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Abstract—The paper deals with speed and position estimation 

of permanent magnet synchronous motors having unwanted spa-

tial harmonics in the stator inductance and in the permanent 

magnet flux. The sensorless control is based on an adaptive ob-

server that is augmented with a pulsating high-frequency signal 

injection technique at low speeds. The effects of harmonics on the 

speed and position estimation are reduced by adding harmonic 

models of the inductances and the flux to the adaptive observer 

and by modifying the injected high-frequency voltage signal 

based on the inductance variation. Simulations and laboratory 

experiments show that the estimation accuracy is improved and 

torque pulsations are reduced. 

 
Index Terms—Permanent magnet synchronous motors, 

sensorless control, signal injection, spatial harmonics.  

 

I. INTRODUCTION 

NFORMATION on the rotor position is required for the 

vector control of a permanent magnet synchronous motor 

(PMSM). In sensorless control, the rotor speed and position 

are obtained by means of a suitable estimation algorithm. 

These estimation algorithms can be classified into fundamen-

tal-excitation methods [1]–[3] and signal injection methods 

[4]–[6]. The former, based on the back-emf of the motor, have 

good dynamic properties, whereas the latter, based on detect-

ing magnetic anisotropy, are suited for estimation at low 

speeds. To combine the advantages of the two approaches, the 

estimation method can be changed from a fundamental-excita-

tion method to either a high-frequency (HF) signal injection 

method [7], [8] or a combined method [9], [10] at low speeds. 

In permanent magnet synchronous machines, unidealities in 

the rotor geometry and in the magnetomotive force distribution 

result in a non-sinusoidal variation of the back-emf and in spa-

tial harmonics in the stator inductances [11]. These unideali-

ties not only cause ripple in the electromagnetic torque [12], 

but also lead to errors in the rotor speed and position estima-

tion. The effects of inductance harmonics have earlier been 

modeled in rotating HF signal injection methods for induction 
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machines [13]–[15]. 

The aim of this paper is to increase the accuracy of the rotor 

speed and position estimation of PMSMs when the spatial 

variation of the stator inductances and flux linkages is non-

sinusoidal. An adaptive observer is used throughout the whole 

speed region, and it is augmented with a pulsating HF signal 

injection method at low speeds [10]. The adaptive observer is 

extended with a model for the inductance and flux harmonics, 

and the HF voltage reference of the signal injection method is 

modified for compensating the estimation error caused by the 

inductance harmonics. The performance of the method is in-

vestigated by means of simulations and experiments.  

II. PERMANENT MAGNET MOTOR MODEL 

The PMSM is modeled in the d-q reference frame fixed to 

the rotor. The d axis is oriented along the permanent magnet 

flux, whose angle in the stator reference frame is mθ  in electri-

cal radians. The stator voltage equation is  

 s s s s m sR ω= + +u i Jψ ψψ ψψ ψψ ψɺ  (1) 

where [ ]
T

s d qu u=u  is the stator voltage, [ ]
T

s d qi i=i  the 

stator current, [ ]
T

s d qψ ψ=ψψψψ  the stator flux, sR  the stator 

resistance, mω  the electrical angular speed of the rotor, and 
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The stator flux is 

 s s pm= +Liψ ψψ ψψ ψψ ψ  (2) 

where L  is the inductance matrix and pmψψψψ  is the permanent 

magnet flux.  

When the rotor position angle mθ  is varied, the permanent 

magnet flux linkages of the three stator winding phases consist 

of a fundamental component and odd harmonics. In the d-q 

reference frame, the permanent magnet flux has a constant 

component 0pmψ  on the d axis and harmonics of orders multi-

ple of six. For simplicity, the harmonics having orders higher 

than six are omitted in this paper, resulting in the permanent 

magnet flux vector [11] 
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Fig. 1.  Block diagram of the adaptive observer. 

where 6dψ  and 6qψ  are the coefficients of the sixth-order 

harmonics on the d and q axes, respectively. 

