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Abstract- In the back electromotive force (EMF)-based 

sensorless control of interior permanent magnet synchronous 

motor (IPMSM), the inverter nonlinearity and flux linkage 

spatial harmonics will possibly give rise to (6k±1)th harmonics in 

the estimated back-EMF, especially the 5th and 7th harmonics. 

Those harmonics will consequently introduce (6k)th harmonic 

ripples to the estimated rotor position, especially the 6th 

harmonic component. In order to solve this problem, a bilinear 

recursive least squares (BRLS) adaptive filter is proposed and 

integrated into a sliding mode position observer to suppress the 

dominant harmonic components in the estimated back-EMF and 

as a result, the accuracy of the estimated rotor position can be 

greatly improved. A unique feature of the BRLS adaptive filter is 

its ability to track and suppress the specified harmonic 

components in different steady state and dynamic operational 

conditions. The proposed method can compensate harmonic 

ripples caused by the inverter nonlinearity and machine spatial 

harmonics at the same time; this method is also robust to 

machine parameter variation and the BRLS algorithm itself is 

machine parameter independent. The implementation of the 

proposed BRLS filter in the sensorless control of IPMSM is 

explained in details in this paper. The enhanced drive 

performances using the BRLS filter have been thoroughly 

validated in different steady state and dynamic operational 

conditions on a 1.5kW IPMSM sensorless drive. 1 

 

Index Terms—Bilinear recursive least squares (BRLS) 

adaptive filter, interior permanent magnet synchronous motor 

(IPMSM), position estimation error, position observer, sensorless, 

sliding-mode observer (SMO). 

 
I.  INTRODUCTION 

 

NTERIOR permanent magnet synchronous motors 

(IPMSMs) have been widely utilized in various industrial 

applications due to their superior performances such as high 
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torque to volume ratio, high efficiency, and high power 

density [1]-[4]. In an IPMSM control system, accurate rotor 

position information is usually essential, whereas it is still too 

costly to use a mechanical position sensor which will also 

increase the system size and reduce its reliability. 

Alternatively, position sensorless control of IPMSM has been 

widely studied in numerous research articles [5]-[28]. 

However, in applications of e.g. high pole-pair number wind 

power generators, there are still challenges in meeting high 

steady state and dynamic rotor position estimation accuracy 

demands when distorted back-EMF caused by flux spatial 

harmonics and inverter nonlinearity exists. 

Position estimation methods for sensorless IPMSM can be 

mainly divided into two types depending on the operational 

speed ranges. High-frequency injection methods [5]-[15] are 

suitable for low and zero speeds and back-EMF-based 

methods are typically used for medium and high speeds [16]-

[28]. The position estimation methods based on the back-EMF 

model mainly contain the model reference adaptive estimation 

method, the flux estimation method, and the sliding-mode 

observer (SMO), etc. Among them, the SMO method is 

recognized as having good robustness against disturbances, 

low sensitivity to parameter variations and implementation 

simplicity. This method has been widely employed in 

sensorless control of IPMSM at medium and high speeds [23]-

[28] and will be used in this paper as well. 

However, the estimated back-EMF is often distorted by the 

dominant fifth and seventh harmonics brought by 

inverter nonlinearity and flux spatial harmonics; then, the 

corresponding estimated position will contain a dominant 

sixth harmonic component, deteriorating the sensorless control 

performance for IPMSM. Much research has been done to 

compensate the inverter nonlinearity effects [29]-[34]. For 

example, in [29] and [30], the voltage difference between the 

actual and reference voltage caused by inverter nonlinearity is 

compensated by using a trapezoidal compensation voltage to 

improve the accuracy of the estimated rotor position. In [32], a 

simple parameter independent online compensation method is 

proposed to reduce the effect of the inverter nonlinearity in 

IPMSM control using measured current waveforms. In [33], 

the disturbance voltage caused by inverter nonlinearity is 

calculated by a special back-EMF function and flux linkage 

increments, and then it is used as a feed-forward component 

added to the current loop to achieve the compensation. Even 

though the inverter voltage error is assumed to be 

I
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compensated completely (which is difficult to achieve in 

practice due to e.g. current sampling delay etc.), spatial flux 

linkage harmonics caused by non-ideal air gap flux density 

waveform may also introduce (6k±1)th harmonics to the 

estimated back-EMF [35]-[36]. In [36], a new model 

considering the spatial harmonics was established, but offline 

analysis of the measured back-EMF is required, which 

increases the implementation complexity. However, for 

sensorless drives to achieve accurate and less disturbed 

estimated position, instead of compensating or suppressing the 

harmonics created by the inverter or the machine, it will be a 

more straightforward approach to filter out the harmonics 

contained in the back-EMF signal before it is used for position 

estimation.  

Various (6k±1)th harmonics filtering methods have been 

proposed in [37]-[45]. Resonant filter, as one of the promising 

solutions, has been widely used in grid-connected inverter 

control. But due to the phase angle response characteristic of 

the resonant filter, its performance is sensitive to the resonant 

frequency. For variable speed drive applications, it is difficult 

to track the resonant frequency accurately during speed 

transients and load torque disturbances. Its performance will 

then be greatly scarified for variable speed sensorless IPMSM 

drives. This technique has been subsequently extended in [38] 

to include a proportional gain to suppress the current 

harmonics. However, the resonant regulator will tend to 

degrade the current loop control performance resulting in 

current overshoot when applied to motor control. In [39], the 

current harmonic suppression issue in sensorless PMSM drive 

is attempted by a feed-forward compensation strategy. 

Although the technique contributes to current harmonic 

attenuation, its effectiveness depends on the values of system 

parameters. As another filter type, the adaptive filter has been 

applied in signal processing applications to enhance the signal 

and filter out unwanted harmonic components [40]-[41]. 

Adaptive filter has the ability to track online the change of a 

specified frequency component caused by changed working 

conditions [42]-[48]. In implementation, the two common 

types of adaptive filters are the least mean square (LMS) 

adaptive filter [42]-[43] and the bilinear recursive least 

squares (BRLS) adaptive filter [44]-[48]. The performance of 

harmonic detection accuracy and convergence speed may be 

improved by using an adaptive step for the LMS adaptive 

filter [43], but its performance is still sensitive to the change 

of the parameters. Compared with the LMS adaptive filter, the 

BRLS adaptive filter is easier to implement requiring less 

calculation efforts and it has stronger robustness and faster 

convergence rate. 

The BRLS adaptive filter can continuously self-adjust the 

filter coefficients using the BRLS adaptive algorithm 

according to the signal characteristics, which forces the system 

to track the specified harmonic component. It is an effective 

method to detect and then suppress the harmonic components. 

Two feedback regulation mechanisms are involved in the 

BRLS adaptive filter, which improves the harmonic 

component detection accuracy. In [45], the BRLS adaptive 

filter is used for the initial alignment of an inertial navigation 

system, which improves the initial alignment accuracy and 

ensures a fast convergence rate of the strap down inertial 

navigation system. In [46], the BRLS adaptive filter has been 

applied in grid-connected inverter control due to its capability 

of detecting and suppressing the selected harmonic component. 

