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Abstract – High frequency signal injection (HFI) is an alternative method for estimating rotor 
position of interior permanent magnet synchronous motor (IPMSM). The general method of frequency 
and amplitude selection is based on error tolerance and experiments, and is usually set with only one 
group of HF parameters, which is not efficient for different working modes. This paper proposes a 
novel rotor position estimation scheme by HFI with optimized frequency and amplitude, based on the 
mathematic model of IPMSM. The requirements for standstill and low-speed operational modes are 
met by applying this novel scheme. Additionally, the effects of the frequency and amplitude of the 
injected HF signal on the position estimation results under different operating conditions are analyzed. 
Furthermore, an optimization method for HF parameter selection is proposed to make the estimation 
process more efficient under different working conditions according to error tolerance. The 
effectiveness of the propose scheme is verified by the experiments on an IPMSM motor prototype. 
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1. Introduction 
 
Interior permanent magnet synchronous motors (IPMSM) 

are now widely used in industrial fields, such as 
industrial robots, electric vehicles, high-end CNC (Computer 
Numerical Control) machine tools, etc., owing to their 
high energy density, fast dynamic response and strong 
overload capacity [1-4]. In order to achieve precise control 
of IPMSM, accurate information of the rotor position is 
required. The commonly used method is mounting a 
position sensor on the motor shaft end, such as encoder, 
resolver, holzer, etc., and a corresponding decoding circuit 
is designed to obtain the rotor position. However, it boosts 
the cost, and more importantly, the system reliability is 
reduced due to the addition of sensors, electronic devices 
and extra cabling. As an alternative, sensorless control 
technology can be used to improve the overall reliability of 
the system in case of position sensor failure. Therefore, 
sensorless control is mainly concerned and widely applied 
as a technology to eliminate the defects of traditional 
position sensors [5-8]. 

Two basic methods of estimating the rotor position are: 
mathematical model based method [2, 9-13] and magnetic 
saliency tracking based method [14-20]. The mathematical 
model based method has good performance at high speed. 
However, it gives the motor poor performance under low 
speed and standstill conditions, and its algorithm is usually 
complicated, which means the performance can be easily 
affected by the changes of motor parameters. Magnetic 
saliency tracking based method, such as high frequency 
signal injection (HFI) method, has good performance at 
standstill and low speed conditions, which makes it 
popular and widely applied. The HF signal can be sinusoidal-
wave signal [15-17] or square-wave-type carrier signal 
[18-20]. 

For sinusoidal-wave signal injection based strategies, 
researchers have done a lot of work. In [21], a novel pulse 
width modulation (PWM) scheme for multi-space-vector 
pulse width modulation (MSVPWM) is proposed, which 
is used in position sensorless control of IPMSM drives. 
In [22], sensorless vector control operating under fault 
conditions is discussed. In [23], the inuence of asymmetric 
machine parameters on carrier signal injection-based 
(rotating or pulsating) sensorless control of PMSMs is 
investigated. In [24], the HF inductance harmonics generated 
due to the saturation modulation between the HF eld and 
main ux eld are utilized for rotor position estimation. 
Paper [25] proposed a strategy to select an appropriate 
voltage amplitude for the injected HF signal for rotor 
position estimation. Signicant electromagnetic and acoustic 
noises are caused when the xed-frequency signal injection 
method is employed in conventional HF sensorless control 
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schemes for IPMSM drives [26]. The general method of 
selecting the values of frequency and amplitude for HF 
signals is based on error tolerance and experiments, and is 
usually set with only one group of HF parameters. This 
approach is usually effective, whereas it takes a lot of time 
and effort [27-29]. Moreover, from the following chapters 
of this paper it is found that the effects of the HF frequency 
and amplitude on position estimation are different under 
different operating conditions. In other words, the HF 
frequency and amplitude should be selected according to 
different motor running states. Smaller estimation error 
can be obtained by simply increasing the HF amplitude, 
whereas an excessive HF amplitude increases additional 
system losses and vibration. Besides, with the increase of 
amplitude, the decreasing rate in error becomes lower. 
In most of the cases, the selected value of HF frequency 
is much bigger than that of the fundamental frequency, 
whereas it is much smaller than that of the switching 
frequency [30, 31]. However, when the same error 
tolerance is applied, the value of HF frequency affects 
the selection of HF amplitude, and the specific reflection 
of the effects depends on the operating conditions. To 
meet the error tolerance, a sufficiently large HF 
amplitude should be set, whereas concerning the system 
efficiency and additional vibration, the magnitude cannot 
be set with an excessive big value. To satisfy the two 
requirements simultaneously, and take into account the 
different operating conditions, optimal HF parameters 
should be obtained. 