The self and mutual inductances of the stator winding 

phases have an average component and even harmonics when 

the rotor position angle is varied. In the d-q reference frame, 

the inductance matrix consists of the direct-axis inductance dL  

and quadrature-axis inductance qL  on the d and q axes, 

respectively, and harmonics of orders multiple of six. When 

the higher-order harmonics are omitted, the stator inductance 

matrix is [11], [16] 
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d m m

m q m

L L L

L L L

θ θ

θ θ
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L  (4) 

where 6L  is the amplitude of the sixth harmonic of the stator 

inductance. 

The electromagnetic torque is given by 
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where p is the number of pole pairs.  

III. OBSERVER STRUCTURE 

A. Adaptive Observer 

In the adaptive observer, the rotor speed and position esti-

mation is based on the estimation error between two different 

models (a reference model and an adaptive model). In the fol-

lowing, the stator flux is the estimated variable, and the esti-

mate of the rotor speed is used for adjusting the adaptive 

model [10].  

The block diagram of the adaptive observer is shown in Fig. 

1. The observer is formulated in the estimated rotor reference 

frame. The reference model is based on (2); this flux model 

can be written as  

 ,
ˆˆ ˆs i s pm′= +Liψ ψψ ψψ ψψ ψ  (6) 

Estimated quantities are marked by ˆ and measured quantities 

expressed in the estimated rotor reference frame are marked by 

´. Originally, the stator inductance matrix is a diagonal matrix 

with the diagonal elements dL  and qL , and the permanent 

magnet flux has only the constant component 0pmψ . They can 

be extended to include the harmonics using the definitions (3) 

and (4). 

The adaptive model is based on (1) and (2). It is here re-

ferred to as a voltage model, and defined by 

 , ,
ˆˆˆ ˆ ˆs u s s s m s u sR ω′= − − +u i J iψ ψ λψ ψ λψ ψ λψ ψ λɺ ɶ  (7) 

where the estimate of the stator current and the estimation er-

ror of the stator current are 

 
1

,
ˆ ˆ ˆ ˆ( )s s u pm

−= −i L ψ ψψ ψψ ψψ ψ  (8) 

 ˆ
s s s′= −i i iɶ  (9) 

respectively. The feedback gain matrix λλλλ  is varied as a func-

tion of the rotor speed [17]. 

For the adaptation, an error term is constructed as 

 1 sFε = C ψψψψɶ  (10) 

where , ,ˆ ˆs s i s u= −ψ ψ ψψ ψ ψψ ψ ψψ ψ ψɶ  is the difference between the flux esti-

mates, and [ ]1 0 1=C . Hence the flux difference in the esti-

mated q direction is used. The estimate of the electrical angu-

lar speed of the rotor, used in (7), is obtained by a PI speed 

adaptation mechanism 

 ˆm p ik F k F dtε εω = − − ∫  (11) 

where pk  and ik  are nonnegative gains. The estimate for the 

rotor position is evaluated by integrating ˆmω . The gains pk  

and ik  of the adaptation mechanism are selected as [10] 
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where the design parameter foα  corresponds to the approxi-

mate bandwidth of the adaptive observer. 

B. Coupling HF Signal Injection to the Adaptive Observer 

Since the adaptive observer cannot perform well at low 

speeds due to inaccuracies in measurements and parameter 

estimates, an HF signal injection method is used to stabilize 

the observer [10]. A carrier excitation signal alternating at an-

gular frequency cω  and having amplitude cu  is superimposed 

on the d component of the stator voltage in the estimated rotor 

reference frame. The injected HF voltage signal is thus 

 
1

cos( )
0

c c cu tω
 

=  
 

u  (13) 

An alternating HF current response is detected in the q direc-

tion. Demodulation and low-pass filtering results in an error 

signal 2 mKεε θ≈ ɶ , which is approximately proportional to the 

position estimation error ˆ
m m mθ θ θ= −ɶ , Kε  being the signal 

injection gain.  