The system was able to estimate the instantaneous 

symmetrical components of the grid voltage under unbalanced 

and distorted grid conditions. Application of the BRLS filter 

to variable speed sensorless drives has been rarely reported yet. 

It is worth to mention that although the BRLS filter technique 

is not new, but its adaptive harmonic component tracking and 

suppressing ability that can bring promising performance 

improvement when applied for back-EMF based sensorless 

drives has not been properly studied and reported so far. 

Reduced harmonic components in the back-EMF can bring 

reduced position and speed estimation errors, which are 

important for sensorless drives. Introduction of BRLS filter to 

a sensorless drive, explaining its realization details and solid 

experimental validations showing enhanced sensorless drive 

performance are also the new contributions of this paper.  

In this paper, the estimated position error with the (6k)th 

harmonics caused by the spatial harmonics of flux linkage and 

the inverter nonlinearity is analyzed first. Then, an enhanced 

SMO method using the BRLS adaptive filter is employed to 

detect and suppress the specified harmonics in the estimated 

back-EMF, reducing consequently the harmonic position error 

in the estimated rotor position. Both the distortions caused by 

flux spatial harmonics and inverter nonlinearity can be 

compensated at the same time. The proposed adaptive 

compensation method is independent of motor parameters and 

can enhance the robustness and reduce the sensitivity of the 

sensorless controller to machine parameter variations. 

Experimental results confirmed that the proposed method can 

effectively improve the accuracy of the estimated rotor 

position and enhance the sensorless control performance of the 

IPMSM drive. 

II. SENSORLESS CONTROL BASED ON SLIDING MODE 

OBSERVER 

The schematic diagram of the proposed sensorless control 

for IPMSM is depicted in Fig.1, in which a position observer 

with BRLS adaptive filter in Fig.2 is employed for 

suppression of the harmonics contained in the back-EMF. The 

rotor position is estimated by using the conventional extended 

back-EMF model of IPMSM in the αβ reference frame [18], 

which can be expressed as: 

+ ( )

( )

s d r d q

s d r d q

d
u R i L i L L i e

dt

d
u R i L i L L i e

dt

α α α β α

β β β α β

ω

ω


= + − +


 = + − − +


               (1) 

where uα , uβ , iα and iβ are the stator voltages and the stator 

currents in the αβ-axes, respectively; dL and qL are the dq-axes 

inductances; SR
 
is the stator resistance; rω

 
is the electrical sp- 
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Fig. 1. Back-EMF mode1-based sensorless IPMSM drive. 

 

Fig. 2. Position observer based on the proposed BRLS adaptive filter. 

-eed and eαβ  
is the extended back-EMF defined by: 

sin
=[( )( / ) ]

cos

r
d q r d q mpm r

r

e
L L i di dt

e

α

β

θ
ω λ ω

θ

−   
− − +   

       
(2) 

where λmpm is the permanent magnet flux linkage and θr is the 

rotor electrical position. 

 Thus, a SMO is designed based on the extended back-EMF 

model, which can be expressed as: 

ˆ ˆ 1 1

ˆ ˆ
d d

i i u vd
A

u vdt L Li i

α α α α

β ββ β

       
= + −       

          
               (3) 

where, 
( )
( )

ˆ ˆ/ ,

ˆ ˆ,

k i i for i i
v

k sign i i for i i

αβ αβ αβ αβ

α β

αβ αβ αβ αβ

δ δ

δ

 − − <
= 

− − >




， k is the 

gain of SMO, δ is the boundary layer, “ˆ” denotes the 

estimated values; 
d

     -( )1

( )   

s d q r

d q r s

R L L
A

L L RL

ω

ω

− − 
=  

− −  
. 

Due to the variation of the estimated back-EMF magnitude 

at different speeds, the normalization of the estimated back-

EMF for a quadrature PLL is adopted. The normalized 

position error can be approximately obtained by: 

2 2

1 ˆ ˆˆ ˆsin ( cos sin )
ˆ ˆ

r r f r f re e
e e

α β

α β

θ θ θ θ≈ = − −
+

 

       

(4) 

where ˆ fe α and ˆ fe β are the fundamental components of êα and 

êβ , given by the BRLS adaptive filter. êα and êβ are the 

estimated extended back-EMF, which can be obtained from  

low-pass filtered vα and vβ  signals as: 

c
ˆ

=
ˆ

c

e v

e vs

α α

β β

ω

ω

   
   

+   
                               (5) 

where ωc is the cut-off frequency of the low-pass filters. 

Therefore, the estimated position can be obtained through 

the quadrature PLL, which can be expressed as: 

1ˆ ( )i
r p r

k
k

s s
θ θ= +                                  (6) 

The transfer function of the quadrature PLL with back-EMF 

normalization can be expressed as： 

2

ˆ
=

p ir
PLL

r p i

k s k
G

s k s k

θ

θ

+
=

+ +
                    (7) 

In the practical application, both the two poles of (7) are 

placed in the left region of the real axis. For simplicity, let the 

two poles overlap at the same point ρ, and then 
2

2 2

2

2
PLL

s
G

s s

ρ ρ

ρ ρ

+
=

+ +
                              (8) 

Hence, 2pk ρ= and 
2

ik ρ= . Considering the trade-off 

between the elimination of the noises and the dynamic 

performance, the bandwidth of the quadrature PLL should be 

designed to be comparatively wide. 

III. ANALYSIS OF THE HARMONIC IN BACK-EMF AND THE 

ESTIMATED POSITION 

A. Harmonics in the Back-EMF Caused by Inverter 

Nonlinearity Effects 

Due to the inverter nonlinearity, a voltage difference 

between the reference and the actual value is introduced, 

which causes stator current distortion [29]. (6k±1)th 

harmonics in the stator currents will be introduced, which can 

be written as:  

1 1

6 1 6 1

1

i sin( t - 2 / 3)

  sin[ (6 1) - 2 / 3]

x r

n

k r k

k

I i

I k t i

ω θ π

ω θ π± ±
=

= + ⋅

+ ± ± + ⋅
            (9) 

where subscript x represents a, b or c phase and 

correspondingly, the index i is 0, 1 or 2 respectively. 1I , 

6 1kI ± are the amplitudes of the fundamental, (6k±1)th 

harmonics in the stator currents, respectively. 1θ , 6 1kθ ± are 

their corresponding initial phase angles.  

Using the reference frame transformation, the stator 

currents in the dq reference frame can be obtained as: 

1 1 6 1 6 1

1

sin sin( 6 )
n

d k r k

k

i I I kθ ω θ± ±
=

= + ± +                    (10)

 

q 1 1 6 1 6 1

1

- cos - cos( 6 )
n

k r k

k

i I I kθ ω θ± ±
=

= ± +                   (11) 

Substituting (10) and (11) into (2), the extended back-EMF 

in the αβ-axes can be expressed by: 
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     (13)              

 

 

It can be seen that there are obvious (6k±1)th harmonic 

components in the back-EMF, and those harmonics will also 

exist in the estimated back-EMF obtained by SMO [18]. The 

presence of the harmonics in the estimated back-EMF, which 

is consequently used for position estimation, increases the 

position estimation error. 

