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Abstract 
This paper describes a new position sensorless control method based on the high frequency rotating 
voltage signal injection to an Interior Permanent Magnet Synchronous Motor (IPMSM) drives. In this 
method, the rotor position can be directly calculated from four successive sampled current and voltage 
values. Compared to conventional heterodyning process, the proposed method is simple to implement 
and appropriate to increase the frequency of the injection signal up to a half PWM switching 
frequency. Because of the higher frequency injection and no low-pass-filter in demodulation, the 
control performance can be enhanced conspicuously.   
  

Introduction 
To drive Interior Permanent Magnet Synchronous Motor (IPMSM), the rotor position should be 
detected. In order to get the rotor position, a position sensor like resolver or encoder has been attached 
to the rotor axis. This position sensor, however, is burdens not only to the overall cost of the drives 
system, but also to the reliability of the system. Therefore, numerous researches have been published 
regarding to the position sensorless detection of rotor position in IPMSM. In the IPMSM operation 
without a position sensor, the saliency of inductance according to the rotor position can be exploited to 
detect the rotor position instead of the position sensor [1]-[2]. In higher rotating speed region, the rotor 
position information can be estimated from voltage equations of IPMSM [2]-[4]. By the estimation of 
back EMF voltage, the rotor position can be attained. Compared to back EMF based position 
sensorless control method, inductance saliency based methods are advantageous to detect the rotor 
position at standstill or lower rotating speed [1], [5]-[7].  
 
The inductance saliency based sensorless method uses the characteristics of IPMSM: the spatial 
inductance distribution is determined by the rotor position because of the inductance saliency [1]. To 
extract the rotor position information from this inductance saliency, the high frequency voltage signal 
has been added to the voltage reference of the current regulator. According to the rotor position, the 
current response due to the injected voltage signal varies, that means that the current values have 
information related to the rotor position. To get the rotor position information from the current, the 
current response due to the injected voltage signal has to be analyzed with the high frequency 
impedance model of IPMSM. In addition to those analysis results, appropriate demodulation methods 
to extract the meaningful information from the measured currents have been incorporated.   
 



The signal injection sensorless methods are categorized into two groups according to the injected 
voltage characteristics. The first group is the rotating voltage signal injection in the stationary 
reference frame regardless of the rotor position [1], and the second group is the pulsating signal 
injection in the estimated rotating reference frame [5]-[6], [10]-[11]. These sensorless methods have 
their own characteristics according to the injected signal type. Those affect the rotor position detection 
performance, and many research results have reported the relationships between sensorless methods 
and sensorless performance [12]-[19].   
 
Depending on the injected signal type, many demodulation methods to extract the rotor position have 
been presented. The conventional demodulation processes for both groups have relied on a 
heterodyning process to extract the position information from the measured stator currents [1], [5]. For 
the process, the current should be multiplied by cosine and sine function with the estimated rotor angle 
and, after that, the information of the position can be obtained through the low-pass-filtering. When 
the injection frequency increased near to Nyquist limit of the sampling frequency, which is usually the 
PWM switching frequency in the case of double sampling in a switching period, the design of the 
digital filter and delay due to the filter may result in rapid degradation of the control performance. 
Recently, in [9] and [10], by taking advantage of the difference of two consecutive samples of the 
current, a square-wave type pulsating voltage injection method, whose frequency is a half PWM 
switching frequency, at the estimated rotor reference frame has been represented without the low-pass-
filtering in demodulation process. 
 
In this paper, another high frequency signal injection method, where a rotating voltage signal is 
injected in the stationary reference frame regardless of the rotor position, is introduced. The proposed 
method keeps the general PWM method and implements the rotating signal injection whose frequency 
is a half PWM switching frequency. Only band-pass-filtering where the center frequency of the filter 
is the frequency of the injected signal, two subtractions and/or additions, and one arctangent operation 
are used without any low-pass-filtering and no multiplication is used to get the rotor position 
information. While, in the conventional demodulation processes after the complicated heterodyning 
process, the calculated output is not the position information itself, but the position error information. 
However, the proposed method is able to extract the position information itself.  

