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Improved Sliding Mode Observer for Position Sensorless
Open-Winding Permanent Magnet Brushless Motor Drives

Qing Lu1, 2, Li Quan1, *, Xiaoyong Zhu1, Yuefei Zuo1, and Wenye Wu1

Abstract—To enhance the accuracy of estimated rotor position for sensorless controlled permanent
magnet synchronous motor, the strategy based on sliding mode observer (SMO) with dual second order
generalized integrator (DSOGI) is proposed. The SMO is utilized to estimate the back electromotive
force (EMF). Considering the estimated back-EMF harmonics resulting from both flux spatial harmonics
and inverter nonlinearities, the DSOGI is applied to eliminate multiple orders harmonics and extract
the fundamental wave of the estimated back-EMF for calculating the rotor position. Therefore, the
DSOGI can effectively reduce the influence of the estimated back-EMF harmonics and improve the
accuracy of rotor position estimation. In addition, the software quadrature phase-locked loop with
back-EMF normalization is utilized to calculate the rotor position in order to eliminate the influence
of the changed back-EMF magnitude at different speed. Finally, to illustrate the effectiveness of the
proposed strategy, the experimental platform of an open-winding permanent magnet brushless motor
is built. The comparison results verified that the drive system performance of both steady state and
dynamic state is improved.

1. INTRODUCTION

Permanent magnet brushless motor has been widely used in many industrial applications due to its
advantageous features, such as small size, low cost, high power density, and high efficiency [1–4]. Open-
winding permanent magnet brushless motor not only has the advantages of traditional permanent
magnet brushless motor, but also improves the efficiency and stability of the drive system, and reduces
the capacity of single inverter. Open-winding technology has attracted more and more attention in
recent years [5, 6].

Like the closed-loop vector control system of the traditional motor, rotor position is also necessary
for the high performance control system of open-winding permanent magnet brushless motor. However,
utilization of additional mechanical position sensors not only decreases the systematic reliability but
also increases the system complexity and cost. Consequently, the sensorless control technique, which
can obtain the position information by easily measured voltage and current signals, has become one of
the research focuses in the field of motor control [7–9].

According to speed region, the reported sensorless control methods can be classified into two
categories: high frequency signal injection methods and the model-based methods [10–13]. The former,
which obtains rotor position information by salient pole of motor, is suitable for low and zero speed
operating motor. The latter that estimates rotor position through fundamental model is adopted for the
medium and high speed operating motor. High frequency signal injection method mainly includes: high
frequency pulsating voltage injection method, high frequency rotating voltage injection method, high
frequency pulsating current injection method, high frequency square wave voltage injection method
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and so on [10, 11]. The model-based methods mainly include the disturbance observer, the sliding
mode observer (SMO), extended state observer, the Kalman filtering method, model reference adaptive
observer, etc. [12, 13]. However, back-EMF estimation error usually happens in the SMO method, and
the accuracy of estimated rotor position is decreased. The estimated error includes a dc drift and a
harmonic fluctuation component. The dc drift is resulted from parameter uncertainties and can be
reduced by parameter identification. The fluctuation components exist in the estimated back-EMF due
to the flux spatial harmonics and the inverter nonlinearities. In order to reduce the influence of the
harmonic fluctuations, various compensation methods for the harmonics of the back-EMF estimation
have been proposed.

In [14], a revised repetitive controller is proposed to suppress the dead-time distortion, and the
estimation error can be reduced. However, it only eliminates the harmonics resulting from the inverter
nonlinearities. In [15], Lin et al. analyzed the back-EMF harmonics of a switched-flux motor and utilized
an adaptive notch filter to eliminate the flux estimation harmonics. In [16], Zhang et al. used multiple
adaptive vector filters to eliminate the specific harmonics in position estimation error due to the inverter
nonlinearity and flux spatial harmonics. The proposed methods in [15] and [16] can be used to eliminate
the specific harmonics. Nevertheless, the above methods need to add multiple filters according to the
harmonic orders. It is a great challenge to propose a strategy can eliminate random harmonic error if the
estimated back-EMF contains multiple orders harmonics. The dual second order generalized integrator
(DSOGI) has been used in the power system to eliminate the current harmonics [17, 18]. Also, the
DSOGI can be used in the rotor position observer to reduce the back-EMF harmonics.