B. Harmonics of the Back-EMF Caused by Flux Spatial 

Harmonics 

Besides the inverter nonlinearity, the back-EMF distortion 

due to the flux spatial harmonics can also contribute to 

increased position estimation error for IPMSM. The flux 

spatial harmonics may be caused by non-ideal air-gap flux 

density waveforms [18]. So the back-EMF of IPMSM 

becomes non-sinusoidal. The flux generated by the permanent 

magnet can be expressed as 

,
2

( ) cos( ( 1))
3

m k r k rk m
π

λ θ λ θ= − −                   (14) 

where λk is the amplitude of the fundamental and harmonic 

flux linkages; m =1, 2, 3 is respectively a, b, c phase and k =1, 

2, 3,... is the harmonic order. For the (3k)th harmonics, due to 

λa,3k = λb,3k = λc,3k  the corresponding flux are equal to zero after 

Clark transformation. So the fifth and seventh harmonic 

components become dominant harmonics, which will be 

introduced into the back-EMF due to their relatively large 

amplitudes [35]-[36]. 

It is necessary to suppress the harmonics in the estimated 

back-EMF in order to improve the position estimation 

accuracy. It is known that the low-pass filter introduced in (5) 

used in the SMO can suppress high-order harmonics to a 

certain extent, but it also introduces a phase delay between the 

estimated and actual back-EMF as illustrated in Fig.3. There is 

a contrary relationship between the harmonic suppression 

ability and the phase delay of the low-pass filters, and both of 

them are related to the cut-off frequency ωc. It means that for a 

largerωc, there will be a smaller phase delay between the 

estimated back-EMF and the actual back-EMF but weaker 

harmonic suppression ability. A smaller phase delay is 

necessary to improve the estimation accuracy when using the 

SMO. Usually the cutoff frequency of the SMO is chosen by  

ˆ
r

K

ω
, where ˆ

rω is the estimated electrical angular velocity and 

K is a constant, with recommended values between 1-2. When  

 

Fig. 3. Relationship between phase angle delay, harmonic suppression ability 

and cut-off frequency. 

the value of K increases, the cutoff frequency ωc will reduce. 

So there will be a lager phase delay in the estimated back-

EMF once processed by the LPF. In order to reduce the phase 

delay of the estimated back-EMF, the cutoff frequency ωc 

needs to have a relatively larger value than the normal 

recommended values. In this implementation, K is chosen to 

be 0.1 for reducing the phase delay in the estimated back-EMF 

and achieving a good performance for the SMO. Thus the 

(6k±1)th harmonics in the estimated back-EMF are difficult to 

be filtered out, especially for the fifth and seventh harmonics. 

C. Position Estimation Error Due to the Back-EMF 

Harmonics 

In order to analyze the influences of the (6k±1)th harmonics 

on the estimated back-EMF and consequently on the estimated 

rotor position, the estimated back-EMF is re-written as: 
*

*

ê

ˆ

f h

f h

e e

e e e

α α α

β β β

 = − −


= +
                            

(15) 

where fe and he denote the fundamental component and 

(6k±1)th harmonics in the estimated back-EMF, which can be 

expanded as: 
*

1 1

*
1 1

e

6 1 (6 1)

6 1 (6 1)

ê sin( )

cos( )ˆ

sin( (6 1) )
       

cos( (6 1) )

f
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r r

k r r k
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e
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β
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

      (16) 

where 1e and 6 1ke ± represent the amplitudes of the 

fundamental and (6k±1)th harmonic components; 

1rθ and (6 1)r kθ ± represent the corresponding initial phase 

angles, respectively. 

Combining (4) with r 1
ˆ ˆˆ=r rtθ ω θ+ , the estimated rotor 

position error can be obtained as: 
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Since rω is approximately equal to ˆ
rω , so (17) can be re-

written as: 
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   (18) 

From the second term in (18), it can be observed that the 

(6k)th harmonics are introduced into the position estimation 

error. The estimated position is obtained from a quadrature 

PLL with the position estimation error containing (6k)th 

harmonics as the input signal. Therefore, the estimated rotor 

position also contains (6k)th harmonic fluctuations. 

In order to improve the accuracy of the estimated position, 

the inverter nonlinearity that causes voltage distortion should 

be compensated. In this paper, the trapezoidal voltage 

compensation method as proposed in [29] is utilized to 

compensate the distorted voltage. The method reported in [29] 

uses harmonic current detection and closed-loop current 

control to suppress the inverter voltage error and has achieved 

good results. However, with this compensation, the (6k)th 

harmonic ripple in the estimated rotor position still exists. This 

can be observed from the experimental results under 

sensorless control given in Fig.4, where the position 

estimation error at 600r/min with 50% rated load is shown. 

The cutoff frequency of the LPF is 1300 rad/s in Fig.4. 

Fig.4(a), (b) shows the results without any compensation and 

with inverter nonlinear voltage error compensation using the 

method reported in [29], respectively. There are obvious 

harmonic ripples in the estimated rotor position and sixth 

harmonic component in the estimated position error. So to 

further reduce the dominant (6k)th harmonics in the estimated 

position, other efforts are required.  

VI. HARMONIC DIMINISH METHOD IN THE ESTIMATED 

BACK-EMF USING BRLS FILTER 

The (6k±1)th harmonic components in the estimated back-

EMF can reduce the estimation accuracy and deteriorate the 

performance of an IPMSM sensorless drive. The bilinear 

recursive least squares (BRLS) adaptive filter is an effective 

method to detect harmonics, which has been widely used in 

signal enhancement [45]. The BRLS filter can adaptively track 

harmonics in the estimated back-EMF by online updating the 

filter coefficients using the BRLS adaptive algorithm, and the 

detected harmonics can be filtered out to obtain the 

fundamental component of the estimated back-EMF.  

It can be noted that there are obvious sixth harmonic ripple 

 

        (a) 

 

          (b) 

Fig. 4. Experimental results of the actual rotor position, the estimated rotor 

position and the estimated rotor position error with sensorless control at 600 

r/min under 50% rated load. (a) Without any compensation; (b) With inverter 

nonlinear voltage error compensation. 

in the estimated rotor position error, namely the index k of the 

(6k)th is 1. The higher (6k)th (k>=2) harmonics such as the 

twelfth harmonic will have smaller amplitudes and their 

effects on the position estimation accuracy can be neglected. 

So the sixth harmonic is considered as the dominant harmonic 

component in the estimated position error. Correspondingly, 

the fifth and seventh harmonic components in the estimated 

back-EMF are the dominant harmonic components. This paper 

will therefore consider only filtering out the fifth and seventh 

harmonic components in the estimated back-EMF and the 

sixth harmonic ripple in the estimated rotor position.  