Saliency Based Sensorless Methods 
IPMSM can be modeled in the stationary reference frame as (1) where vdqs

s stands for the stator 
voltage, idqs

s, the stator current, λdqs
s, a flux linkage in the stationary reference frame, and RS, stator 

resistance. A flux linkage in the stationary reference can be expressed with stationary d-/q-axis current 
as (2) where λf stands for the permanent magnet flux linkage, θr is rotor position and ΣL and ΔL are 
related to the d-/q-axis inductance (Lds, Lqs) in the synchronous reference as (3). With (2) and (3), the 
voltage equation in the stationary reference frame can be rewritten as (4).  
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In order to consider the only high frequency model of IPMSM, the voltage model of (1) can be 
rewritten as (5) under the assumption that injection frequency is much higher than the fundamental 
frequency and voltage drop by stator resistance is negligible. From (5), the relationship between the 
high frequency injected voltage signal and the current response due to the injected voltage signal can 
be determined. It can be known that the relationship between the injected voltage and the current 
response is inductive impedance model. In the inductance matrix, there is the real rotor position 
information, θr. Therefore, the rotor position can be obtained as (5). The current response due to the 
injected voltage signal can be deduced as (6). 
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To extract the rotor position related information from (6), the rotating voltage signal in the stationary 
reference frame can be injected [1]. The injected voltage in the stationary reference frame can be 
decided as (7) and this voltage signal is rotating spatially as shown in Fig. 1. By substituting (7) to (6), 
the current response due to the injected voltage signal can be derived as (8). The current response 
values in (8) have the rotor position related information in the second terms.  

 
sin

cos

s
hdshs

dqsh injs
hqsh

tv
v V

tv
ω

ω
⎡ ⎤ −⎡ ⎤

= =⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎣ ⎦⎣ ⎦

 (7) 

( )

( )
2 2

cos cos 2
2

sin sin 2
2

h r hs
dsh inj h r h
s
qsh

h r h
h r h

L Lt t
i V

L LL Li t t

ω θ ω
ω ω ω

ω θ ω
ω ω ω

Σ Δ⎡ ⎤+ −⎢ ⎥⎡ ⎤ −⎢ ⎥=⎢ ⎥
⎢ ⎥Σ ΔΣ − Δ⎢ ⎥⎣ ⎦ + −⎢ ⎥−⎣ ⎦

 (8) 

 

0 1 2 3 4

x 10
-4

-50

0

50

Time[s]

V
ol

ta
ge

 

 
Vdssh

Vqssh

-50 0 50
-50

0

50

Vdssh[V]

V
qs

sh
[V

]

 
Fig. 1: Injection rotating voltage in the stationary reference frame.  
 
To extract the rotor position information, the demodulation process has to be incorporated. 
Conventional demodulation methods have used the heterodyning technique as (9).  In (9), ε has the 
rotor position related information. To remove the first term which includes two times injected 
frequency component in (9), the Low-Pass-Filter (LPF) can be employed. Then the filtered value 
under the assumption of the perfect cut-off of the high frequency tern, εf can be deduced as (10), that is 
proportional to the rotor position error between the real rotor position and the estimated rotor position.  
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This conventional demodulation process is shown in Fig. 2 as a signal processing block diagram. The 
result of demodulation process, εf is not the rotor position, but the position error. Therefore, the 
Luenberger observer or the phase-locked loop state filter should be followed to get the rotor position. 
The value related to the position error, εf, is proportional to the position error by variable constant, Ke 
as seen from (10), which can be varying according to the operating condition due to the variation of 
the inductances. Fig. 3 shows the entire control block diagram of the sensorless current control system. 
Ideally, the injection frequency component of the voltage reference has to be only the voltage comes 
from the injected voltage signal. To prevent the current controller from generating the injection 
frequency component in the process of the current regulation, the LPF should be included in current 
feedback loop in Fig. 3. And the bandwidth of the current regulation loop should be lower than the 
cut-off frequency of LPF.    
 

r̂θ

ˆrω
fε

s
dshi

s
qshi

( )ˆcos 2 r htθ ω−

( )ˆsin 2 r htθ ω−

εs
dsi

s
qsi

 
Fig. 2: Control block diagram of conventional demodulation process to extract the rotor position 
related information. 
 

 
Fig. 3: Entire block diagram of sensorless current control operation. 



