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Abstract:    A novel nonlinear model for surface permanent magnet synchronous motors (SPMSMs) is adopted to estimate the 
initial rotor position for hybrid electric vehicles (HEVs). Usually, the accuracy of initial rotor position estimation for SPMSMs 
relies on magnetic saturation. To verify the saturation effect, the transient finite element analysis (FEA) model is presented first. 
Hybrid injection of a static voltage vector (SVV) superimposed with a high-frequency rotating voltage is proposed. The magnetic 
polarity is roughly identified with the aid of the saturation evaluation function, based on which an estimation of the position is 
performed. During this procedure, a special demodulation is suggested to extract signals of iron core saturation and rotor position. 
A Simulink/MATLAB platform for SPMSMs at standstill is constituted, and the effectiveness of the proposed strategy is verified. 
The proposed method is also validated by experimental results of an SPMSM drive. 
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1  Introduction 
 

Hybrid electric vehicles (HEVs) are one of the 
main trends in current vehicle development. Adding 
supplemental energy storage and energy conversion 
devices to conventionally powered passenger cars 
allows vehicle manufacturers to significantly increase 
energy usage efficiency of the overall vehicle. In 
these vehicles, essential requirements for the electric 
drive are low weight, small size, high efficiency, and 
low cost. When selecting a motor for the vehicle drive, 
a surface permanent magnet synchronous motor 
(SPMSM) is an obvious option for high efficiency 

and simple structure (Sigmund et al., 2014). Usually, 
a mechanical position sensor mounted on the shaft is 
incorporated in the drive for sinusoidal AC brushless 
drives, to guarantee field-oriented control and low 
torque ripples. Clearly, this would increase the cost 
and complexity of the electric drive. To overcome 
these drawbacks, sensorless control methods have 
attracted great attention during the past few years 
(Bolognani et al., 2011). Among various sensorless 
control methods, position estimation at low speeds is 
still a challenge. Normally, sensorless control meth-
ods at low speeds including standstill can be catego-
rized into three types: high-frequency (HF) rotating 
voltage injection, HF pulsating voltage injection, and 
square wave injection (Yang, 2015). Because the 
inherent saliency ratio of SPMSMs (ratio between q- 
and d-axis self-inductances, i.e., Lqq/Ldd) is quite 
small compared with that of an interior permanent 
magnet synchronous motor (IPMSM), it is arduous to 
estimate rotor position for SPMSMs with  
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conventional approaches. A compromise, but a viable 
option, for sensorless control, is to adopt a low- 
resolution Hall effect position sensor, which provides 
a typical resolution of 60° (electrical). Extraction for a 
high-resolution position from binary Hall effect sen-
sors was detailed in Harke et al. (2008). However, 
such an algorithm cannot be used when the motor 
starts due to a large position estimation error (up to 
60°). An accurate initial position estimation is needed 
to help start HEVs under a heavy load condition. 

In most studies, rotor position estimation for 
SPMSMs was completed with the aid of magnetic 
saturation effect (Seilmeier and Piepenbreier, 2011); 
i.e., the iron core is easier to saturate in the magnetic 
direction, and hence Ldd and Lqq could be made dif-
ferent. In Nakashima et al. (2000), position estimation 
was based on the mechanism that phase current re-
sponse increases when the corresponding phase gets 
close to the magnetic polarity. Then a sequence of 
voltage vectors was applied to the stator winding, and 
rotor position was obtained via comparison of current 
responses. Wang et al. (2012) used finite element 
analysis (FEA) to model a brushless DC motor. By 
injecting voltage from phase A and measuring the 
current responses in phases B and C, rotor position 
can be identified through comparison of response 
amplitudes. However, the estimation precision is up 
to 60o (electrical), so the applications of this method 
are restricted. In Fu et al. (2009), the FEA method was 
also used to estimate the rotor position at standstill for 
a two-phase permanent magnet (PM) motor. The 
basic approach is to inject an HF voltage from phase 
A and then to measure the induced electromotive 
force (EMF) of phase B. A variable incorporating 
self- and mutual-inductance was introduced to im-
prove estimation accuracy. However, a large number 
of preparatory measurements still need to be com-
pleted. In Li et al. (2007), the self-inductances Ldd and 
Lqq were measured based on the HF signal-injection 
method, and then they were used to compensate for 
the position estimation error for a brushless AC motor 
at low speeds. Since all necessary parameters are 
acquired by either the FEA method or measurements 
in advance, the application of this method is also 
restricted. In Yan et al. (2008), voltage pulses were 
applied to detect the saturation saliency, and magnetic 
polarity was determined by comparison of peak cur-

rent. However, in the test drive, the current peak value 
was sampled at a fixed time, and it is difficult to ob-
tain the amplitude of the triangle current response 
without a demodulation algorithm. 