A. Principle of BRLS Adaptive Position Estimation Error 

Suppression  

Fig.5 gives the implementation block diagram of the BRLS 

adaptive filter for detecting and suppressing harmonics. d(k) 

denotes the original signal consisting of the fundamental 

signal f(k) and the harmonic signal h(k). x(k) denotes the input 

signal related to high-order harmonic components. Through 

iterative computation, the filter’s output signal y(k) can be 

obtained through the input signal x(k) processed by BRLS 

adaptive algorithm. After the adaptive filter converges, the 

output signal y(k) can track the actual high-order harmonic 

components h(k). Then the desired fundamental component f(k) 

can be obtained by subtracting y(k) from d(k), namely the error 

signal e(k). Because coefficients of the adaptive filter can be 

adjusted by BRLS adaptive algorithm, the output signal y(k) 
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Fig. 5. Structure of harmonic detection and suppression by using adaptive 

filter based on the BRLS adaptive algorithm. 

can be adaptively changed following the change of the  

harmonic components to achieve a robust harmonic filtering 

performance. Meanwhile, compared with the LMS adaptive 

filter, the BRLS adaptive filter uses a less filter order, which 

reduces the computational complexity and delay. In addition, 

the BRLS adaptive filter has better estimation accuracy by 

introducing y(k) and e(k) as feedback signals inside the 

adaptive mechanism. 
The fifth and seventh harmonics in the estimated back-EMF 

of the αβ-axes will be converted into the sixth harmonic of the 

estimated back-EMF in the dq-axes through Park 

transformation. Besides the implementation structure shown in 

Fig.1, the BRLS filter may also be implemented in the dq-

reference frame. But this requires extra reference frame 

transformations and the rotor position information, which 

contains position estimation errors and is to be estimated later 

on by using the filtered back-EMF, is needed. In this paper, 

the BRLS filters are chosen to be implemented in the αβ-

reference frame.  

 The BRLS adaptive filter will be utilized to suppress the 

fifth and seventh harmonic components in the estimated back-

EMF. In the following, filtering out the fifth and seventh 

harmonic components of the estimated back-EMF in the α-

axis is taken as an example to explain the application of the 

BRLS adaptive filter in suppressing the estimated back-EMF 

harmonics. The signal processing process of the BRLS 

adaptive filter used for position estimation is illustrated in 

Fig.6.  

Fig.6(a) illustrates how the BRLS filter estimates and 

removes the 5th and 7th harmonics for the  α-component of 

the estimated back-EMF obtained from SMO. Fig.6(a) shows 

that the “BRLS adaptive algorithm” is used to estimate the 5th 

and 7th harmonics and then those components are subtracted 

from the original back-EMF signal given by the SMO in the 

output. The implementation details of the “BRLS adaptive 

algorithm” is given in Fig.6(b), taking the block with 

“ ˆsin( 5 )rθ− ” as the input and “y1(k)” as the output as an 

illustration example. 

The BRLS adaptive algorithm illustrated in Fig.6(b) is used 

to update the filter’s coefficients based on e.g. the 5th 

harmonic component re-constructed from the estimated 

position and the output of this BRLS filter. This kind of 

feedback loop is needed, so the adaptive filter based on BRLS 

adaptive algorithm can track the specified harmonic compone- 

 

(a) 

 
(b) 

Fig. 6. Structure of the proposed adaptive filter using the BRLS adaptive 

algorithm to cancel the position harmonic error. (a) Whole frame diagram of 

suppressing harmonics in estimated back-EMF using adaptive filter based on 

the BRLS adaptive algorithm; (b) Detailed diagram of BRLS adaptive 

algorithm. 

-nts contained in the estimated back-EMF. 

The normalized estimated back-EMF, i.e.,
*êα and

*êβ sever 

as the original signal d(k), which contains the fundamental 

back-EMF ˆ fe and the fifth and seventh harmonic 

components ˆhe . The input signals x(k) are sine and cosine 

functions of the fifth and seventh of the estimated rotor 

position ˆ
rθ , i.e., ˆsin( 5 )rθ− , ˆcos( 5 )rθ− , ˆsin(7 )rθ , 

and ˆcos(7 )rθ . These signals will be used in the harmonic 

information vector Φ(k). Meanwhile, the output signal y(k) is 

also introduced into the Φ(k) to enhance the filtering 

performance of the BRLS adaptive filter. The harmonic 

information vector Φ(k) can be obtained by: 

( ) [ ( )  ( 1)  ( ) ( 1)]k x k y k x k y kφ = − −                       (19) 

The sum of the product of the harmonic information vector 

Φ(k) and the filter coefficient vector w(k) forms the output 

signal y(k). Based on the signal enhancement principle, the 

output signal y(k) is equal to the corresponding 

harmonics êhαβ , i.e., 5ê α , 7ê α , when the BRLS adaptive 

filter converges. Thus for any harmonic information vector 

Φ(k), the output signal can be calculated as: 

1

ˆ ( ) ( ) ( ) ( ) ( )T
h n n

n

e y k k w k k w kαβ φ φ
=

≈ = =            (20) 
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The desired fundamental component in the estimated back-

EMF can be derived directly from the error signal e(k) , which 

is obtained by subtracting the output êhαβ from the original 

signal
*êαβ  and is expressed as follows: 

*ˆ ˆ( ) y( )fe e k e kαβ αβ≈ = −                           (21) 

To allow the BRLS adaptive filter for detecting and filtering 

out the fifth and seventh harmonic components in the 

estimated back-EMF, the filter coefficient are on-line updated 

based on the harmonic characteristics in the estimated back-

EMF.  

The filter coefficient updating formula of the BRLS 

adaptive algorithm is described as follows: 

w( 1) ( )+ ( 1) ( ) ( )Dk w k S k k e kφ+ = +                       (22) 

where the intermediate vector ( )DS k  is given as: 

( ) ( ) ( ) ( )1
( 1) ( )

( ) ( ) ( )

T
D D

D D T
D

S k k k S k
S k S k

k S k k

φ φ

λ λ φ φ

 
+ = − 

+  
        (23) 

where λ is the forgetting factor. In practical applications, λ is 

usually a positive constant, which is close to 1, however less 

than 1, i.e. 0<<λ<1. 

Considering the effect of (6k±1)th harmonics, the high-

order harmonic components of the back-EMF in (12) can be 

re-written as: 

6 1 (6 1)

6 1 (6 1)

6 1 (6 1)

e sin[(6 1) )]

   ( cos )sin((6 1) )

   ( sin ) cos((6 1) )

h k r r k

k r k r

k r k r

e k t

e k t

e k t

ω θ

θ ω

θ ω

± ±

± ±

± ±

= ± +

= ±

+ ±
   

      (24)                  

In the vector form, it becomes: 

r
6 1 r(6 1 6 1 r(6 1)

sin((6 1) )
e [ cos  sin ]

cos((6 1) )
h k k k k

r

k t
e e

k t

ω
θ θ

ω± ± ± ±

± 
=  ± 

）

   

(25) 

Through the aforementioned analysis and comparison of 

(15), (16) and (21), it can be seen that the BRLS adaptive filter 

not only uses )ˆ5sin( rθ− , )ˆ7sin( rθ and )ˆ5(cos rθ− , )ˆ7(cos rθ as 

the references in the BRLS adaptive harmonic information 

vector Φ(k), but also feeds the output signal y(k) to the Φ(k) as 

the feedback signal; so the output y(k) can more accurately 

track and compensate back-EMF high-order harmonics, 

especially the fifth and seventh components caused by 

machine spatial flux linkage harmonics and inverter 

nonlinearity. 

