝑞𝑖
∆𝑅𝑠𝑖

is calculated based on (40). The plot of

estimated speed sensitivity to 𝑅𝑠1 and 𝑅𝑠1 variations is
illustrated in Fig. 5.
V. RESULTS

∆𝑖𝑠𝑑𝑖 −𝑥1 (𝑐11 ⋅ 𝑖𝑑𝑠0𝑖 − 𝑐12 ⋅ 𝑖𝑞𝑠0𝑖 )
=
|𝑠𝐼 − 𝐴𝑖 |
∆𝑅𝑠𝑖



∆𝑖𝑠𝑞𝑖 −𝑥1 (𝑐21 ⋅ 𝑖𝑑𝑠0𝑖 − 𝑐22 ⋅ 𝑖𝑞𝑠0𝑖 )
=
|𝑠𝐼 − 𝐴𝑖 |
∆𝑅𝑠𝑖



To verify the validity of the proposed speed and online
stator resistance estimators, the drive system from Fig. 6 has
been
simulated using the MATLAB/SIMULINK
environment. The sensorless indirect field-oriented control is
carried out on a DSWIM with the parameters listed in Table
ӀӀ.
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Magnitude (dB)

Bode Diagram
GM=Inf , PM=112 deg (at 0.927 rad/s)

Phase (deg)

Phase (deg)

Magnitude (dB)

Bode Diagram
GM=29.9 dB (at 4.01 rad/s), PM=91.4 deg (at 0.04 rad/s)

(a)

(a)

Bode Diagram
GM=Inf , PM=109 deg (at 0.945 rad/s)

Phase (deg)

Phase(deg)

Magnitude(dB)

Magnitude (dB)

Bode Diagram
GM=19 dB (at 2.56 rad/s), PM=82.9 deg (at 0.432 rad/s)

(b)

(b)
Fig.4. Bode plot of stator resistance estimator in:
(a) Motoring mode at 𝜔𝑟𝑚 = 10 𝑟𝑎𝑑/𝑠 , 𝑅𝑠1 = 3 ⋅ 4Ω,
(b) regenerating mode at 𝜔𝑟𝑚 = 10 𝑟𝑎𝑑/𝑠 , 𝑅𝑠1 = 3 ⋅ 4Ω.

Phase (deg)

Magnitude (dB)

Bode Diagram
GM=11.3 dB (at 2.81 rad/s), PM=72.3 deg (at 1.15 rad/s)

(c)

Phase(deg)

Magnitude(dB)

Bode Diagram
GM=10.5 (at 2.81rad/s), PM=64 deg (at 1.31 Rad/s)

(a)

(d)
Fig.3. Bode plot of speed estimator in:
(a) Motoring mode at 𝜔𝑟𝑚 = 10 𝑟𝑎𝑑/𝑠 , 𝑅𝑠1 = 3 ⋅ 4Ω and 𝑅𝑠2 = 1 ⋅ 9Ω,
(b) regenerating mode at 𝜔𝑟𝑚 = 10 𝑟𝑎𝑑/𝑠 , 𝑅𝑠1 = 3 ⋅ 4Ω and 𝑅𝑠2 = 1 ⋅ 9Ω,
(c) Motoring mode at 𝜔𝑟𝑚 = 10 𝑟𝑎𝑑/𝑠 , 𝑅𝑠1 = 6 ⋅ 8Ω and 𝑅𝑠2 = 3 ⋅ 8Ω,
(d) regenerating mode at 𝜔𝑟𝑚 = 10 𝑟𝑎𝑑/𝑠 , 𝑅𝑠1 = 6 ⋅ 8Ω and 𝑅𝑠2 = 3 ⋅ 8Ω.
TABLE Ӏ.

(b)

Fig. 5. Sensitivity plot of speed estimator for DSWIM in: (a) ABC
winding set, (b) XYZ winding set.