The main purpose of this paper is to propose a revised rotor position observer with DSOGI to
achieve high accuracy rotor position estimation for the open-winding permanent magnet brushless
motor, whose estimated back-EMF exhibits non-sinusoidal characteristics. The DSOGI is used to
eliminate the harmonics and extract the fundamental wave of estimated back-EMF for the rotor position
calculation. First of all, the topology of the open-winding permanent magnet brushless motor drive
system is briefly depicted in Section 2. Then, the traditional rotor position estimation method based on
SMO for interior permanent magnet synchronous motor (IPMSM), the main strategy of the proposed
DSOGI and the quadrature phase-locked loop (PLL) with back-EMF normalization are presented in
Section 3. Finally, an experimental platform of the open-winding permanent magnet brushless motor is
built in Section 4. The effectiveness and feasibility of proposed strategy are validated by the experimental
results.

2. TOPOLOGY OF OPEN-WINDING MOTOR DRIVE SYSTEM

Open-winding topology includes two modes: the single DC power supply mode and dual DC power
supply mode. The single DC power supply mode is adopted in this paper due to the simple structure,
which is shown as Figure 1. The mathematical model of the motor in abc reference frame can be
expressed as follows:[
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Figure 1. Open-winding motor drive system with single DC power supply.
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where ua, ub, uc are the phase voltages; ia, ib, ic are the phase currents; R is the stator resistance; L
and M are self-inductance and mutual inductance, respectively; ea, eb, ec are the back-EMFs; ψfa, ψfb,
ψfc are the magnetic field linkage.

The two inverters are supplied by single DC power. The relationship between motor phase voltage
and inverter output voltage can be expressed as follows:[
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where Smx is the switch function (x = 1, 2, m = a, b, c), if the switch of upper bridge arm is turned
on, Smx = 1; otherwise, if the switch of lower bridge arm is turned on, Smx = 0: Udc is the DC power.
Therefore, the inverter output voltage can be obtained by the switch stated. The mathematical model
of the motor in d-q frame can be expressed as follows:[
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where ud and uq are the d-q-axes voltages of open-winding motor; ud1, uq1 and ud2, uq2 are the d-q-axes
voltages of the two inverters, respectively; id and iq are the d-q-axes currents; Ld and Lq are the d-q-axis
inductances; ψf1 is the rotor flux linkage; ω is the rotor electrical speed; p is the differential operator.

3. SENSORLESS CONTROL STRATEGY BASED ON SMO

Figure 2 shows the sensorless controlled open-winding PMSM based on revised SMO, which can improve
the accuracy of estimated rotor position. It can be seen that the back-EMF estimation can be calculated
by the sliding mode observer. Then, the DSOGI is adopted to extract the fundamental component of the
back-EMF. Finally, the rotor position information can be estimated by the PLL using the fundamental
component of the back-EMF.
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Figure 2. Sensorless control system of open-winding PMSM.

3.1. IPMSM Rotor Position Estimation Scheme Based on SMO

In order to design the SMO for estimating the rotor position and speed, the mathematical model of the
motor can be transformed to the equation in α-β stationary frame. Consequently, the mathematical
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model of IPMSM in α-β stationary frame can be written as follows[
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where uα, uβ and iα, iβ are the α-β-axis voltages and currents, and θ is the rotor position. The extended
back-EMF [19] equation of IPMSM is defined as
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[
eα
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]
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]
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where eα and eβ are the α-β-axis back-EMF components. From Equations (5) and (6), it is obvious
that the extended back-EMF contains rotor position θ. If the extended back-EMF is obtained, the rotor
position can be estimated. So the extended back-EMF should be estimated firstly. In order to obtain
the extended back-EMF, the mathematical model of IPMSM in α-β stationary frame can be rewritten
as follows
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where
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1
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]
.