B. Analysis of Stability  

According to the study carried in [48], the BRLS adaptive 

filter is stable if the time average of the squared estimation 

error e(k) is bounded whenever the original signal d(k) is 

stable. That means that the BRLS adaptive filter provides a 

stable output whenever the original signal is stable, i.e. 

2

1

1
( )

1

n

k

e k
n

=
+   is bounded whenever 2

1

1
( )

1

n

k

d k
n

=
+   is bounded. 

In this paper, d(k) is the original signal, namely *êαβ  obtained 

from the SMO; e(k) is the error signal, which is equal to the 

fundamental back-EMF component fe αβ .  

On the basis of (16) , it can be seen that: 

2 * 2

1 1

2 2 2 2
1 6 1 1 6 1

1 1
ˆ( )= ( )

1 1

                    ( )
1

n n

k k

k k

d k e
n n

n
e e e e

n

αβ
= =

± ±

+ +

≤ + < +
+

 
                (26) 

2 2 2 2
1 1

1 1

1 1
( ) ( )

1 1 1

n n

f

k k

n
e k e e e

n n n
αβ

= =

≈ ≤ <
+ + +
          (27) 

From (26) and (27), both of the 
*êαβ and 

f
e αβ are bounded at 

all time. The time average of the
f

e αβ is bounded whenever 

*êαβ is bounded. This ensures the stability of the BRLS 

adaptive filter applied to the position observer for sensorless 

drives. 

C. Analysis of Parameters Selection 

In practical implementation, the w(k) and ( )DS k  need to be 

initialized as follows: 

IkS

k

D σ=

=

)(

0)(w
                                 (28) 

where I is the unit matrix, and the coefficient of I is σ, which 

is a positive constant. In the BRLS adaptive filter, the 

selection of σ is based on the ratio of the fundamental signal 

to the harmonic signal, i.e., the signal-to-noise ratio. Larger 

signal-to-noise ratio corresponds to a larger value of σ, and 

smaller signal-to-noise ratio corresponds to a smaller value of 

σ. Compared with the fundamental back-EMF, the fifth and 

seventh harmonic components in the estimated back-EMF is 

relatively small. The total harmonic distortion (THD) is 8.08%. 

Thus, the σ is chosen to be 0.01.  

Meanwhile, the introduction of λin the coefficient 

adjustment process is used to increase the weight of the 

current harmonic information vector Φ(k), which can make the 

output signal y(k) adaptively track the harmonic components. 

The coefficient λ will directly affect the convergence and the 

harmonic detection capability. A large forgetting factor λ 

leads to slow coefficient updating and convergence speed, but 

good performance of harmonic detection and low 

misadjustment. On the contrary, a small forgetting factor λ 

may give a fast convergence speed, but the misadjustment is 

increased and the adaptive filter sacrifices its harmonic 

detection accuracy. In general, the forgetting factor λ is very 

close to 1 and λ can be set to 0.97<λ<1 to avoid undesired 

divergence [49]. To balance the convergence rate and 

harmonic detection accuracy, λ is set to be 0.9993. 

V. EXPERIMENTAL RESULTS 

The proposed sensorless control strategy has been verified 

on a 1.5kW IPMSM sensorless vector controlled drive. The 

IPMSM has 4-pole, 12-slot construction, with concentrated 

windings. The rated parameters of the IPMSM are listed in 
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Table I. The experiment setup is depicted in Fig.7. An 

induction motor is mechanically coupled to the IPMSM to 

produce the load torque. The dead time of the inverter is 4.3 us. 

An incremental encoder (PENON-K3808G) is employed to 

acquire the actual position that is solely used for comparison 

and not for control purposes. All the experimental results were 

achieved with the IPMSM operating at sensorless control.  

The 32-bit fixed-point DSP family, TMS320F2808 with 

100 MHz, is used for digital control of the motor. In the drive 

for test, the PWM carrier frequency of the inverter is set to be 

5 kHz. The IQ math Library is adopted to realize floating-

point algorithm from the fixed-point code. The code 

composing tool is Code Composer Studio 3.3 (CCS3.3). The 

calculation time of the quadrature PLL based sliding-mode 

observer with the BRLS adaptive filter algorithm is 18.5μs. 

The implementation flowchart of the IPMSM drive based on 

the proposed BRLS adaptive filter is presented in Fig.7(e). 

The effectiveness of the proposed method is verified 

through comparisons with the inverter nonlinearity 

compensation method reported in [29], because both of them 

can suppress the harmonics in the back-EMF used for position 

estimation. In addition, the BRLS filter is compared to another 

adaptive filter (LMS adaptive filter [43]), demonstrating its 

fast convergence speed and strong robustness. Three parts of 

experimental results are given to verify the effectiveness of the 

proposed approach. The control performances of the proposed 

method are evaluated from the total harmonic distortion 

(THD), the operation range, the convergence time and the 

instantaneous peak-to-peak value of the estimated position 

error in different operating conditions. 

A. Experimental Results at Steady State Using the Proposed 

Method 

Fig.8 gives the experimental results of the estimated back-

EMF and its fast Fourier transform (FFT) results at 900 r/min 

under 50% rated load. Fig.8 (a), (b), (c) ,(d) show the 

experimental results without any compensation, with the 

inverter nonlinearity compensation, with the LMS adaptive 

filter and with the BRLS adaptive filter, respectively. It can be 

seen that the eleventh and thirteenth harmonics can be 

neglected due to their small magnitudes. So the focus is laid 

on the fifth and seventh harmonic components in the estimated 

back-EMF. The total harmonic distortion (THD) is 8.3%, 

6.1%, 2.4%, 2.3% respectively for the corresponding 

compensation strategies aforementioned. From the 

experimental results, it can be noted clearly that, the fifth and 

seventh harmonic components are effectively suppressed 

using the BRLS adaptive filter and the estimated back-EMF 

waveform becomes more sinusoidal (Fig.8(d)). By 

compensating the inverter nonlinearity, the estimated back-

EMF still contains fifth and seventh harmonics. 

Fig.8(c) gives the experimental results with the LMS 

adaptive filter [42] for comparison, whose filter order is four 

in order to achieve a good harmonics suppression ability. The 

method with the LMS adaptive filter can also suppress 

harmonics in the estimated back-EMF and reduce the THD to 

2.4%. The steady-state performances of the LMS and BRLS  

   

(a)                                                             (b) 

  
(c)                                                          (d) 

 

(e) 

Fig. 7. Experimental platform of 1.5kW IPMSM control system. (a) The 

whole experimental test; (b) Structure of the tested IPMSM; (c) The inverter 

for control platform; (d) The drive motors platform; (e) Software data flow of 

the IPMSM drive based on the proposed BRLS adaptive filter. 