Therefore, in this paper, the mathematic model of IPMSM 
is analyzed, and then, a novel IPMSM rotor position 
estimation method with HF amplitude and frequency 
optimization is proposed for standstill and low-speed 
conditions to meet the error tolerance and decrease the 
additional system losses and vibration with an appropriate 
value of HF amplitude. The paper indicates that the optimal 
HF frequency and amplitude should be selected according 
to different operating conditions and speed ranges to meet 
the estimation error tolerance. The structure of this paper is 
organized as follows. In the second part, a novel IPMSM 
rotor position estimation method is proposed. In the third 
part, the effects of HF frequency and amplitude on the 
position estimation error under different operating conditions 
are analyzed through experimental results on an IPMSM. 
In the fourth part, HF method with amplitude and frequency 
optimization is analyzed. In the fifth part, experimental 
results and analysis are illustrated. In the sixth part, the 
conclusion of this paper is given. 

 
 

2. High Frequency Signal Injection (HFI)  
Method 

 
The voltage and magnetic flux of the IPMSM in the 

Clark (α-β) reference are given by [21] 
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In (1), ω and R can be ignored when analyzing the HF 

currents. Thus HF voltage of IPMSM can be obtained from 
(1) ~ (4) by ignoring the first and third items in (1) 
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The HF signals are given by 
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Combining (5), (6), and 2/3 transformation, the HF 

current response (in three phase static reference frame) are 
given by 
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From (7) and (8), it is known that the phase difference 

between the positive and negative sequence components in 
(7) is related to the rotor position which is given by 
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Therefore, by separating the positive and negative 
sequence components, the phase of each component can be 
obtained by least square fitting, and finally the rotor position 
can be obtained by calculating the phase difference: 

1) The phase difference between the positive and negative 
sequence components in phase A is two times of θ 

 

 ( ) 2+
A Aθ= φ φ-- .          (12) 

 
2) The phase difference between the positive and negative 

sequence components in phase B minus 2π/3 is two times 
of θ 

 
 ( )2 3 2+

B Bθ= φ φ π-- - . (13) 

 
3) The phase difference between the positive and 

negative sequence components in phase C plus 2π/3 is two 
times of θ 

 

 ( )2 3 2+
C Cθ= φ φ + π-- .         (14) 

 
4) Summation of the phase differences between the 

positive and negative sequence components in phase A, B, 
and C is six times of θ 
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Any of the above methods can be used to estimate the 

rotor position. Taking into account the actual application 
of the software overhead, the rotor position can be 
estimated by analyzing the positive and negative sequence 
components of an arbitrary phase. The experimental results 
show that the rotor position can be estimated by any of 
the 4 methods mentioned above, and there are no obvious 

differences among the estimated values. The rotor position 
estimation in the following parts in this paper is obtained 
by analyzing the HF current response of phase A. 

The proposed position estimation process flow chart is 
shown in Fig. 1, where C and P represent coefficients of 
different estimation methods. The three-phase HF currents 
are firstly obtained by band pass filtering (BPF) of the phase 
currents. The synchronized rotating coordinate transform is 
utilized to calculate the positive and negative sequence 
components of HF currents. And then least square fitting 
algorithm is applied in the phase angle extraction process 
which are used in (12) to obtain rotor position. The rotor 
velocity can be calculated as the low-pass filtering of the 
differential value of rotor position 
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3. Effects of the HF Frequency and Amplitude on 
Position Estimation Results 

 
In this paper, experiments have been carried out on an 

IPMSM motor prototype using the proposed sensorless 
control technique to analyze the effects of the HF 
frequency and amplitude on the position estimation error 
under different operating conditions. 