The error signal ε  is used for correcting the estimated rotor 

speed and position by influencing the direction of the stator 
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flux estimate of the adaptive model. The algorithm is given by 

 , ,
ˆˆˆ ˆ ˆ( )s u s s s m s u sR εω ω′= − − − +u i J iψ ψ λψ ψ λψ ψ λψ ψ λɺ ɶ  (14) 

and  

 p i dtεω γ ε γ ε= + ∫  (15) 

where pγ  and iγ  are the gains of the PI mechanism driving 

the error signal ε  to zero. In accordance with [9], these gains 

are selected as 

 
2

,
2 6

i i
p i

K Kε ε

α α
γ γ= =  (16) 

where iα  is the approximate bandwidth of the PI mechanism. 

At low speeds, the combined observer relies both on the 

signal injection method and on the adaptive observer. The in-

fluence of the HF signal injection is decreased linearly with 

increasing speed, reaching zero at transition speed ω∆  [10]. At 

higher speeds, the estimation is based only on the adaptive 

observer. 

IV. MODIFICATION OF THE SIGNAL INJECTION METHOD 

A. Position Error Caused by Inductance Harmonics 

For the HF signal injection method, it is possible to solve 

the position estimation error caused by stator inductance har-

monics. The motor model is expressed in terms of the stator 

current by substituting (2) for the stator flux in the voltage 

equation (1): 

 s s s s s pm m s m pmR ω ω= + + + + +u i Li Li JLi Jψ ψψ ψψ ψψ ψɺ ɺ ɺ  (17) 

The PMSM model is then transformed to the estimated rotor 

reference frame. The resulting stator current derivative in the 

estimated rotor reference frame is derived in the Appendix.  

Since the HF signal injection method is applied only at low 

speeds, the approximation 0mω =  is used. The resistive volt-

age drop is also omitted when the HF signal injection is con-

sidered. The permanent magnet flux derivative is proportional 

to the rotor speed, and is thus also omitted when mω  is low. 

The current derivative is simplified to  

 1 1 1( )s m m sθ θ− − −′ ′= − +i L L J JL uɺ ɶ ɶ  (18) 

When the HF voltage signal (13) is fed to the stator wind-

ing, the derivative of the q-axis current is obtained from (18). 

If the rotor position and the position error are considered con-

stant, the q-axis current can be solved by integration. When the 

sixth inductance harmonic is included in the stator inductance 

matrix as in (4), the resulting q-axis current is given by (19) 

below. 

The q-axis HF current is demodulated, low-pass filtered, 

and driven to zero in steady state. Hence the rational expres-

sion in (19) becomes zero. Setting the numerator of (19) equal 

to zero yields the rotor position error 

 6

6

sin(6 )

( ) 2 cos(6 )

m
m

q d m

L

L L L

θ
θ

θ

−
=

− −
ɶ  (20) 

The inductance harmonic thus causes a periodic error in the 

rotor position estimate when the original HF signal injection 

method is used for the estimation. 

B. Error Compensation 

The position error caused by inductance harmonics can be 

compensated by modifying the HF voltage signal (13). It is 

required that at the zero rotor position error, the signal injec-

tion method receives the HF current signal 
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Inserting this current into (17) gives the HF voltage signal to 

be fed to the motor. The resistive voltage drop and the back-

emf are ignored. The resulting modified HF voltage signal is 
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 (22) 

Thus the HF voltage should be augmented with a signal 

whose amplitude is a function of the rotor position and pro-

portional to the amplitude 6L  of the harmonic inductance in 

order to obtain a more accurate position estimate. An HF volt-

age signal is superimposed on the q component of the stator 

voltage in addition to the d component in the estimated rotor 

reference frame.  

V. RESULTS 

The proposed method was investigated by means of simula-

tions and laboratory experiments. The block diagram of the 

control system comprising cascaded speed and current control 

loops is shown in Fig. 2. PI-type speed control with active 

damping is used. The current component references ,d refi  and 

,q refi  are calculated according to maximum torque per current 

control [18]. The current control is implemented as PI-type 

control in the estimated rotor reference frame, where the cross-

coupling terms and the back-emf are decoupled [19]. The dc-

link voltage of the converter is measured, and a simple current 

feedforward compensation for dead times and power device 

voltage drops is applied [20]. 