TABLE I 

PARAMETERS OF THE IPMSM PROTOTYPE 

Parameters Values Parameters Values 

Rated power /kW 1.5 Rated torque/N.m 4.8 

Rated voltage /V 380 Number of pole pairs 2 

Rated current /A 2.7 D-axes inductance/mH 17.81 

Rated speed /(r/min) 3000 Q-axes inductance/mH 26.72 

Stator resistance / Ω 2.2 Rotor flux linkage /Wb 0.425 

 

 

adaptive filters are similar; both of them have good steady-

state performances in reducing harmonic fluctuations 

contained in the estimated position error. However, the needed 

BRLS adaptive filter order is only two, which can obtain the 
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same harmonic suppression performance as that offered by the 

LMS adaptive filter. The lower filter order makes the BRLS 

 

     (a) 

 

      (b) 

 
      (c) 

 

       (d) 

Fig. 8. Experimental results of estimated back-EMF at 900 r/min under 50% 

rated load. (a) Without any compensation; (b) With the inverter nonlinear 

voltage error compensation; (c) With the LMS adaptive filter; (d) With the 

BRLS adaptive filter. 

adaptive filter suitable for low computational burden 

implementations.  

The experimental results of the real position, the estimated 

position, and the estimated position error are given at 900 

r/min with 50% rated load in Fig.9. Fig.9 (a), (b), (c), (d) give 

 

          (a) 

 
        (b) 

 
         (c) 

 

        (d) 

Fig. 9. Experimental results of the estimated rotor position at 900 r/min under 

50% rated load. (a) Without any compensation; (b) With the inverter nonlinear 

voltage error compensation; (c) With the LMS adaptive filter; (d) With the 

BRLS adaptive filter.  
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the experimental results without any compensation, with the 

inverter nonlinearity compensation, with the LMS adaptive 

filter and with the BRLS adaptive filter, respectively. Since 

the adaptive filter is disabled, the harmonics in the estimated 

back-EMF cannot be filtered, and harmonics especially the 

fifth and seventh components exist in the estimated back-EMF   

 

       (a) 

 

        (b) 

 

        (c) 

 

        (d) 

Fig. 10. Experimental results of the estimated rotor position in low-speed at 

100r/min under 50% rated load. (a) Without any compensation; (b) With the 

inverter nonlinear voltage error compensation; (c) With the LMS adaptive 

filter; (d) With the BRLS adaptive filter. 

in Fig.9(a) and Fig.9(b). The instantaneous peak-to-peak value 

of the estimated position error, obtained by subtracting the 

actual position from the estimated position, contains sixth 

pulsation with inverter nonlinear voltage error compensated 

(Fig.9(b)). The harmonics especially the sixth can be almost 

diminished with the BRLS adaptive filter (Fig.9(d)) and the 

estimated position becomes much smooth. With the LMS 

adaptive filter (Fig.9(c)), the estimated position error can also 

be reduced. The harmonic ripples of the estimated position 

error arrive at 11.2°, 6.5°, 3.4°, 3.4° respectively for the 

different compensation strategies aforementioned. 

In the low speed region, the effect of the inverter 

nonlinearity becomes more obvious and the back-EMF 

amplitude decreases as the speed decreases. Fig.10 gives 

experimental results of the estimated rotor position under 50% 

rated load at 100 r/min, which corresponds to 3.33% of the 

rated speed. As can be seen, the estimated rotor position is 

heavily distorted with the sixth harmonic ripple reaching 

16.5°in Fig.10(a). The position estimation error is still large, 

reaching 11.2°with the inverter nonlinearity compensated in 

Fig.10(b). On the contrary, by using the proposed BRLS 

adaptive filter (Fig.10(d)), the estimated rotor position offers 

good estimation accuracy, with a small harmonic ripple of 3.7° 

in the estimated position error. It can be noted that the 

proposed BRLS adaptive filter can effectively improve the 

accuracy of the estimated position even at low speeds and it 

exhibits consistent performance at different operation speeds. 

The LMS adaptive filter (Fig.10(c)) can also suppress the 

harmonic ripples in the estimated position error in steady state. 

Fig.11 shows the experimental results at 3000 r/min (rated 

speed) under 100% rated load. In Fig.11(a) and Fig.11(b), 

clear sixth pulsation exists in the estimated position. The 

harmonic components are reduced but are still not small after 

inverter nonlinear voltage error compensation (Fig.11(b)). The 

sixth harmonic component in the estimated position can be 

almost diminished with the help of the BRLS adaptive filter 

(Fig.11(d)), and the estimated position becomes more 

smoother and the phase-a current becomes more sinusoidal. 

The LMS adaptive filter is also able to filter out the harmonic 

contained in the estimated position and reduce the estimated 

position error as shown in Fig.11(c) in this steady state. 

B. Experimental Comparison of Convergence for the BRLS 

and LMS Adaptive filter 

After comparing the steady performance, the convergence 

and dynamic performances are compared. Fig.12 shows the 

convergence comparison of the BRLS and LMS adaptive 

filters. Fig.13 and Fig.14 show the dynamic performance 

comparison of the BRLS and LMS adaptive filters. 

Fig.12 gives the experimental results of the sum of the 

estimated fifth and seventh harmonics and the estimated rotor 

position before and after using the BRLS adaptive filter and 

the LMS adaptive filter at 900 r/min under 50% rated load. 

Both of the two adaptive filters are enabled at 2.5s. It can be 

seen that it takes 0.6s for the BRLS filter to achieve 

convergence after being activated; while for the LMS adaptive 

filter, it takes about 1.6 s to achieve convergence. In steady  
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         (a) 

 

         (b) 

 
        (c) 

 

         (d) 

Fig. 11. Experimental results of the estimated rotor position at 3000 r/min 

under 100% rated load. (a) Without any compensation; (b) With the inverter 

nonlinear voltage error compensation; (c) With the LMS adaptive filter; (d) 

With the BRLS adaptive filter. 

state, the estimated position error is reduced from 11.7° (no 

BRLS filter) to 3.8° (with BRLS filter). With the LMS 

adaptive filter, the estimated position is reduced to 3.3°. The 

LMS achieves slightly smaller estimated position error but the 

difference to that given by the BRLS filter is small.  

The convergence will directly affect the dynamic response  

 
             (a) 

 
            (b) 

Fig. 12. Experimental results of the estimated position error and the sum of 

the estimated fifth and seventh harmonics at 900 r/min under 50% rated load. 

(a) Using the BRLS adaptive filter; (b) Using the LMS adaptive filter.  

 

          (a) 

 

           (b) 

Fig. 13. Experimental comparison at acceleration and deceleration with the 

BRLS and LMS adaptive filter under 50% rated load. (a) Using the BRLS 

adaptive filter; (b) Using the LMS adaptive filter.  

of the IPMSM. Since the BRLS adaptive algorithm converges 

faster than the LMS adaptive algorithm, the BRLS adaptive 
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filter has better dynamic performance. This is confirmed by 

the experimental results given below. 