Magnetic saturation in the iron core leads to flux 
linkages between the d- and q-axis, and hence in-
creases the difficulties in modeling a PM motor. Gao 
et al. (2005) proposed a nonlinear synchronous ma-
chine model in a phase frame. However, the model is 
so complicated that it is difficult to apply in sensorless 
control applications. In Wang et al. (2010), self- and 
mutual-inductances, considering structural and satu-
ration saliencies, were investigated based on Fourier 
series. Then a peak current comparison method was 
performed to estimate the rotor position. A compre-
hensive mathematical model considering the mag-
netic saturation effect was further suggested for PM 
machines, and the accuracy of the proposed nonlinear 
model was verified by experiments. 

In this paper, an initial rotor position estimation 
exploiting a nonlinear SPMSM model, as described in 
Wang et al. (2010), is proposed to improve position 
estimation accuracy. Since Ldd and Lqq have no sig-
nificant difference, it is difficult to estimate the rotor 
position at low speeds. This means that there presents 
no spatial saliency for an SPMSM and that the HF 
current cannot be modulated by rotor position. In this 
case, saturating the iron core before estimating rotor 
position provides a solution for SPMSMs. The pro-
posed strategy has the following innovative features: 
(1) Iron core saturation is depicted under different 
excitation currents; (2) The hybrid injection method is 
introduced, which consists of a static voltage vector 
(SVV) and an HF rotating voltage vector, and thus the 
machine saturation level can be altered by the SVV; 
(3) Magnetic polarity is roughly identified by com-
paring the saturation evaluation function, and then the 
most saturated machine can be obtained by fixing the 
SVV at this estimated magnetic polarity; (4) Satura-
tion evaluation function and rotor position infor-
mation is extracted with an easy-to-implement de-
modulation algorithm; (5) A position observer is 
adopted to improve the accuracy of the estimated 
position. The entire strategy is tested by simulation 
and experiment, and the results show that the pro-
posed method has a high precision in estimating the 
initial rotor position for SPMSMs. 
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2  Principle and verification 

2.1  Principle of magnetic saturation effect 

The magnetic saturation effect exists in PM 
machines. When taking into account this phenome-
non, the nonlinear model for PM motors in a d-q 
frame can be written as (Liang et al., 2010) 
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                (2) 

 
where R is the stator resistance, p the differential 
operator, ωe the electrical angular velocity of the rotor, 
ud and uq the d- and q-axis stator voltages, respec-
tively, id and iq the d- and q-axis stator currents, re-
spectively, Ldd and Lqq the d- and q-axis self-  
inductances, respectively, ψd and ψq the d- and q-axis 
flux linkages, respectively, and Ldq and Lqd the d- and 
q-axis mutual-inductances, respectively. 

For SPMSMs, the saliency ratio (Lqq/Ldd) is 
vanishingly small, which is essential for rotor position 
estimation at low speeds. However, the saliency ratio 
can be altered by a stator excitation current, and thus 
provides a solution for detecting rotor position. Iron 
core saturation takes place in the direction of the total 
equivalent excitation current (Fig. 1). The equivalent 
excitation current can be illustrated by (El-Serafi and 
Wu, 1993) 

 
it = is + if,                              (3) 

 
where if represents the equivalent excitation current 
vector of the PM, is the stator current vector, and it the 
resultant excitation current vector. 

By projecting it onto the d- and q-axis, respec-
tively, as shown in Fig. 1, one can derive 
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where idt and iqt are the d-q frame equivalent excita-
tion currents, respectively, δ the direction of it in the 
d-q frame, ψ() the flux linkage function of the iron 
core, and ||·|| the vector magnitude. 

Hence, self-inductances of the d-q frame can be 
derived as 
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Ldd and Lqq are tangent-slope inductances, as shown in 
Fig. 2. The iron core will become saturated when δ is 
located between 0 and 90o (electrical). In such condi-
tions, an artificial magnetic saliency for SPMSMs is 
acquired, i.e., Lqq/Ldd >1. 
 