In the following parts, estimation results have been 
studied in detail with different HF frequencies and 
amplitudes under the five operating conditions (including 
starting operation, low speed operation, mid-low speed 
operation, medium speed operation and speed reverse 
operation). 

An experimental platform with an 11kW IPMSM 
motor prototype shown in Fig. 2 is used to verify the 
effectiveness of the propose scheme. Table 1 lists the 
parameters of the IPMSM. A magnetic powder brake is 
coaxially connected to the IPMSM to set up the test load. 
The controller is supplied to IPMSM in AC-DC-AC 
mode, and the control algorithm is realized by a DSP chip 
TMS320F2812 produced by TI. The PWM frequency is set 
to 10kHz, which is realized by an intelligent power module 
(IPM) PM75RLA120 (produced by Mitsubishi). 

 

 
Fig. 2. Experimental platform 

 
Fig. 1. Structure diagram of rotor position estimation 

method 
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Table 1. Motor prototype parameters 
Parameter VALUE Parameter Value 

Rated power 11 kW Rated toque 17.5 Nm 
Rated speed 6000 r/min Resistance 0.18 Ω 

Rated voltage 380 V d-axis Inductance 4.2 mH 
Rated current 16.7 A q-axis Inductance 10.1 mH 
 

Table 2. Average estimation error in starting mode ∆θ(°) 
fh(Hz) 

Uh(V) 500 750 1000 1250 1500 

10 4.02 5.83 6.1 6.49 7.02 
20 3.21 3.4 3.61 3.95 4.55 
30 2.68 2.73 2.86 3.62 3.5 
40 2.6 2.65 2.81 3.14 3.15 
50 2.57 2.54 2.63 2.6 2.96 
60 2.51 2.53 2.55 2.57 2.86 
70 2.32 2.45 2.39 2.44 2.75 
80 2.15 2.33 2.28 2.36 2.71 

 
The HF frequency is set to 500Hz, 750Hz, 1000Hz, 

1250Hz, 1500Hz, and the amplitude is set to 10V, 20V, ..., 
80V for each operating mode, in order to obtain the 
estimation result from low to extremely high accuracy. 
Estimation results are different under diverse HF 
frequencies and amplitudes. Actual and estimated rotor 
positions with estimation errors by applying various 
combination of HF frequencies and amplitudes are 
presented in Fig. 3 respectively for the five operating 
modes. In addition, the most and least accurate estimation 
waveforms are displayed. 

 
3.1 Starting mode operation 

 
Starting operation refers to the process of starting a 

motor from the static state. In this paper, the speed of the 
motor is set from 0 rpm to 150 rpm for this mode. 

More accurate position estimation results are derived 
based on the extreme selection of the HF frequency and 
amplitude, which brings more noise and vibration, 
deteriorating the efficiency of the system. The maximum 
position estimation error in the starting mode decreases 
with the increase of HF amplitude in each frequency band, 
among which the estimation in the low frequency segment 
is more accurate. Numerical data of the average estimation 
error are shown in Table 2, in which the minimum 
estimation error occurs in the case of 80 V, 500 Hz. 

 
3.2 Low speed operation 

 
Low speed operation refers to the motor running at a 

very low speed, which is selected as 100rpm in the 
experiment. 

Similar to the previous mode, the accuracy of the rotor 
position estimation is increased when the amplitude of the 
injected HF signal goes higher in each frequency band. 
On the contrary, an inaccurate estimation is obtained in 
the case of 10 V, 1500 Hz. In general, estimation in low 
frequency bands gives small error. Numerical data of the 

average estimated error are shown in Table 3, where the 
minimum estimation error occurs in the case of 80 V, 1000 
Hz.  