Rotor Position Extraction Using Half PWM Switching Frequency Signal 
Injection 
In this section, a new modulation method to extract the real rotor position from current response with 
the half PWM switching frequency rotating voltage signal is proposed. This method is a kind of direct 
calculation method. Synchronized with PWM carrier signal, the injection voltage signal and current 
sampling sequence in stationary reference frame is illustrated in Fig. 4. The frequency of the injected 
voltage signal is a half of the PWM switching frequency and the magnitude of the signal is Vinj in Fig. 
4. For one period of injected voltage signal, the currents are sampled four times. The sampled currents 
are called as (idsh1

r, iqsh1
r) ~ (idsh4

r, iqsh4
r). Using the Band-Pass-Filter, the injection frequency component 

of the measured current can be detected. From (8), the sampled currents in the injection frequency can 
be deduced as (11) ~ (14). By simple addition and subtraction, the sine and cosine function of rotor 
position can be obtained as (15). By arctangent operation of (15), the real rotor position can be 
calculated directly continuously with the successive sampled current in every sampling instance. In 
Fig. 5, the demodulation process of the proposed method is depicted as the signal processing block 
diagram. In this demodulation process, no LPF is used. This may further enhance the rotor position 
estimation performance.  
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Fig. 4: Signal injection and current sampling sequence in time domain. 
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Fig. 5: Implementation of the proposed position sensorless demodulation process 
 
 
The proposed demodulation method is able to generate two times of the rotor position, and this value 
has to be inverted to the rotor position, r̂θ . Generally, Luenberger observer or state filter can be 
employed to extract more clear position angle. In the sensorless rotor position estimation, the rotor 
position value can be affected from the sudden current variation, PWM switching current ripple, many 
non-ideal phenomenon of PWM inverter. The Luenberger observer or state filter can remove the noise 
signals from the estimated rotor position. The bandwidth of these observer or filter is very critical to 



determine the sensorless algorithm performance. In this paper, the modified Luenberger observer is 
used to suppress the noises and to get the rotor position from two times of the rotor position signal as 
shown in Fig. 6. 
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Fig. 6: Implementation of the Luenberger observer for position estimation 

Experimental Results 
To verify the effectiveness of the proposed method, experimental set-up using to 11kW IPMSM was 
prepared. The motor parameters and system parameters was listed in Table. I. 10-bit incremental 
encoder with U, V, W pulses was employed for monitoring purpose. In Fig. 7(a), rotor position, θr, is 
shown with demodulation signal, described as (15). The calculated rotor position tracks the real rotor 
position well. To verify the sensorless control performance in dynamic situation, the speed control was 
performed. To get the speed information, a Luenberger observer was used as shown in Fig. 6. The 
response of the speed control loop for the step speed command from standstill to 300r/min, is shown in 
Fig. 7(b). Even in the transient state, the position error is less than 0.2rad. In Fig. 7(c), the response of 



the loop for the sinusoidal speed command is shown. The magnitude of the speed reference is 
100r/min and its frequency is 25Hz. From the figure, the estimated speed tracks the real speed well 
and the position error is within 0.2rad. Because of the limited pulse number from the encoder in a 
speed sampling period, the measured speed changes abruptly at near zero speed. While the estimated 
speed is quite smooth due to the observer. In Fig. 7(d), the sinusoidal speed command with offset 
speed, 200r/min is shown. Its frequency is 25Hz. The estimated speed tracks the real speed well and 
the position error is within 0.3rad. And, the response of the position control loop for the sinusoidal 
position command is demonstrated in Fig. 8. The magnitude of the rotor position command in 
mechanical angle is +/-2rad and its frequency is 5Hz, and the rotor position error is less than 0.3rad in 
electrical angle, which means less than 5 degree in mechanical angle.   