The experimental setup is illustrated in Fig. 3. A six-pole 

interior-magnet PMSM (2.2 kW, 1500 rpm) is fed by a fre-

quency converter that is controlled by a dSPACE DS1103 

PPC/DSP board. The motor data are given in Table I. Me- 
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Fig. 2.  Block diagram of the control system. Block “Speed contr.” includes 

both the speed controller and the minimization of the current amplitude. 

Freq.

converter

Freq.

converter
PMSM Servo

Speed for

monitoring

Computer with DS1103
 

 

Fig. 3.  Experimental setup. Mechanical load is provided by a servo drive. 

chanical load is provided by a PMSM servo drive. An incre-

mental encoder is used for monitoring the actual rotor speed 

and position. The nominal dc-link voltage is 540 V, and the 

switching frequency and the sampling frequency are both 5 

kHz. The HF carrier excitation signal has a frequency of 833 

Hz and a zero-speed amplitude of 40 V, and the amplitude 

becomes zero at the transition speed ω∆  = 0.13 p.u. The elec-

tromagnetic torque is limited to 22 Nm, which is 1.57 times 

the nominal torque TN. Other parameters of the control system 

are given in Table II. 

The MATLAB/Simulink environment was used for the simu-

lations. Fig. 4 shows the rotor position error as a function of 

the rotor position at no-load in steady state. The rotor speed 

reference was as low as 0.0015 p.u in the simulations. The 

simulation result obtained using the original HF voltage signal 

(13) corresponds well to the error evaluated analytically using 

(20). When the modified HF voltage signal (22) is used, the 

estimation error is reduced significantly.  

Although the frequency of the HF voltage signal is above 

the current controller bandwidth of 400 Hz, the current control 

tries to compensate the HF current. To reduce this compensa-

tion, the estimated current is used for feedback in the propor-

tional part of the current controller instead of the measured 

current. However, the current controller causes a small peri-

odic error in the estimated position, which can be seen in Fig. 

4. Almost zero error could be achieved by filtering the current 

or the fundamental voltage reference, but the filtering would 

degrade the current control performance.  

Fig. 5 shows experimental results at the nominal load torque 

and constant speed in the motoring mode. Only the adaptive  

-180 0 180
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Fig. 4.  Rotor position estimation error as a function of the rotor position: 

analytical (solid), simulated with original HF voltage signal (dashed), and 

simulated with modified HF voltage signal (dotted). 

observer contributes to the speed estimation at the speed mω  = 

0.2 p.u. Results obtained without and with the sixth harmonics 

in the flux vector (3) and in the inductance matrix (4) are de-

picted. The speed variation at the sixth harmonic of the stator 

frequency is reduced significantly when the model for the in-

ductance and flux variation is added to the observer. It is to be 

noted that electromagnetic torque harmonics exist even with-

out any position error. 

Experimental results showing speed reference steps at low 

speeds are shown in Fig. 6. The HF signal injection is in use at 

the speed 0.02 p.u. When the model for the harmonics is not 

used, pulsation at the sixth harmonic of the stator frequency 

can be seen in the rotor speed and its estimate. When the sixth 

harmonic is added to the inductance and flux models and the 

modified HF voltage signal is used, the speed pulsation is re-

duced and the position estimation accuracy is improved. Al- 

TABLE II  

CONTROL SYSTEM PARAMETERS 

 

Current controller bandwidth  2π 400 rad/s  

Speed controller bandwidth  2π 5 rad/s  

Speed adaptation bandwidth foα   2π 50 rad/s  

Bandwidth iα  at zero speed  2π 5 rad/s  

 

TABLE I  

MOTOR DATA 

 