Fig.13 compares the estimated position error for the BRLS 

and LMS adaptive filter in speed acceleration and deceleration 

transients. It may be observed that for the BRLS adaptive filter, 

the drive undergoes smaller estimated position error before 

reaching a new steady condition after acceleration and the 

value of this transient error is almost doubled when using the 

LMS adaptive filter under the same condition. Similar 

performances can be observed in the speed deceleration 

transient. The BRLS adaptive filter can track the speed with a 

smaller estimated error while both filters can achieve small 

and very close steady state position and speed estimation 

errors.  

Fig.14 gives the transient experimental results while the 

drive experiences step load torque change from 20% to 100% 

rated torque and from 100% to 20% rated torque for those two 

filters, respectively. From the experimental results, it may be 

observed that the BRLS and LMS filters have similar steady 

state estimated position and speed errors but the BRLS 

adaptive filter needs around only half of the time that is 

needed for the LMS adaptive filter to reach a new steady state 

condition. The BRLS adaptive filter can track the load torque 

change in a faster way. 

Considering the advantage of fast convergence ability of the 

BRLS adaptive filter which results in fast dynamic responses, 

similar steady state performance when compared with the 

LMS adaptive filter, and simpler implementation of the BRLS 

filter than the LMS filter, the BRLS adaptive filter is therefore 

 

            (a) 

 

            (b) 

Fig. 14. Experimental comparison with step load torque changes using the 

BRLS and LMS adaptive filters under 900 r/min. (a) Using the BRLS 

adaptive filter; (b) Using the LMS adaptive filter.  

preferred for this application. 

C. Experimental Results of Control Performance  

Fig.15 gives the drive performance comparison at 900 r/min 

under 50% rated load. From top to bottom, q, d-axes current 

and phase-a current are given. It can be noted that the ripples  

 

       (a) 

 

        (b) 

 

         (c) 

 

        (d) 

Fig. 15.  Control performance experimental results at 900 r/min with 50% 

rated load. (a) Without any compensation; (b) With the inverter nonlinear 

voltage error compensation; (c) With the LMS adaptive filter; (d) With the 

BRLS adaptive filter. 
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of id, iq, ia are reduced obviously by using the BRLS adaptive 

filter (Fig.15(d)) when compared to the situations without any 

compensation (Fig.15(a)), and with inverter nonlinearity 

compensation only (Fig.15(b)). It can be noted that harmonic 

ripples existing in the estimated position can be reduced by 

using the BRLS adaptive filter. Using a smoother position in 

 

  (a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 16. Estimation position errors with different operating conditions. (a) 

Without any compensation; (b) With the inverter nonlinear voltage error 

compensation; (c) With the LMS adaptive filter; (d) With the BRLS adaptive 

filter. 

the reference frame transformation will result in smoother d-, 

q-axis currents, which contributes to less ripples in the speed 

and torque. Since the steady-state performance of the LMS 

and BRLS adaptive filter is similar, the ripples of id, iq, ia are 

also reduced with the LMS adaptive filter (Fig.15(c)). 

Fig.16 gives the estimated position error at different 

operating conditions. It can be noted that the maximum 

estimated position error ripple is 13.9°, obtained by the SMO 

without any compensation (Fig.16(a)); the inverter nonlinear 

voltage error compensation can reduce the maximum 

estimated position error to 8.8° in Fig.16(b), but the error is 

still large. However, the position error obtained by the BRLS 

adaptive filter can be reduced to 4.2° in Fig.16(d). This clearly 

demonstrates that the BRLS adaptive filter can suppress the 

harmonic fluctuations in the estimated position effectively, 

and offers high robustness to harmonic amplitude variations 

experienced at different operation conditions. Compared with  

 

        (a) 

 

         (b) 

 

         (c) 

Fig. 17. Experimental results of the position and speed estimation errors with 

50% rated load under operating condition of acceleration and deceleration. (a) 

With the inverter nonlinear voltage error compensation; (b) With the LMS 

adaptive filter; (c) With the BRLS adaptive filter. 
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the BRLS adaptive filter (Fig.16(d)), it can be noted that the 

estimated position error obtained by the LMS adaptive filter 

(Fig.16(c)) can also be reduced to 4°. The estimated position 

error obtained by the LMS and BRLS adaptive filter in steady 

state is basically the same at different speed and load 

conditions. 

D. Experimental Results of Disturbance Rejection  

Fig.17 gives the estimated speed, the estimated position 

error and the estimated speed error during speed accelerating 

from 600 r/min to 1200 r/min, then decelerating to 600 r/min. 

Fig.17(a), (b), (c) show the experimental results with inverter 

nonlinearity compensation, with the LMS adaptive filter and 

with the BRLS adaptive filter, respectively. In Fig.17(a), it can 

be noted that the estimated position error is 8.2°and the 

estimated speed error is 10 r/min in steady state. They cannot 

be suppressed well by the inverter nonlinearity compensation. 

However in Fig.17(c) the estimated position error is 4.1°and 

the estimated speed error is 4.5 r/min in steady state. They can 

be significantly reduced by using the BRLS adaptive filter. In 

Fig.17(b), the estimated position and speed error are also 

reduced by using the LMS adaptive filter in steady state; but 

when the drive suddenly accelerates and decelerates, there 

exists larger estimated position /speed error than that given by 

the BRLS adaptive filter. The BRLS adaptive filter shows 

consistent performances at different operation conditions and 

is with the smallest transient estimated position and speed 

errors. 

Fig.18 gives the estimated speed, the estimated position 

error and the estimated speed error under a step load change 

from 20% to 100% rated load at 900 r/min. Fig.18(a), (b), (c) 

give the experimental results with inverter nonlinearity 

compensation, with the LMS adaptive filter and with the 

BRLS adaptive filter, respectively. After enabling the BRLS 

adaptive filter, it can be observed that the estimated position 

error is reduced obviously with the load disturbance during the 

whole operation range. Compared with the inverter 

nonlinearity compensation method, the BRLS adaptive filter 

gives a better dynamic response with low harmonic ripples. 

The estimated position error arrives at 9.5°, 4.5° and the 

estimated speed error arrives at 9.5r/min, 5.4r/min in steady 

state, as shown respectively in Fig.18(a) and Fig.18(c). In 

Fig.18(b), the estimated position and speed errors are also 

suppressed in steady state by using the LMS adaptive filter. 

But compared with the method using the BRLS adaptive filter, 

it takes longer time to achieve the steady state with larger 

estimation error when suddenly loading and unloading the 

drive. So the proposed method by using the BRLS adaptive 

filter has good performance against load disturbances. 