Both the voltage and current are easily measured in the motor control system. According to the
sliding mode theory, the S = î− i = 0 can be selected as the sliding mode surface. The sign “ˆ” denotes
estimation. The current can be estimated by the observer. Therefore, the mathematical model of the
current observer can be written as
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where k is the observer gain; H, Hα, and Hβ are the equivalent control value and the α-β-axis
components, respectively. According to the SMO theory, to ensure the existence and stability of sliding
motion, the observer gain k should meet the requirement: k > max(|eα|, |eβ|).

In the conventional structure of SMO, the simple sign function is selected as switching function.
However, the simple sign function will result in high frequency chattering. To eliminate the high
frequency chattering, the sigmoid function, which is defined as Eq. (9), can replace the sign function.

sigmoid =
2

1 + e−ax
− 1. (9)

The back-EMF estimation is contained in the switching control function. In addition, the switching
control function also contains high frequency components. Therefore, the LPF is selected to suppress
the high frequency components, and the back-EMF estimation is obtained as follow.[

eα
eβ

]
= LPF

[
kHα

kHβ

]
(10)

where LPF is the low-pass filter.
Conventionally, the rotor position estimation can be calculated directly from the estimated back-

EMF using an arc-tangent function as

θ̂ = − arctan(êα/êβ) (11)

The block of rotor position estimation method based on the traditional SMO is shown in Figure 3.
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Figure 3. Block diagram of traditional SMO system.

3.2. PLL with Back-EMF Normalization

In the traditional observer, the arc-tangent function can be utilized to calculate the rotor position
estimation. However, to eliminate the influence of harmonics and high frequency chattering, the rotor
position is calculated by a quadrature PLL with back-EMF normalization, which is shown in Figure 4.
Furthermore, the transfer function can be expressed as

GPLL =
θ̂e

θe
=

kps+ ki

s2 + kps+ ki
(12)

where 1/s is the integral function, kp the proportion coefficient, and ki the integral coefficient in the
PLL. The output of back-EMF normalization function is used as the input of PLL. Then, the PLL can
calculate the rotor position and speed.
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Figure 4. PLL with back-EMF normalization.

It can be seen from Eq. (12) that the PLL with back-EMF normalization is not influenced by the
back-EMF amplitude. Therefore, the PLL can be applicable to different speeds. The rotor position can
be calculated by the normalized back-EMF as

θ̂ = (1/s)(ki/s+ kp)(−êα cos θ̂ − êβ sin θ̂)
(
1/

√
ê2α + ê2β

)
(13)

3.3. SMO with DSOGI and PLL

Due to the influence of flux spatial harmonics and inverter nonlinearity, the estimated back-EMF exhibits
non-sinusoidal characteristics. The harmonic components will result in fluctuation error in the estimated
rotor position. Therefore, it is necessary to suppress the harmonics.

The revised position observer with detailed diagram of DSOGI is shown in Figure 5. It can be
seen that the observer includes SMO unit, DSOGI unit and PLL unit. The SMO is used to estimate
the original back-EMF. Then the DSOGI can eliminate the harmonics and extract the fundamental
component of back-EMF for calculating rotor position. The PLL with normalization can eliminate the
influence of the back-EMF amplitude and calculate the rotor position.

The transfer function of DSOGI can be expressed as

H(s) =
êαf (s)
êα(s)

=
kωs

s2 + kωs+ ω2
(14)
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where k is the adaption gain. Taking motor operating frequency ω = 10 Hz as an example, the frequency
responses of the DSOGI are shown as Figure 6. It can be seen that the proposed strategy can extract
the fundamental component effectively. Consequently, the harmonics contained in estimated back-EMF
can be eliminated and the accuracy of estimated rotor position can be enhanced.

