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Abstract — The paper proposes a method for the rotor speed 
and position estimation of permanent magnet synchronous 
motors, applicable in a wide speed range including standstill. 
A modified voltage model is used at high speeds, and it is 
combined with a high-frequency signal injection technique at 
low speeds. The fast dynamic response of the voltage model is 
thus augmented with the steady-state accuracy of the high-
frequency signal injection technique. The stability and ro-
bustness of the combined observer are demonstrated by 
simulations and experiments. 

I.  INTRODUCTION 

Knowledge of the rotor position is needed for the vec-
tor control of a permanent magnet synchronous motor 
(PMSM). In sensorless control, an estimation algorithm is 
used instead of a mechanical position sensor, resulting in 
reduced costs and increased reliability. The methods used 
for the estimation of the rotor speed and position can be 
classified into fundamental-excitation methods and signal 
injection methods.  

Fundamental-excitation methods rely on a dynamic 
model of the motor. The rotor speed and position can be 
estimated by a voltage model [1] or a more complicated 
observer [2]–[4]. These methods have good dynamic prop-
erties but are not suitable for low-speed operation.  

In signal injection methods, a high frequency (HF) 
voltage signal is superimposed on the stator voltage, and 
the resulting current response is used for detecting the ani-
sotropy caused by rotor saliency or magnetic saturation 
[5]–[7]. If persistent HF excitation is applied, the signal is 
either a revolving voltage vector [6], [7] or a voltage alter-
nating in the estimated rotor reference frame [8]–[10]. The 
position estimation can be based on a tracking scheme [6], 
[8]–[10] or on direct evaluation of the rotor position [7], 
[11], [12]. Signal injection methods work at low speeds 
and standstill but tend to have restricted dynamic proper-
ties.  

The methods addressed above have different advan-
tages and disadvantages. Therefore, it would be natural to 
combine a fundamental-excitation method with a HF signal 
injection method [13]. Such a combined method has been 
implemented in sensorless control of induction motors 
[14]. For PMSMs, a fundamental-excitation method is used 
at higher speeds and a signal injection method or a com-
bined method at low speeds in [15], [11], [12].  

This paper proposes a combined method, in which a 
modified voltage model is used throughout the whole 
speed range, and the estimation is augmented with HF sig-
nal injection at low speeds. The simple combined method 

results in good steady-state and dynamic properties over a 
wide speed range.  

II.  PMSM MODEL 

The PMSM model is presented 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 electrical radians. The stator voltage 
components are  
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where di  and qi  are the stator current components, sR  is 
the stator resistance, and /m md dtω θ=  is the electrical 
angular speed of the rotor. The stator flux components are 
 d d d pmL iψ ψ= +  (2a) 

 q q qL iψ =  (2b) 

where dL  and qL  are the d- and q-axis inductances, 
respectively, and pmψ  is the permanent magnet flux. The 
electromagnetic torque is given by 
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where p  is the number of pole pairs. 

III.  OBSERVER STRUCTURE 
A. Modified Voltage Model 

The pure voltage model suffers from drift problems due 
to the open-loop integration. The integration can be re-
placed by low-pass filtering and error compensation [16], 
[17]. 

The modified voltage model in the estimated rotor ref-
erence frame is formed from (1) and (2) as 
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where the estimates of the back-emf components are 
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Estimates are marked by the symbol ˆ, 0pmψ  is the pre-
sumed value of the permanent magnet flux, and vα  is a 
nonnegative gain. Furthermore, the estimate of the rotor 
position is obtained by integrating ˆmω . The pure voltage 
model is obtained by choosing 0vα = . For 0vα > , the 
open-loop integrator is replaced with a low-pass filter 
having the bandwidth of vα , and the error so introduced is 
compensated using 0pmψ . 