 
 
 
 
 
 
 
 
 
 
 

The magnetic saturation also introduces mutual- 
flux linkages, which can be expressed as 

 

t( ),dq d di                          (10) 

t( ),qd q qi                          (11) 

 
where ψdq and ψqd are mutual-flux linkages. The 
corresponding mutual-inductances are derived as 

Fig. 1  Vector decomposition for flux linkage and excita-
tion current 

Fig. 2  Magnetic property for the iron core 
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Thus, the inductance matrix in Eq. (1) can be obtained 
as (Wang et al., 2010) 
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where Lc is the chord-slope inductance, Lt the tangent 
slope inductance (Fig. 2), and ksat a saturation variable. 
In fact, values of ksat and 1/Lc increase when the motor 
becomes more saturated. As can be seen from 
Eq. (14), δ will introduce an error into rotor position 
estimation, and it is crucial to reduce this adverse 
impact. 

2.2  Verification for magnetic saturation effect  

To illustrate the nonlinear model, a prototype 
SPMSM is designed using Ansoft/Maxwell software. 
The inductance matrix is calculated by 2D FEA. 
During the simulation, the SPMSM is excited by is, 
and hence the motor saturation level can be altered. 
Note that is represents the injected low-frequency 
excitation current, which is used to alter motor satu-
ration, and it is different from HF injection signals. 

The simulation is performed with δ=0, and is 
rotating synchronously with the rotor. The character-
istics for Ldd- and Lqq-position are computed with 
different is (Fig. 3). The simulation parameters are 
listed in Table 1. 

As can be seen from Fig. 3, Ldd and Lqq decrease 
when the SPMSM becomes more saturated, and Ldd 
changes much more significantly than Lqq (Ldd and Lqq 
are equal at ||is||=0, but differ remarkably at ||is||=10 
A). However, the cause of the slot effect is fluctuation 
of Ldd and Lqq as the rotor rotates. Fortunately, this 
adverse factor can be ignored since the rotor does not 
rotate. 

The results imply that by injecting is into the 
magnetic direction, Ldd and Lqq can be altered. 
Providing that this saturation is large enough, it is 
feasible to estimate rotor position for SPMSMs. In 
this study, only the initial position estimation for 
SPMSMs is investigated, and the primary concern 
should be how to saturate the machine. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3  Proposed initial position detection strategy 

3.1  Definition of saturation evaluation function 

The nonlinear model for SPMSMs in the d-q 
frame lacks rotor position information, and therefore 
it must be transformed to the α-β frame. The HF 
model for SPMSMs at standstill is established as in 
Eqs. (17) and (18). Generally, the stator resistance is 

Table 1  Ansoft/Maxwell simulation parameters 

Description Value 

Amplitude of is 0, 2, 4, 6, 8, 10 A 

Angular velocity of is 2π×50 rad/s 

Pole pairs 4 

Angular velocity of rotor 2π×50/4 rad/s 

Initial rotor position 0° 

Stator slot number 28 

Fig. 3  Inductance-position characteristics: (a) Lqq-position;
(b) Ldd-position (References to color refer to the online
version of this figure) 
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much smaller than the HF impedance and can be 
neglected. 
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where uαh and uβh are the α-β axis HF stator voltages, 
respectively, iαh and iβh the α-β axis HF current re-
sponses, respectively, Lαα and Lββ the α-β axis 
self-inductances, respectively, and Lαβ and Lβα the α-β 
axis mutual-inductances, respectively. 

The HF rotating voltage can be injected with the 
aid of a voltage-source inverter, and the HF voltage 
vector is expressed by 
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where vim indicates the magnitude of the injected HF 
voltage vector, and ωih is the angular velocity of this 
HF voltage vector. 

By solving Eqs. (18) and (19), one can obtain 
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From a phasor point of view, Eq. (20) can be 
rewritten as  

h
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The second term of Eq. (23) represents a negative- 
sequence component, and it contains rotor position 
information when IN≠0. This means that the tested 
machine must be saturated. Hereafter, the saturation 
evaluation function is defined by 
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fsat shows a positive correlation with ksat and 1/Lc, and 
increases when the iron core becomes saturated. fsat 
can be easily extracted by signal processing tech-
niques, and is later used for the identification of 
magnetic polarity. 

3.2  Saturation-based magnetic polarity identifi-
cation 

The signal injected into a real motor consists of 
two parts: the static voltage vector (SVV) in the es-
timated d-q frame, and the superimposed HF rotating 
voltage in the α-β frame (Fig. 4). The SVV alters the 
motor saturation level. The HF current, which is due 
to HF voltage injection, is modulated by magnetic 
saliency. Note that the magnitude of HF current 
should be much smaller than that of is. The injected 
signals can be expressed by the following matrix: 
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where ‘^’ indicates components of the estimated d-q 
frame, and ‘*’ stands for control inputs. 
 