4. EXPERIMENTAL VALIDATION

Figure 7 shows the platform of open-winding permanent magnet brushless motor, which is used to
verify the effectiveness of the proposed strategy. Table 1 shows the main parameters of the motor.
DS1007 dSPACE is utilized as the controller. The resolver is used to detect the actual rotor position
for comparing with the estimated position. To evaluate the performance of the improved system, the
experimental results of the steady state and dynamic state are given, respectively.

Figure 8 shows the estimated back-EMF at 90 r/min. It can be seen from Figure 8(a) that the
back-EMF estimation without DSOGI is non-sinusoidal, namely, the estimated back-EMF contains
harmonics. From Figure 8(b), it is obvious that the back-EMF estimation with DSOGI is more sinusoidal
than the original estimation without DSOGI. Therefore, the estimated back-EMF harmonics are reduced
by the DSOGI.

The steady-state performance of the proposed strategy is presented in Figure 9 and Figure 10.
Figure 9(a) shows the estimated rotor position and position error without DSOGI. Figure 9(b) shows
the estimated rotor position and position error with DSOGI. It can be seen that the fluctuation error is
reduced and the position estimation becomes smooth by using the DSOGI. The position error is reduced
from 0.2 rad to 0.07 rad. As the speed decreases, the operation of the motor becomes more and more
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Table 1. The parameters of test motor.

Parameter/Unit Value
rated power/kW 2.5

rated speed/(r/min) 1200
pole pairs 5
Ld/mH 3.707
Lq/mH 5.308

PM flux/Wb 0.129
phase resistance/Ω 0.239

dSPACE
DS1007

Oscilloscope

Open-winding
    structure

INV1

INV2

Load Test motor Resolver

Figure 7. Experimental platform.
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Figure 8. Back-EMF estimation without and with the DSOGI at 90 r/min. (a) Without DSOGI. (b)
With DSOGI.

unstable. For sensorless control at low speeds, the high frequency injection method can be used. With
speed increasing, the observer performance will be better. The fluctuation of the estimation error can
be decreased. As can be seen from Figure 10, when the speed increases to 360 r/min, the error is very
small.

The dynamic performance of the proposed strategy is shown in Figure 11 and Figure 12. The
position error during speed changed from 100 r/min to 500 r/min is presented in Figure 11. It can be
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Figure 11. Speed tracking ability from 100 r/min to 500 r/min. (a) Without DSOGI. (b) With DSOGI.

seen that the position error has been reduced from about 0.6 rad to 0.3 rad by the proposed DSOGI.
The system shows better speed tracking performance.

Furthermore, the disturbance rejection ability of drive system is shown in Figure 12. Figures 12(a)
and (b) present the speed error, position error and phase current comparison without and with DSOGI,
respectively. The load disturbance is changed from 20% to 100% rate load. The comparing results show
that the disturbance rejection performance of drive system with DSOGI is obviously improved.

Therefore, the experimental results verify that the proposed strategy for the sensorless controlled
open-winding permanent magnet brushless motor has better performance of stead-state and dynamic
state.
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5. CONCLUSION

In this paper, a revised rotor position observer based on SMO with DSOGI is proposed for a sensorless
controlled open-winding permanent magnet brushless motor, whose estimated back-EMF exhibits non-
sinusoidal characteristics, in the medium and high speed range (from 90 r/min to rated speed). The
DSOGI is utilized to extract the fundamental wave of back-EMF. The software quadrature PLL with
back-EMF normalization is adopted to calculate the rotor position. Therefore, the accuracy of estimated
rotor position can be enhanced. The effectiveness of the proposed method is validated by the comparison
of experimental results. Although the improved sensorless control strategy is applied to the open-
winding permanent magnet brushless motor, it is also applicable to other permanent magnet motors
which need to suppress the estimated back-EMF harmonics.
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