 
3.3 Mid-low speed operation 

 
Mid-Low speed operation is explained as the state when 

the motor is running at a speed which is a little bit larger 
than that of the low speed operation. In this paper, the 
speed of the motor in this operational mode is set to 300 
rpm. 

From Fig. 3(c), it can be seen that the maximum position 
estimation error in mid-low speed mode decreases with the 
increase of HF amplitude in each frequency band. More 
accurate estimation is derived in the low frequency 
segment. In addition, the position estimation fails in the 
case of 10 V, 1250/1500 Hz. Numerical data of the average 
estimated error are shown in Table 4, and when the 
amplitude and frequency are set to 80 V, 1000 Hz, the 
estimation is the most accurate.  

 
3.4 Medium speed operation 

 
When the motor runs at a moderate speed, the 

operational mode is defined as medium speed operation. 
For this operational state, the speed of the motor is set to 
800 rpm. 

An inverse proportional relationship between the 
maximum position estimation error in the medium speed 
mode and the HF amplitude in each frequency band is 
observed, among which the estimation for the middle 
frequency segment is more accurate. In the cases of 10 V, 
500/750/1500 Hz, failure in estimating the rotor position 

Table 3. Average estimation error in low speed operation 
∆θ(°) 

fh(Hz) 
Uh(V) 500 750 1000 1250 1500 

10 4.17 5.26 6.34 7.25 29.11 
20 2.856 3.73 4.57 4.77 5.65 
30 2.15 2.76 3.5 3.67 4 
40 1.86 2 2.66 3.11 3.23 
50 1.64 1.69 1.85 2.71 2.94 
60 1.64 1.67 1.82 2.47 2.92 
70 1.64 1.6 1.73 2.32 2.65 
80 1.6 1.56 1.43 2.07 2.30 

 
Table 4. Average estimation error in mid-low speed 

operation ∆θ(°) 
fh(Hz) 

Uh(V) 500 750 1000 1250 1500 

10 4.68 5.1 6.04 7.43 76.46 
20 2.59 3.2 4.35 4.37 5.04 
30 2.04 2.52 3.52 3.59 4.31 
40 1.91 2.23 2.86 3.4 4.03 
50 1.76 1.97 2.58 2.86 3.27 
60 1.75 1.8 2.16 2.56 3.09 
70 1.7 1.67 1.75 2.13 2.62 
80 1.69 1.6 1.52 1.79 2.18 
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appears. According to numerical data of the average 
estimated error displayed in Table 5, the case of 80 V, 750 
Hz gives the minimum estimation error.  

3.5 Speed reverse operation 
 
Different from all the four modes mentioned above, the 

rotating direction of the motor for speed reverse operation 
changes during the process. In this paper, the motor speed 
is set from 400 rpm to -400 rpm. 

When the HF amplitude in each frequency band rises, 
the maximum position estimation error in the speed reverse 
condition is reduced. In terms of the erroneous position 
estimation situations, 10 V, 750/1000/1500 Hz are selected 
as the amplitude and frequencies respectively. Referring to 
Table 6, the minimum estimation is obtained when the case 
of 80 V, 500 Hz is selected, which gives the most accurate 
estimation.  

Taking the motor in this paper for an example, if the 
error tolerance is set as ∆θ ≦ 3°(electric angle), HF 

 
Fig. 3. Actual and estimated rotor position with estimation error, maximum estimated rotor position error in different HF 

parameters and operating conditions 

Table 5. Average estimation error in medium speed 
operation ∆θ(°) 

fh(Hz) 
Uh(V) 500 750 1000 1250 1500 

10 82.7 94.76 7.62 6.92 94.95 
20 5.71 4.63 5.17 5.3 5.65 
30 4.04 3.42 3.78 3.91 4.27 
40 3.09 2.62 3.01 3.33 3.62 
50 2.5 2.09 2.56 2.68 3.11 
60 2.15 1.87 2.18 2.47 2.86 
70 2.01 1.75 1.85 2.22 2.51 
80 1.91 1.62 1.73 2.11 2.31 
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frequency and amplitude combination that meet the 
requirements are those with grey shading marks in Table 
2~6. Considering the efficiency, vibration and noise, 
smaller HF amplitudes are better choices. Besides, a lower 
HF frequency produces more vibration and noise. Thus 
efficiency, vibration and noise should be considered when 
selecting the optimal combination of the amplitude and 
frequency for the HF signal. Optimal combination in Table 
2 ~ 6 are those marked with a box (∆θ≦3°). It can be seen 
that the optimal HF signal combinations are not exactly the 
same under different operating conditions. 