Nominal power  2.2 kW  

Nominal voltage  370 V  

Nominal current  4.3 A  

Nominal frequency  75 Hz  

Nominal speed  1 500 rpm  

Nominal torque TN  14 Nm  

Number of pole pairs p  3  

Stator resistance Rs  3.59 Ω  

Direct-axis inductance Ld  36 mH  

Quadrature-axis inductance Lq  51 mH  

Inductance harmonic amplitude L6  1.1 mH  

Permanent magnet flux 0pmψ   0.545 Vs  

Flux harmonic coefficient 6dψ   −1.0 mVs  

Flux harmonic coefficient 6qψ   1.4 mVs  

Total moment of inertia  0.015 kgm2  
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Fig. 5.  Experimental results at nominal load torque and constant speed op-

eration: electrical angular speed (solid), its estimate (dashed), and its refer-

ence (dotted). First subplot shows the operation without models for induc-

tance and flux variation, and second subplot shows operation with  models for 

inductance and flux variation. 

though the pulsation at the sixth harmonic is reduced, errors at 

other frequencies are still present, for example, due to current 

measurement inaccuracies.  

Fig. 7 depicts experimental results of a slow speed reversal 

at the nominal load torque. The position estimation accuracy at 

low speeds is improved due to the modified HF voltage signal, 

and the pulsation of the speed estimate is reduced. 

VI. CONCLUSION 

The rotor speed and position of a PMSM can be estimated 

in a wide speed range by means of an adaptive observer that is 

augmented with an HF signal injection technique at low 

speeds. The effects of inductance and flux harmonics on the 

speed an position estimation can be reduced by simple modifi-

cations in the algorithm. Models for the spatial harmonics are 

added to the stator inductance and the permanent magnet flux, 

and a position-dependent component is added to the injected 

HF voltage signal. In the examples given in the paper, the sixth 

harmonic of the inductance and the flux are taken into account 

and, consequently, the sixth harmonics in the estimation error, 

torque and speed are reduced.  

APPENDIX 

The stator voltage and current transformed from the true 

rotor reference frame into the estimated rotor reference frame 

are 

 s s′ =u Tu  (23a) 

 s s′ =i Ti  (23b) 

respectively, where cos( ) sin( )m mθ θ= +T I Jɶ ɶ  is the coordinate 

transformation matrix. The vectors su  and si  are solved from 

(23) and substituted in (17). Solving the stator voltage in the 

estimated rotor reference frame gives 

 

1 1

1

( )s s s s s

pm m s m pm

d
R

dt

ω ω

− −

−

′ ′ ′ ′= + +

′+ + +

u i TL T i TLT i

T TJLT i TJψ ψψ ψψ ψψ ψ

ɺ

ɺ

 (24) 

After applying the product rule for differentiation and differ- 
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Fig. 6. Experimental results showing speed reference steps at zero load 

torque: (a) original HF voltage signal and no models for inductance and flux 

variation; (b) modified HF voltage signal and models for inductance and flux 

variation. First subplot shows electrical angular speed (solid), its estimate 

(dashed), and its reference (dotted). Second subplot shows estimated electro-

magnetic torque (solid) and load torque reference (dotted). Last subplot shows 

estimation error of rotor position in electrical degrees. 

entiating T, the current derivative can be solved. The deriva-

tive of the stator inductance matrix is  

 6 m hω= −L JLɺ  (25) 

where the sixth-harmonic contribution to the stator inductance 

matrix is 

 6

cos(6 ) sin(6 )

sin(6 ) cos(6 )

m m
h

m m

L
θ θ

θ θ

− 
=  − − 

L  (26) 

When the rotor position error is assumed small and hence 

cos( ) 1mθ ≈ɶ , sin( )m mθ θ≈ɶ ɶ , and 2 0mθ ≈ɶ , the current derivative 

in the estimated rotor reference frame is:  
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Fig. 7.  Experimental results showing slow speed reversal at nominal load 

torque: (a) original HF voltage signal and no models for inductance and flux 

variation; (b) modified HF voltage signal and models for inductance  and flux 

variation. Explanations of the curves are as in Fig. 6. 
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