Fig.19 shows experimental results with load stepped from 

0% to 20% rated load, then to 50% and 80% rated load, and 

finally to 100% rated load at 900 r/min when using the 

inverter nonlinearity compensation, using the LMS adaptive 

filter and using the proposed BRLS adaptive filter in Fig.19(a), 

(b), (c). In Table II, the dq-axes inductances obtained by finite 

element analysis at different load are given. From Table II, the 

Lq and Ld decrease with the increase of the load. Since the ada-  

 

      (a) 

 

       (b) 

 

      (c) 

Fig. 18. Experimental results of the estimated speed error and the estimated 

position error with step load at 900 r/min. (a) With the inverter nonlinear 

voltage error compensation; (b) With the LMS adaptive filter; (c) With the 

BRLS adaptive filter. 

-ptive filter is disabled, the harmonics in the dq-axes currents 

cannot be suppressed due to the existence of the 6th harmonic 

in the estimated position. The harmonic fluctuation is large in 

Fig.19(a). The estimated position error is within 9.3° and is 

still large with inverter nonlinear voltage error compensation 

only (Fig.19(a)). Observed from Fig.19(c), the dq-axes 

currents at different load conditions do not have noticeable 6th 

ripples. The estimated position error is within 5°at different 

load conditions. This illustrates that the proposed BRLS 

adaptive filter can adaptively estimate the 5th and 7th 

harmonics contained in the estimated back-EMF and then 

filter out them. So the 6th ripple in the position error is 

reduced. In Fig.19(b), the harmonic ripples in the dq-axes 

currents are also suppressed and the estimated position error is 

also within 4.9° at steady state by using the LMS adaptive 

filter. But there is a lager estimated position error when the 

load of IPMSM suddenly changes. So it can be concluded that  
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           (a) 

 

           (b) 

 

           (c) 

Fig. 19. Experimental results of dq-axes current and the estimated position 

error with respect to variation of load torque. (a) With the inverter 

nonlinearity voltage error compensation; (b) With the LMS adaptive filter; (c) 

With the BRLS adaptive filter. 

TABLE II  

DQ-AXES INDUCTANCES WITH DIFFERENT LOAD 

 d-axis  

inductance/mH 

q-axis  

inductance/mH 

① 0% rated load 17.81 26.72 

② 20% rated load 17.56 26.27 

③ 50% rated load 17.19 25.79 

④ 80% rated load 16.85 25.02 

⑤ 100% rated load 16.63 24.76 

 

 

the proposed BRLS adaptive filter has also good performance 

against variations of the dq-axes inductances. 

E. Experimental Results Compared to Resonant Filter 

The resonant filter has now been widely used for harmonic 

suppression [38]-[39]. According to [38], it is noted that the   

 
Fig. 20. Bode diagram of the resonant filter. 

resonant filter can filter out harmonic components completely 

when the system operates at a stable frequency. However, the 

resonant filter is sensitive to the variation of the frequency of 

signal to be processed. According to the bode diagram of the 

resonant filter given in Fig.20, a small frequency deviation 

would possibly result in a large phase shift. This could easily 

lead to a degradation of performance when it is applied in a 

variable speed drive. The resonant frequency of the resonant 

filter needs to be adaptively tuned by the estimated speed from 

the estimated back-EMF. In steady state, it may achieve good 

performance since harmonics in the back-EMF can be 

effectively suppressed by using the resonant filter. However 

the estimation error will be large during the dynamic transients 

of speed and load due to the difficulty in estimating the 

resonant frequency quickly and accurately during the 

transients. This will cause a failure of the sensorless drive. In 

order to observe this phenomenon clearly, the IPMSM drive is 

controlled with the position sensor and the estimated position 

and speed using the resonance filter during transients are 

recorded.  

Fig.21 shows the experimental results of the rotor speed, the 

position and speed estimation errors respectively during the 

speed acceleration and deceleration with 50% rated load. 

Fig.21(a) gives the results using the resonant filter with the 

proposed method under sensorless control. The IPMSM 

accelerates from 600r/min to 1200r/min, and then decelerates 

to 600r/min. The corresponding maximum position and speed 

errors are 42°, 24r/min in Fig.21(a) while the maximum 

position and speed errors are 6.5°, 6 r/min only in Fig.21(b). 

In Fig.21(a), although the steady state error keeps relatively 

small, the estimation error will be significantly large in the 

acceleration and deceleration transients due to the difficulty in 

detecting the correct resonant frequency. On the contrary, the 

BRLS adaptive filter gives much better transient results as 

could be observed in Fig. 21(b). 

Fig.22 shows experimental results at 900r/min with a step 

load disturbance from 20% to 100% rated load. Fig.22(a) 

gives the results using the resonant filter with the sensored 

control and the resonant frequency is tuned by the estimated 

speed while Fig.22(b) gives the results using the proposed 

BRLS adaptive filter under sensorless control. In Fig.22(a), 

the position  estimation error keeps relatively small at steady 

state. The position estimation error increases during the large  
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        (a) 

 

          (b) 

Fig. 21. Experimental results at speed acceleration and deceleration with 50% 

rated load; (a) with the resonant filter under sensored control; (b) with BRLS 

adaptive filter under sensorless control.  

 

         (a) 

 

         (b) 

Fig. 22. Experimental results at 900r/min with step load disturbance. (a) with 

the resonant filter under sensored control; (b) with the BRLS adaptive filter 

under sensorless control.  

load disturbance transient, and the maximum position error 

could reach as large as 160°. Thus the sensorless control for 

IPMSM will easily fail due to this large position estimation 

error. It is verified that a small frequency deviation would 

possibly result in a large phase shift as seen in Fig.20. From 

Fig.22(b), the proposed method with the BRLS adaptive filter 

can track the load change effectively and greatly reduce the 

harmonic ripples in the estimated position under sensorless 

control. Nevertheless, there is little difference between the 

dynamic and steady state performance in the proposed BRLS 

filter. 

VI. CONCLUSION  

In this paper, a back-EMF based sliding-mode observer 

combining the bilinear recursive least squares adaptive filter is 

proposed to filter out the harmonics contained in the estimated 

back-EMF, and hence to improve the estimated position 

accuracy of the sensorless IPMSM drive. The (6k±1)th 

harmonics in the estimated back-EMF and the (6k)th 

estimated position harmonic error caused by the inverter 

nonlinearity and flux linkage spatial harmonics are analyzed. 

With the BRLS adaptive filter, the inverter nonlinearity and 

machine spatial harmonics can be adaptively compensated at 

the same time. It can be observed from the experimental 

results that the BRLS adaptive filter can greatly suppress the 

fifth and seventh harmonic components in the estimated back-

EMF. The sixth harmonic fluctuations contained in the 

estimated rotor position error are obviously reduced at 

different operating conditions. The robustness of the BRLS 

based sensorless control against machine parameter variation 

is also investigated. Through extensive comparative studies, it 

is evident that the proposed method using the BRLS adaptive 

filter can enhance the robustness and reduce the sensitivity of 

the sensorless drive to parameter variations and operation 

condition. The good performances of the BRLS filter 

sensorless drive and its high position estimation accuracy in 

different steady state dynamic operation conditions have been 

thoroughly verified.  
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