 
 

4. Effects of the HF Frequency and Amplitude on 
Position Estimation Results 

 
4.1 Principle of amplitude and frequency optimi-

zation 
 
From (7) and (8), it is clear that three phase HF current 

responses are sinusoidal waveforms with variable 
amplitudes. Because θ is extracted from the HF current 
signal, in order to increase estimation accuracy, proper HF 
parameters should be obtained. If the signal-to-noise ratio 
is lower than a reasonable value, a large estimation error 
will be derived. By combining (3), (7), and (8), the range 
of variation for three phase HF current amplitude is given 
by 
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Apparently, the maximum/minimum peak value of HF 

current depends linearly on the value of the injected HF 
voltage value Uh, and inversely proportional to the HF 
signal electrical angular velocity ωh. In addition, the peak 
value varies due to the different d-q axis inductance. To 
obtain a lower estimation error, Uh can be set with a 
relatively high value if necessary, however, fh cannot be 
set too low to avoid the noise generated by model 
approximation (shown in (5)) and frequency interference. 
As fh is about median of the fundamental frequency ff and 

switching frequency fs, as shown in (18), it is very 
susceptible to interference. In addition, due to the presence 
of system white noise, the interference can be very 
serious from time to time. In order to obtain the optimal 
system efficiency and meet the requirements of estimation 
accuracy, the optimized values of Uh and fh should be 
obtained. 

 
 f h sf f f< <  (18) 

 
From the above analysis, it can be seen that under each 

operating condition, a large error or even failure may occur 
in the estimation process by injecting a HF signal with a 
very small amplitude. Smaller position estimation error 
can be obtained by increasing the HF amplitude, whereas 
an excessive HF amplitude increases the system losses, 
producing more vibration and noise, and the decline in 
error decelerates with the increase of amplitude. Therefore, 
it is very important to select a reasonable value for the 
HF amplitude. HF frequencies also cause some impacts 
on the estimation results: in low speed conditions, it is 
clear that lower HF frequencies lead to more accurate 
estimation results; whereas in the medium speed or speed 
reverse conditions, the optimal frequency of the HF 
signal tends to have a larger value. From another point of 
considering this problem, in the case of the same error 
tolerance, the minimum value of the HF amplitude varies 
with different HF frequencies, i.e., an appropriate value 
of HF frequency minimizes the HF amplitude. Even if the 
selections of the HF frequency and amplitude are totally 
the same for different operating conditions, there are 
distinct differences among the estimation errors. Under 
this circumstance, in order to get better estimation results 
in practical applications, it is necessary to optimize values 
of HF frequency and amplitude according to different 
operating conditions and speed segments. If one group of 
HF frequency and amplitude is set, an accurate estimation 

Table 6. Average estimation error in speed reverse 
operation ∆θ(°) 

fh(Hz) 
Uh(V) 500 750 1000 1250 1500 

10 4.63 59.59 22.11 6.32 8.82 
20 3.31 6.47 3.99 4.23 4.58 
30 3.11 4.61 3.43 3.45 3.68 
40 3.02 3.77 3.09 3.11 3.63 
50 2.76 3.55 2.83 2.68 3.37 
60 2.69 3.33 2.7 2.65 2.8 
70 2.64 2.79 2.63 2.58 2.74 
80 2.58 2.69 2.55 2.53 2.61 

 

 
Fig. 4. Flow chart of rotor position estimation method 
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of the rotor position is likely to be obtained. However, 
such an accurate estimation is not necessary in some cases, 
whereas the accuracy does not meet the requirements in 
other cases. 