Table I: IPMSM and system parameters 
Rated Power 11 [kW] Rated current 39.5 [Arms] 

Rated Speed 1750 [r/min] DC-link voltage 310 [V] 

Pole Pair 3 (6 pole) Current sampling frequency 10 [kHz] 

Rated Inductance (Lds/Lqs) 3.4 / 4.6 [mH] PWM switching frequency 5 [kHz] 

Resistance (RS) 0.104 [Ω] Injection signal frequency 2.5 [kHz] 

PM flux linkage (λf) 0.25 [V·s] Injection voltage 40 [V] 
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Fig. 7: Experimental results (θr calculation, step speed command, sinusoidal speed command and 
sinusoidal speed command with offset speed)  (a) Rotor position by direct calculation  (b) Speed 
control performance with step change (0 300r/min)   (c) Speed control performance with the 
sinusoidal reference (25Hz, 100r/min) (d) Sinusoidal speed control performance with offset speed, 
100r/min  
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Fig. 8: Sinusoidal position control experimental results (sinusoidal position reference (5Hz / ±2rad): 
Position reference, sensorless estimated position and encoder position.  Position error. Speed reference 
for position control. 
 
Experiments on a current control mode were performed as shown in Fig. 9. Rotor speed was controlled 
by load machine, whose speed regulation bandwidth is 5Hz and speed reference is 50r/min. Fig. 9(a), 
9(b), and 9(c) show the step response of q-axis current control, zero to 20A, 40A, and 60A, 
respectively. In the light loaded condition, 20A, that is about 37% of rated load, the position error is 
less than 0.1 rad. Under the rated load condition, 60A, that is about 110%, the position estimation error 
is maintained within ±0.6rad.  
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Fig. 9: Step current control experimental results. (a) q-axis current command: from 0 to 20A(37% 
rated load). (b) q-axis current command: from 0 to 40A(75% rated load). (c) q-axis current command: 
from 0 to 60A(110% rated load). 
 
Fig. 10 shows the speed control performance. The step speed command is from 0 to 100r/min and the 
speed regulation bandwidth is 5Hz. The load condition is 15%, 50%, and 90% in Fig. 10(a), 10(b), and 



10(c), respectively. Even though the load is about 90% of rated load, the position estimation error is 
maintained within ±0.3rad.  
 

0 0.5 1 1.5 2
-100

0

100

200

Time[s]

S
pe

ed
[r

/m
in

]

 

 

0 0.5 1 1.5 2

-0.5

0

0.5

Time[s]

P
os

iti
on

 e
rr

or
[r

ad
]

 

 

0 0.5 1 1.5 2

0
20
40
60

Time[s]

q-
ax

is
 c

ur
re

nt
[A

]

 

 

Speed reference

Speed

θ error

q-axis current

0 0.5 1 1.5 2
-100

0

100

200

Time[s]

S
pe

ed
[r

/m
in

]

 

 

Speed reference

Speed

0 0.5 1 1.5 2

-0.5

0

0.5

Time[s]

P
os

iti
on

 e
rr

or
[r

ad
]

 

 
θ error

0 0.5 1 1.5 2

0
20
40
60

Time[s]

q-
ax

is
 c

ur
re

nt
[A

]

 

 

q-axis current

 

0 0.5 1 1.5 2
-100

0

100

200

Time[s]

S
pe

ed
[r

/m
in

]

 

 

Speed reference

Speed

0 0.5 1 1.5 2

-0.5

0

0.5

Time[s]

P
os

iti
on

 e
rr

or
[r

ad
]

 

 θ error

0 0.5 1 1.5 2

0

20
40

60

Time[s]

q-
ax

is
 c

ur
re

nt
[A

]

 

 

q-axis current

 
(a)                                                      (b)                                                      (c) 

Fig. 10: Under loaded condition, step speed control experimental results: step speed command from 0 
to 100r/min. (a) 15% rated load condition. (b) 50% rated load condition. (c) 90% rated load condition. 

Conclusion 
In this paper, a position sensorless control method based on a rotating voltage signal injection at the 
stationary reference frame has been proposed. To improve the performance of sensorless control, the 
frequency of the injected signal is increased. By increasing the injection frequency up to the half 
PWM switching frequency, the fundamental frequency is definitely separated from the injection 
frequency. To overcome the shortcomings of the conventional demodulation process, such as low-
pass-filtering and multiplication of the current with sine and cosine of the estimated rotor angle, a 
direct calculation demodulation method has been devised. This method extracts not the rotor position 
error, but the real rotor position through two consecutive samples of the current. Even in the transient 
state, the proposed method can track the real rotor position reasonably well and it does not need any 
Low-Pass-Filter to extract the rotor position. Through the extensive experimental results, the 
performance of the proposed method has been verified.  
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