
  

  

1 INTRODUCTION 
In the past decade, the sensorless control of permanent 
magnet synchronous motors (PMSMs) has attracted a great 
attention in order to avoid the use of mechanical position 
sensors, which have various limitations such as the 
hardware complexity and hence the increased system cost 
and reduced system reliability [1-3]. Besides many other 
advantages, such as the simplicity of the control algorithm 
and fast dynamic response, the direct toque control (DTC) 
scheme does not need a position sensor at medium and high 
speeds since it can identify the position of the rotor magnetic 
flux vector from the back electromotive force (emf) [4, 5]. 
When the rotor is stationary or rotating at low speeds, 
however, the DTC scheme cannot operate well. For 
practical application, it is crucial to identify the correct 
initial rotor position, especially for starting under full load. 

To acquire the rotor position information at standstill or low 
speed, the structural and magnetic saturation saliencies, 
which exist to a large or small extent in almost all types of 
PMSMs, are often utilized. In most cases, the position of the 
rotor axis could be acquired with the structural saliency, 
while the magnetic polarity could only be identified by 
using the saturation saliency, which is generated by the rotor 
permanent magnets and stator currents. The information of 
the structural and magnetic saturation saliencies can 
normally be obtained by measuring the stator winding 
inductances as functions of the rotor position and stator 
currents [6]. 
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Most of the initial rotor position estimation methods 
proposed so far can be effective for motors with large 
structural saliency, e.g. the interior PMSM. However, for 
the surface mounted PMSM, which does not have 
significant structural saliency, it is a serious problem to 
detect the rotor position at zero or low speeds. Many efforts 
have been made in this field such as high frequency signal 
injection method [7] and voltage pulse method [8, 9], and 
the latter is adopted in the work of this paper. 

Because of the lack of an appropriate PMSM model that 
incorporates both structural and saturation saliencies, the 
major current method for studying the initial rotor position 
estimation techniques is the experimental trial and error 
method, which takes a lot of time to implement and is not 
cost effective. The time-consuming tests can now be 
overcome by conducting a numerical trial and error process. 
This task, however, cannot be fulfilled by the conventional 
model, which incorporates only the structural saliency.  

In this paper, a nonlinear model of PMSMs which 
incorporates both the structural and magnetic saturation 
saliencies is presented. In this model, the self and mutual 
incremental inductances of the stator phase windings are 
expressed by Fourier series as functions of the rotor position 
and stator currents. A method to measure the incremental 
inductances on a surface mounted PMSM is outlined. With 
the model, an initial rotor position estimation scheme using 
voltage pulses is numerically simulated. The scheme is also 
tested and the results are compared with the inductance 
patterns. In this way, the effectiveness of the scheme can be 
analyzed and evaluated before being implemented in the 
practical system. 
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2 NONLINEAR MODEL OF PMSM WITH 
SALIENCIES  

2.1 Flux Linkage and Circuit Equations 

In terms of flux linkages and circuit parameters, the voltage 
equations of the three phase windings can be written as 
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where vj are the phase terminal voltages, Rj the phase 
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by the variation of flux linkage due to the saliencies. 

2.2  Electromagnetic Torque 

The electromagnetic torque of the PMSM can be obtained 
by taking the partial derivative of the system co-energy, Wf′, 
with respect to the rotor position angle θ, i.e. T=∂Wf′/∂θ, as: 
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3 INCREMENTAL INDUCTANCE  
3.1 Experimental Measurement of Phase Inductances 

To measure the self and mutual incremental inductances that 
incorporate the structural and saturation saliencies, the 
influence of both the rotor and stator fluxes should be 
considered. For the rotor flux, the inductances can be 
measured at different rotor positions, which are related to 
the structural saliency. Meanwhile, for the stator flux, DC 
offsets, iDC, with different amplitudes and positions are used 
to emulate the saturation effect of the 3 phase currents, 
which corresponds to the saturation saliency. 

The experiment was carried out on a 3-phase 6-pole surface 
mounted PMSM, which is rated as 1000 W, 128 V and 6.5 
A. The rotor of the motor is locked by a dividing head. 
Various DC offsets are injected to one of the stator windings 
to emulate the effect of stator flux. Meanwhile, a small AC 
current is applied to one phase while the other two are 
open-circuited. The self and mutual inductances of phases a, 
b and c at different rotor positions and stator fluxes can then 
be calculated via circuit analysis, as shown in Fig. 1.  
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Fig. 1: (a) Laa at various rotor positions with a DC offset of 5.5A in 
phase a and without DC offset; (b) Three phase self inductances 
with a DC offset of 5.5A in the three phase stator windings. 