 
4.2 Optimized parameter selection method 

 
HF parameters should be optimized according to 

operating conditions and estimation error tolerance. In 
order to obtain the optimal HF parameters by a minimum 
number of trials, a few steps should be carried out as 
shown in Fig. 4.  

1) An average error tolerance σ should be chosen first, 
which is based on the comparison with the difference 
between the estimated rotor angle and the actual one. 

 
 'σ θ θ³ - . (19) 

 
Then, a series of discrete HF frequency testing points f1, 

f2, ..., fn, that meet the requirements of (18), and HF 
amplitude testing points U1, U2, ..., Um are selected 
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1 2
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f f f
U U U
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2) Select different operating conditions for tests. From 

U1 to Um, test if the estimation error meets (19) by using 
ftest = f1. Once (19) is satisfied by Uk, Uh, and fh is defined 
by (21), the next frequency point will be tested 

 

 h k

h test

U =U
f =f

ì
í
î

. (21) 

 
3) By applying ftest = f2, ..., fn, test if Uh satisfies (19). If 

not, test the next frequency point without changing Uh 
and fh. Otherwise, the lowest HF amplitude Uk with the 
frequency ftest which satisfies (19), should be tested by 
applying values from Uh to U1, then Uh and fh will be 
redefined by (21), after that the next frequency point will 
be tested. Finally, the optimal HF parameters are obtained. 

In this part, the HF parameters optimization method for 
a specified operating mode is illustrated. The selected HF 
parameters reach the optimal control results in the specified 

operating mode. Whereas for other operation conditions, 
the control results using the selected HF parameters may 
not meet the control requirements. For different working 
conditions in this paper, the optimized HF parameters are 
selected from the previously tested parameters for each 
operating mode. 

A structure diagram of IPMSM drive using the HFI 
scheme with amplitude and frequency optimization is 
shown in Fig. 5. The two pink blocks are position and 
speed estimation processes using HF method. The yellow 
block represents the HF signal injection process. The HF 
parameter optimizing process is illustrated by the cyan 
block, which judges the motor running state by analyzing 
the estimated motor speed, rotor position and winding 
current, and then the optimized HF amplitude and frequency 
are given. 

 
 

5. Experimental Results and Analysis 
 
Fig. 6 illustrates the experimental results of phase currents 

and d-q axis currents between single group of HF signal 
(750Hz, 30V, scheme 1 with subscript “1”) and different 
HF signal combinations (scheme 2 with subscript “2”). From 
0 s to 0.75 s the motor operates at starting mode. From 0.75 
s to 1.05 s the motor operates at very low speed of 100 rpm. 
From 1.05 s to 1.35 s the motor operates at medium speed 
of 300 rpm. From 1.35 s to 1.95 s the motor operates a 
speed reversing mode from 300 rpm to -800 rpm. From 
2.2 s to 2.5 s the motor operates at high speed of -800 
rpm. The experimental results of rotor speed and position 
are displayed in Fig. 7. From the figure, it can be seen 
that the two schemes meet the needs of position estimation 
under different operating conditions. In the figure, the 
experimental results of scheme 1 have relatively small 
errors in both starting and low speed operations, whereas 
the difference of results between the two schemes is not 
distinct. However, in high speed and speed reverse 
operations, the situation is completely different, where 
the error in the estimated value in scheme 1 is much larger 
than that in scheme 2. By applying variable HF parameters, 
improvements are shown in high speed and speed reverse 
operations compared to scheme 1. Estimation error in 

 
Fig. 5. Structure diagram of IPMSM drive using HFI scheme with amplitude and frequency optimization 
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scheme 2 remain approximately unchanged during different 
operations. It can be concluded that estimation results of 
scheme 1 which utilizes single parameter of HF signal (750 
Hz, 30 V), have better estimation results in starting and 
low speed operations. Whereas from about 1.05 s when the 
motor operates medium or high speed and reversing modes, 
the estimation error become larger. By applying variable 

HF parameters, the estimation error in all operation modes 
can be controlled within a same low level. In addition, 
vibration and noise is also reduced in starting and low 
speed operations by depressing the HF magnitude, because 
such high HF magnitude is unnecessary in scheme 1. 
Estimation error, as depicted in Fig. 7, still exists even in 
HF parameter optimized method. Which is mainly caused 
by current sampling error, external disturbance, model 
mathematical approximation error, asymmetry of the motor 
structure and the current response error caused by different 
saturation of the rotor. 