B. High-Frequency Signal Injection 
An alternating voltage is used for HF signal injection 

[8]–[10]. A carrier excitation signal fluctuating at angular 
frequency cω  and having amplitude ˆcu , i.e., 
 ˆ cos( )c c cu u tω=  (6) 

is superimposed on the d component of the stator voltage 
in the estimated rotor reference frame. An HF current re-
sponse is detected in the q direction of the estimated rotor 
reference frame, amplitude modulated by the rotor position 
estimation error. The principle of the demodulation scheme 
is shown in Fig. 1. The q component of the measured cur-
rent is band-pass filtered (BPF), giving the current signal 

qci  varying at the signal injection frequency. The current 
signal is then demodulated and low-pass filtered (LPF) to 
extract an error signal 

 { }LPF sin( )qc ci tε ω=  (7) 

Ideally, this error signal is [8] 
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where Kε  is the signal injection gain and ˆ
m m mθ θ θ= −  is 

the estimation error of the rotor position. 
The demodulation scheme is implemented as follows. 

Instead of using a band-pass filter, the filtering of qi  is 
achieved by 
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c

t

qc q q
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where 2 /c cT ω= π , i.e. by zero averaging over one period 
of the injection signal. The algorithm (9) can be interpreted 
as a high-pass filter, and its computational cost is lower 
than that of relevant band-pass filters. The low-pass filter-
ing of the signal sin( )qc ci tω  is implemented using two 
filters: a moving-average filter and a first-order low-pass 
filter. The moving-average filter removes the angular fre-
quency cω  and its multiples effectively and causes only a 
short time delay, while the first-order low-pass filter re-
duces stochastic noise more effectively than the moving-
average filter. Due to the short delay of the moving-
average filter, only the dynamics of the first-order low-pass 
filter are considered in the following. After filtering, the 
amplitude of ε  is limited to avoid errors during transients.  

BPF LPF

sin( )ctω

εqi

qci  
Figure 1.  Principle of error signal demodulation. 
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Figure 2.  Block diagram of the combined observer. 

C. Combined Observer 
The combination of the modified voltage model and the 

HF signal injection method is illustrated in Fig. 2. The ro-
tor speed and position estimates are obtained by 
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where pγ  and iγ  are positive gains, ˆpmψ  is estimated 
using (4a), and ˆde  and ˆqe  (5) are evaluated using ˆmω  
from (10a). The HF signal injection and a phase-locked 
loop (PLL) [13], [9] are used to augment the speed esti-
mate obtained by the modified voltage model. The PI 
mechanism in (10) drives the error signal ε  to zero in 
steady state. At low speeds, the combined observer relies 
both on the signal injection method and the voltage model: 
the signal injection method dominates in steady state 
whereas the voltage model commands at transients. 

The PI mechanism used in a PLL can be tuned analyti-
cally [9]. The transfer function ˆ ( ) / ( )m ms sθ θ , correspond-
ing to the linearized closed-loop system shown in Fig. 3, 
can be used for determining the gains pγ  and iγ . From 
(8), a linear approximation 

 2 mKεε θ≈  (11) 

is used when determining the closed-loop transfer function. 
The influence of the voltage model is omitted, but the low-
pass filter used in (7) is taken into account. The transfer 
function of the first-order low-pass filter having the band-
width lpα  is 
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lp
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+
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and the transfer function of the PI mechanism is 
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Figure 3.  Block diagram of the closed-loop system. 
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Figure 4. Dependence of signal injection amplitude and PLL 

bandwidth on rotor speed.  
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For the closed-loop system in Fig. 3, the transfer function 
is 
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To ensure stability and to avoid oscillations, all three poles 
of (14) are placed to the point α−  on the real axis yielding 
the selection rule 
 3lpα α=  (15) 

for the low-pass filter bandwidth and the selection rules 
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for the gains of the PI mechanism. The proposed design 
method allows gain selection using only one design pa-
rameter α  corresponding to the approximate bandwidth of 
the closed-loop system (14). 