+

+

STABILITY ANALYSIS OF SPEED ESTIMATOR BY
BODE PLOTS

PI

-

VSI
ABC
PI

ABC winding set

Speed estimator
Rs1 (Ω)

Rs2 (Ω)

Operation mode

Gain
margin

Phase
margin

3.4

1.9

6.8

3.8

Motoring
Regenerating
Motoring
Regenerating

29.9
19
11.3
10.5

91.4
82.9
72.3
64

TABLE ӀӀ. DSWIM NOMINAL PARAMETERS
Value
Value
Parameter
Parameter
ABC
XYZ
ABC
XYZ
Pole
2
6
Rotor
0.61Ω
0.55Ω
number
resistance
Output
2830W 500W
Stator
0.342H 1.02H
Power
inductance
Voltage
Rotor
0.342H 1.02H
50Hz
150Hz
Frequency
inductance
Stator
3.4Ω
1.9Ω
Magnetizing
0.336H 0.93H
resistance
inductance
Rotor
2850 rpm
Efficiency
88%
Speed

Figures 7 and 8 display the sets of simulation waveforms
obtained by the proposed estimators. In Fig. 7(a) the
performance of the speed estimator near the zero speed is

Stator Resistance
Estimator

+

PI
-

Speed
Estimator

ABC
to dq

Speed
Estimator

XYZ
to dq

PI
controller

DSWIM

Stator Resistance
Estimator

XYZ winding set

PI

+-

+-

VSI
XYZ
PI

Fig.6. The schematic diagram of sensorless vector control of DSWIM
using online stator resistance estimator

tasted by applying a triangular reference. This figure
demonstrates satisfactory speed tracking performance for
speed command. It can be seen from Fig. 7(b), the tracking
performance of speed estimator for motoring and
regenerating modes is tasted by applying ramp speed
command. The waveform obtained is very close to actual
mechanical speed. The speed command steps up from 0 to 10
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rad/sec for 4 seconds in Fig. 7(c). Figure 7(d) shows the lowspeed region performance for step speed command varying
as zero to 1 rad/s to 2 rad/s to 3 rad/s to 4 rad/s. Figure 7(e)
illustrates the accurate orientation of d-axis and q-axis rotor
fluxes. Also, the estimated speed error displays in Fig. 7(f).
As the results show, the performance of speed estimation
algorithm is found to be appropriate in both motoring and
regenerating modes also at zero and low-speed regions.
The performance of the stator resistance estimator under
the various references is presented in Fig. 8. The response of
DSWIM for the step command is seen in Fig. 8(a). It is visible
that the estimated value coverages to the actual value.
The estimated and actual stator resistances are found to
track the reference value satisfactorily in Fig. 8(b). Figure
8(b) illustrates suitable behavior of the estimator in the
transient and steady-states against the step change of stator
resistance. In this case, the estimation error is close to zero in
Fig. 8(d).

(a)

(b)

(c)

(d)

Fig. 8. Performance of stator resistance estimator based on X-MRAS:
(a), (b), (c) Actual and estimated stator resistance(Ω) versus time(s), (d)
Estimation error between the estimated and actual resistances(Ω) versus
time(s).

(a)

(c)

VI. CONCLUSION

(b)

(d)

The paper presents two estimation schemes for rotor
speed and stator resistances of the indirect field oriented
controlled DSWIM drive using the X-MRAS approach. The
presented speed estimator does not require to flux observer,
therefore it is immune to the pure integration problems like
saturation and drift. Also, this is stable in all four regions of
operation. The speed estimator singly is sensitive to stator
resistance variations, especially at the low-speed regions.
This fact is proved by the sensitivity analysis of speed
estimator against stator resistance variations. To improve the
robustness of the sensorless drive at the low-speed regions,
an online stator resistance estimator is presented. The
stability of the online algorithm has been confirmed using
small-signal analysis for the 100% changes in the 𝑅𝑠 . The
simulation results are achieved for motoring and regenerating
modes and low-speed regions of operation. The presented
estimation schemes have performed very well in the
sensorless DSWIM drive system.
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