Comparison between the HF method mentioned in [15, 
16, 25, 28] (using one group of HF parameter) and the 
proposed parameter optimization method in the fourth part 
(using different HF parameters according to operating 
conditions) are shown in Table 7. From Table 7, it can be 
seen that HF parameters in the optimized method vary with 
operating states compared to the method using one group 
of HF parameter. In the optimized method, no significant 
differences in estimation results are displayed under 
different operating conditions compared to the other 
method. Additionally, under certain operating conditions, 
the system losses, vibration and noise are reduced due to 
the decrease in the HF amplitude.  

 
 

6. Conclusion 
 
In this paper a novel HF method was proposed for 

sensorless control of IPMSM by using a HF amplitude and 
frequency optimization scheme. Firstly, the mathematical 
model of IPMSM was derived by reasonable analysis. 
Secondly, a sensorless rotor position estimation scheme 
was proposed for IPMSM using HF signal injection with 
frequency and amplitude optimization. It was deduced that 
the increase of HF amplitude contributed to more accurate 
estimation results, whereas some problems occurred, 
such as increased vibration, noise and losses. Thirdly, 
corresponding analysis indicated that the value of the HF 
amplitude varies with different HF frequencies when the 
same error tolerance was applied, and a more reasonable 
choice of HF frequency reduced the HF amplitude. The 
optimal HF parameters were selected according to different 
operating states and speed ranges to obtain a more accurate 
estimation result. Finally, an HF parameter optimization 
method was proposed and the comparison with the method 
using one group of HF parameter was given.  

 
 

Nomenclature 
 
uα, uβ, iα, iβ Voltages and currents in the Clark (α-β) 

reference frame. 
uαh, uβh, iαh, iβh HF voltages and currents in the Clark 

reference frame. 
uAh, uBh, uCh HF signal voltage in three phase static 

 
Fig. 6. Experimental results of phase currents and d-q axis 

currents between single group of HF signal (750Hz, 
30V) and different HF signal combinations 

 

 
Fig. 7. Experimental results of rotor speed and position 

between single group of HF signal (750Hz, 30V) 
and different HF signal combinations 

 
Table 7. Comparison between HF method and parameter 

optimized method 

 HF method using one group  
of HF parameter 

Parameter optimization 
method 

HF  
parameters Remain the same. Vary with operating 

conditions. 
Estimation 

results 
Vary with operating  

conditions. 
Gain same estimation 

result. 

Estimation 
Efficiency 

Vary with operating conditions 
due to a constant HF amplitude. 

Gain same efficiency 
due to a variable HF 

amplitude. 
System losses, 
vibration and 

noise 

Increased due to excessive HF 
amplitude, which is not 

necessary in some conditions. 

Reduced by applying 
variable HF amplitude. 

Algorithm Simple. Slightly complex. 
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(A-B-C) frame (V). 
iAh, iBh, iCh HF current response in three phase static 

frame (A). 
Ipeakmax, Ipeakmin Maximum/minimum peak value of three 

phase HF current. 
Uh HF signal voltage amplitude (V). 
R Stator resistance (Ω). 
d / d t Differential of time t. 
ψf Full flux linkage of PM (Wb). 
ω Electrical rotor speed (rad/s). 
ωh HF signal electrical angular velocity (rad/s). 
fh HF signal frequency (Hz). 
θ, θ' Actual and estimated electrical rotor position (°). 
∆θ Estimation error (°). 
Ld, Lq d and q-axis stator inductances (H). 

+
Aφ , +

Bφ , +
Cφ  Positive sequence component phases. 

Aφ- , Bφ- , Cφ-  Negative sequence component phases. 
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