In order to obtain a smooth transition between the low-
speed and high-speed regions, the injection voltage ampli-
tude ˆcu  and the bandwidth α  are decreased linearly with 
increasing speed, and the signal injection is disabled above 
transition speed ω∆ , i.e., 
 0 0ˆ ˆˆ ˆ( ) , ( )c m c mu f u fω α ω α= =  (17) 

where 0ˆcu  and 0α  are the values corresponding to zero- 
speed operation and function ˆ( )mf ω  is shown graphically 
in Fig. 4. The parameters lpα  and iγ  are varied according 
to (15), (16), and (8). The parameter pγ  remains constant 
according to (16) and (8).  

IV.  CONTROL SYSTEM 

The block diagram of the control system comprising 
cascaded speed and current control loops is shown in Fig. 
5. The current control is implemented as PI-type control in  
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Figure 5.  Block diagram of the control system. 
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Figure 6.  Experimental setup. Mechanical load is provided by the 
servo drive. 

the estimated rotor reference frame, where the cross-cou-
pling terms and the back-emf are decoupled [18]. 

PI-type speed control with active damping is used. The 
current references ,d refi  and ,q refi  are calculated accord-
ing to maximum torque per current control [19]. The dc-
link voltage of the converter is measured, and simple 
current feedforward dead-time compensation is applied 
[20].  

V.  RESULTS 

The proposed observer was investigated by means of 
simulations and laboratory experiments. The experimental 
setup is illustrated in Fig. 6. A 2.2-kW internal-magnet 
PMSM is fed by a frequency converter controlled by a 
dSPACE DS1103 PPC/DSP board. The base values and 
the motor parameters are given in Table I and the parame-
ters of the control system in Table II. The sampling is syn-
chronized to the modulation, and both the switching fre-
quency and the sampling frequency are 5 kHz. The dc-link 
voltage is 540 V. The signal injection frequency is 500 Hz, 
and the transition speed ω∆ = 0.13 p.u. At zero speed, the 
amplitude of the HF voltage signal is 0ˆcu = 20 V, and the 
measured rms value of the HF current is 190 mA, i.e. 
0.04 p.u. The electromagnetic torque is limited to 22 Nm, 
i.e. /max NT T = 1.57. An incremental encoder is used to 
monitor the actual rotor speed and position, which is fur-
ther used to calculate the rotor position estimation error.  

The MATLAB/Simulink environment was used for the 
simulations. The parameters of the motor model used in 
the simulations correspond to the parameters of the motor 



TABLE I.  MOTOR DATA 
Nominal power 2.2 kW 
Nominal/base voltage 370 V 
Nominal/base current 4.3 A 
Nominal/base frequency 75 Hz 
Nominal speed 1500 r/min 
Nominal torque NT  14.0 Nm 
Number of pole pairs p  3 
Stator resistance sR  4.10 Ω 
Direct axis inductance dL  0.036 H 
Quadrature axis inductance qL  0.051 H 
Permanent magnet flux pmψ  0.545 Vs 
Total moment of inertia 0.015 kgm2 
 

TABLE II.  CONTROL SYSTEM PARAMETERS 
Signal injection amplitude ˆcu  20 V 
Signal injection angular frequency cω  2π500 rad/s 
Bandwidth 0α  2π10 rad/s 
Voltage model gain vα  2π15 rad/s 
Current controller bandwidth 2π200 rad/s 
Speed controller bandwidth 2π2.5 rad/s 
 

used in the experiments. In the simulations, white noise 
having an rms value of 10 mA was added to the measured 
phase currents of the motor, and the current signals were 
quantized in steps of 10 mA.  