3.2 Analytical Expression of Nonlinear Inductance 

Since the flux produced by the rotor permanent magnets of a 
PMSM can be considered as a constant, the inductances can 
be expressed as functions of the position of rotor flux, θr, the 
position of the stator flux, θs, and the amplitude of stator flux 
|Φs|. From Fig. 1, it can be seen that the self and mutual 
inductances of the stator windings incorporating the 
structural and saturation saliencies, and thus a large amount 
of data are required to describe these functions numerically.  

As discussed in [10], the phase inductance can be 
considered as a periodic function of the rotor angular 
position and varies nonlinearly with the stator current due to 
the saturation saliency. In the experiment, DC offsets have 
been used to emulate the stator flux, and therefore, the 
inductances can be further expressed as L(iDC, θr, θDC), 
where iDC and θDC refer to the amplitude and position of the 
applied DC offsets, and θr is the rotor position where the 
measurement is taken. For such a relationship, the following 
Fourier series with current dependent polynomial 
coefficients appears to be appropriate: 
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In Fig. 2, Φs1, Φs2, and Φs3 are the stator fluxes generated by 
the DC offsets in stator windings of phases a, b, and c, 
respectively, and Φr is the rotor flux at a given rotor 
position. When the DC offset is applied in phase a, as shown 
in Fig. 2(a) by Φs1 with an arbitrary different rotor position, 
the measured self inductance of phase a, Laa, corresponds to 
α=0º, δ=0º-360º, and ims=0~Irated (the rated current). 
Similarly in Figs. 2(b) and (c), Laa corresponds to α=120º 
and 240º, δ=0º-360º, and ims=0~Irated, respectively, because 
of the symmetry of three phase stator windings. 

Fig. 3 shows the self inductance of phase a, Laa, at different 
α with δ=0º-360º and ims=5.5A, and Fig. 4 the mutual 
inductance between phases b and c, Lbc, with a DC offset of 
5.5 A at different α. 

In this way, the structural and saturation saliencies of the 
motor magnetic field could be mapped out in terms of the 
three phase self and mutual inductances, and finally, the 



  

nonlinear expression of the self and mutual inductances at 
any rotor and stator flux can be readily incorporated into the 
PMSM model presented in Section 2. 

 a-axis 

Z 

Y 

B 

N 

S 

Φr 

A X 

Φs1 δ 

α=0 

b axis c axis 

C 

 

 a-axis Y 

B Z 

N 

S 

Φr 

A XΦs2 

δ 
α=120º 

b axis c axis 

C 

 
(a)                        (b) 
  a-axis

Z 

Y 

B 

N 

S 

Φr 

A X 
δ 

α=240º 

b axis c axis 

C 

Φs3 

 
(c) 

Fig. 2: Illustration of α and δ with a DC offset applied in (a) phase 
a, (b) phase b, and (c) phase c. 
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Fig. 3: Measured and computed Laa vs. α with a DC offset of 5.5A 
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Fig. 4: Measured and computed Lbc vs. α with a DC offset of 5.5A 

4 INITIAL ROTOR POSITION ESTIMATION  

4.1 Principle and System Configuration 

As discussed above, the winding inductances are functions 
of the rotor position and stator currents. With this feature, 
two kinds of voltage pulses with high and low amplitudes, 
as shown in Fig. 5, are injected into the stator winding 
terminals, respectively, for initial rotor position estimation. 
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Fig. 5: Low and high voltage pulses 

4.2 Experimental Results 

Both the high and low voltage pulses were applied to the 
testing motor. For each phase, the measurement was taken at 
every locked rotor position and the motor was mechanically 
rotated from one position to the next. The measured three 
phase currents with high voltage pulses are plotted in Fig. 6. 
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Fig. 6: Experimental current response to high voltage pulse 

4.3 Comparison of Peak Current and Inductance  

By analyzing the peak current waveform in Fig. 7 under the 
non-saturated and saturated conditions, it can be seen the 
magnetic saturation due to the stator currents could be 
neglected with the low voltage pulse. However, with the 
high voltage pulse, the magnetic saturation becomes 
evident. 

As demonstrated in Fig. 7(a) by the peak current variation 
with low voltage pulses and in Fig. 1(a) by the self 
inductance variation without the DC offset, the structural 
saliency is very small due to the surface mounted structure 
of the testing motor, and it is difficult to identify the position 
of rotor flux from these profiles. 

The effect of the saturation saliency becomes sufficiently 
evident in the profiles of the peak currents with high voltage 
pulses shown in Fig. 7(b) and the self inductances with a DC 
offset of 5.5A shown in Fig. 1(b). At some positions, the 
magnetic circuit becomes more saturated resulting in a 
smaller stator phase winding inductance when the stator flux 
produced by the high voltage pulses aids the rotor flux. At 
positions where the stator and rotor fluxes are opposite, 
however, the magnetic circuit becomes less saturated and 
the stator phase winding inductance becomes larger. The 
clear correspondence between the rotor position and current 



  

and inductance profiles as shown in Fig. 8 provides a 
possibility to estimate the initial rotor position. 
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Fig. 7: Peak current with (a) low, and (b) high voltage pulse. 