Figs. 7−9 show simulation results during a slow speed 
reversal at nominal load torque. The speed reference was 
changed linearly from 0.2 p.u. to −0.2 p.u. between t = 2 s 
and t = 28 s. The stator resistance estimate ˆ

sR  is accurate 
in Fig. 7, whereas the stator resistance is 10 % underesti-
mated in Fig. 8 and 10 % overestimated in Fig. 9. The re-
sults show that a parameter error causes an orientation er-
ror, but at low speeds, the signal injection technique nearly 
removes the estimation error of the rotor position. The 
transition between the voltage model and the combined 
observer is smooth, and the speed estimate follows the ac-
tual speed with a good accuracy although a parameter error 
is present.  

Fig. 10 shows experimental results during the slow 
speed reversal at nominal load torque. The results show 
stable operation both in the motoring and regenerating 
modes. Furthermore, it can be seen that the experimental 
results correspond well to the simulation results. At low 
speeds, however, the rotor position estimation error varies 
more in the experimental results than in the simulation 
results. This ripple consists mostly of a sixth harmonic 
component. Therefore, proper compensation of inverter 
nonlinearities is a suitable topic of future research.  

Fig. 11 shows experimental results at no load when the 
speed reference was changed stepwise from zero to 0.2 p.u. 
at t = 1 s, then reversed to −0.2 p.u. at t = 2 s, and finally 
set to zero at t = 3 s. The estimated rotor speed follows the 
actual speed smoothly and the rotor position estimation 
error stays in reasonable small values.  

Fig. 12 depicts experimental results when the speed 
reference was set to zero. The load torque was first 
changed stepwise from zero to the nominal value at t = 1 s, 
then reversed at t = 2 s, and removed at t = 3 s. The error  
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Figure 7. Simulation results showing slow speed reversal at 
nominal load torque, ˆ

s sR R= . First subplot shows electrical 
angular speed (solid), its estimate (dashed), and its reference 

(dotted). Second subplot shows estimated electromagnetic torque 
(solid) and load torque reference (dotted). Last subplot shows 

estimation error of rotor position in electrical degrees.  
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Figure 8. Simulation results showing slow speed reversal at 

nominal load torque, ˆ 0.9s sR R= . Explanations of the curves are 
as in Fig. 7.  

of the rotor position estimate is small even during tran-
sients, indicating good dynamic performance.  

Experimental results at the nominal load torque are 
shown in Fig. 13. The speed reference was first changed 
stepwise from zero to 0.66 p.u. at t = 1 s, then reversed to 
−0.66 p.u. at t = 2 s, and finally set to zero at t = 3 s. The 
estimated rotor speed follows the actual speed smoothly 
even during the transitions between the voltage model and 
the combination of the voltage model and HF signal injec-
tion.  
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Figure 9. Simulation results showing slow speed reversal at 

nominal load torque, ˆ 1.1s sR R= . Explanations of the curves are 
as in Fig. 7. 
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Figure 10. Experimental results showing slow speed reversal at 

nominal load. Explanations of the curves are as in Fig. 7.  

VI.  CONCLUSIONS 

A modified voltage model that is augmented with a 
high-frequency signal injection technique at low speeds is 
suitable for the estimation of the rotor speed and position 
of a permanent magnet synchronous motor in a wide speed 
range, including zero speed. The fast dynamic response of 
the voltage model is combined with the steady-state 
accuracy of the high-frequency signal-injection method. 
The signal injection scheme is based on a voltage carrier 
signal alternating in the estimated rotor reference frame 
and simple demodulation of the current response. Guide- 
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Figure 11. Experimental results showing speed reference steps at 

zero load torque. Explanations of the curves are as in Fig. 7.  
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Figure 12. Experimental results showing load torque steps at zero 

speed reference. Explanations of the curves are as in Fig. 7.  

lines for the gain selection of the tracking observer are ob-
tained analytically. According to the simulations and ex-
periments presented in the paper, the system based on the 
combined observer is stable and robust, and can cope with 
stepwise changes in the speed reference and with nominal 
load torque steps.  
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Figure 13. Experimental results showing speed reference steps at 

nominal load. Explanations of the curves are as in Fig. 7.  
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