For the surface mounted PMSM, since the q-axis inductance 
is higher than that of the d-axis, the positions of the d- and 
q-axes can be clearly identified in both profiles of the 
inductance measured with and without the DC offset shown 
in Fig. 8. Due to the structural saliency, the peak current 
profile produced by the high voltage pulses reaches a valley 
when the stator flux aligns with the q-axis, and a peak when 
the stator flux aligns with the d-axis. It can be seen that the 
detected positions of d- and q-axes based on the inductance 
profile agree with the results based on the peak current 
variation. 

Once the positions of d- and q-axes are determined, the rotor 
polarity (north or south pole) can be revealed by the 
inductance profile with DC offsets, in which the saturation 
saliency is reflected. By comparing the absolute inductance 
values on the d-axis, the rotor polarity could be identified, 
e.g. the smaller value corresponds to the N pole. 

Meanwhile, the rotor polarity can also be identified by 
comparing the magnitudes of the peak stator currents on the 
d-axis. If the stator flux aids the rotor flux (same polarity) on 
the d-axis, the magnetic circuit becomes more saturated, and 
thus the magnitude of the stator current produced by the 
high pulse voltage would be higher than that when the stator 
flux opposes the rotor flux (opposite polarity) and the 
magnetic circuit becomes less saturated [2]. As illustrated in 
Fig. 8, the rotor polarities deduced by both the peak current 
variation and inductance profiles are the same. 
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Fig. 8: Correspondence between the variations of inductance and 
peak current of (a) phase a, (b) phase b, and (c) phase c. 

4.4 Simulated and Measured Peak Currents 

A Simulink model of the PMSM at standstill has been built 
and the voltage pulse injection algorithm outlined above is 
numerically simulated with the measured inductances as the 
parameters. Fig. 9 plots both the simulated and measured 
peak currents of phase a versus the rotor position when a 
high voltage pulse with a magnitude of 148 V and a pulse 
width of 0.6 ms is applied. 

The general profiles of the simulated and experimental peak 
currents are similar. As mentioned previously, the self and 
mutual inductances were measured only at limited rotor 
positions with several number of DC offsets applied in the 
stator windings, and the linear interpolation was performed 
to deduce the inductances at arbitrary rotor position and 
stator magnetic field. This means that the inductance values 
at these positions may be inaccurate and therefore, some 
error would appear in the simulated results. 
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Fig. 9: Simulated and measured peak currents of phase a. 

4.5 An Algorithm for Detecting Initial Rotor Position 

The above analysis shows that the positions of the d- and 
q-axes and the rotor polarity could be identified from the 
measured peak current versus rotor position curve. The peak 
current with the high voltage pulses can be modeled as [8, 9] 
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where Ia, Ib and Ic are the peak currents of stator phases a, b, 
and c, θe is the rotor position in electrical degrees, 
I0=(Ia+Ib+Ic)/3, and coefficients ΔI01 and ΔI02 are 
determined by curve-fitting the experimental results. 

Based on the above discussion, a very simple algorithm is 
derived for detecting the initial rotor position. The measured 
peak current variations of phases a, b and c at different rotor 
positions are stored in the memory of the microprocessor as 
a look up table. When the rotor is at standstill, the gate 
signals of 100, 010, and 001 are produced, and the positive 
high voltage pulses are applied to the three phase stator 
winding terminals, respectively. The three phase current 
responses are recorded and the peak values are selected. 
With the three peak current values, possible rotor positions 
can be found by solving (4)-(6) using a sectional 
interpolation method. For phase a, the possible rotor 
positions corresponding to the peak current Iap can be 
chosen as θa1 θa2, θa3, etc., and similarly, for phases b and c, 
the possible rotor positions corresponding to Ibp and Icp can 
be obtained as θb1 θb2, θb3, θc1 θc2, θc3, etc. Among all these 
possible rotor positions, the real rotor position is given by 
the common angle obtained of all three phases. Fig. 10 
compares the estimated and real rotor positions. 

To assess the accuracy of the scheme, an estimation error is 
defined as 
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where N is the number of rotor positions, max{} the 
function to identify the maximum value in the actual rotor 
positions, and θi_est and θi_act (i=1,2,…,N) are the estimated 
and actual rotor positions, respectively. The error of the 
estimation results calculated by (7) is 3.1%, which is 
satisfactory for general engineering work. 
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Fig. 10: Estimated and acutal initial rotor positions. 
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