 
 
 
 
 
 
 
 Fig. 4  Block diagram for hybrid injection 
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According to Eq. (1), the induced is can be ex-
pressed by  
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Note that the inductance matrix (Eq. (14)) affects only 
the transient process and not the steady state values of 
the stator currents. 

The amplitude of it, shown in Fig. 5, can be de-
rived as 
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where ζ is the angle error between the estimated and 
actual d-axis, and θit is the direction of it (Fig. 5). 
 
 
 
 
 
 
 
 
 
 

 
Eq. (28) shows that the maximum magnitude of 

it is achieved when the estimated d-axis coincides 
with the actual one, i.e., ζ=0. In fact, the larger the ||it||, 
the smaller the fsat. Therefore, by comparing fsat when 
is traverses the α-β plane, the magnetic polarity can be 
roughly identified. The procedures are depicted in an 
example (Fig. 6). 

In the first step, an SVV is applied in the motor, 
which commutates from 0° to 360°; the commutation 
interval for each step is 45°. Therefore, the angle 
plane can be divided into eight sectors (Fig. 6). The 
initial rotor position is assumed to be 340°, and then 
the optimal and suboptimal angles, e.g., 315o and 
360° (corresponding to the maximum and secondary 

maximum, respectively) of fsat can be acquired. This 
means that the rotor position is located in sector VIII. 
In this case, the intermediate angle 337.5° is taken as 
the magnetic polarity. Also, note that SVV should be 
sustained for a period each time until a steady state of 
is is achieved.  

 
 
 
 
 
 
 
 
 
 
 

In the second step, an SVV at the intermediate 
angle, i.e., 337.5°, is applied to the windings, and then 
comparisons are performed with its adjacent vectors. 
Thus, another two new optimal and suboptimal angles 

are acquired. Similarly, intermediate angle opt

d̂
  

(348.75°) is supposed to be approximate to the actual 
magnetic polarity. Thus, after several iterations the 
newest angle obtained by this means could infinitely 
approach the actual position θd0. 

Since the estimation accuracy also depends on 
the sensitivity of fsat to the angle step, only the first 
stage of comparisons is considered with estimation 
accuracy of up to ±25°. It is high enough to identify 
the magnetic polarity for SPMSMs. Then the most 
saturated machine can be acquired by locating the 

SVV at opt
ˆ .
d

  

3.3  Proposed demodulation algorithm 

Iron core saturation and rotor position infor-
mation is included in the HF current response. Hence, 
a band-pass filter, of which the center frequency is 
ωih, is introduced to extract the position information: 
 

h h+DC
h hBPF( ) j ,i i   i i            (30) 

 
where BPF(·) indicates the band-pass filter, h+DC

i  is 

the total current response, and h
i  is the HF current 

response, as shown in Eq. (20). Then, function fsat can 

be derived by 

Fig. 5  Vector diagram for excitation current inside the 
motor, ignoring the weak HF current 
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Fig. 6  Saturation-based magnetic polarity identification
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  (31) 

h+DC
sat sat satLPF( ), (0,1),f f k             (32) 

 

where h DC
satf   is a temporary variable, and LPF rep-

resents a low-pass filter. Clearly, fsat is easy to acquire 
via a simple LPF, whereas rotor position variables can 
be extracted by 
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(33) 

DC h+DC
N N N 0

π
LPF( ) exp j 2 2 ,

2dI         
  

I i   (34) 

 

where h+DC
Ni  is a temporary variable, and DC

NI  is the 

DC component containing rotor position information. 
The following discusses how to reduce the position 

estimation error by using DC
N .I  

3.4  Position observer  

To improve the accuracy of the position estima-
tion, a position observer is suggested after identifying 
the magnetic polarity. 

Fig. 7 shows the principle of a closed-loop po-
sition observer, in which the term 2δ+2θd0+π/2 in 
Eq. (34) is substituted by θob for simplification. By 
demodulating the vector INexp(jθob) with feedback 
signals, the phase error INΔθob can be derived, as 
depicted in Eq. (35), and converges to zero with a  
proportional-integral (PI) controller. Accordingly, 
phase error signal can be presented by 
 

N ob N ob N ob ob

N ob ob N ob ob

ˆsin sin( )

ˆ ˆsin cos cos sin ,

I I I

I I

   

   

    

 
   (35) 

 

where ob̂  is the position observer output. Note that 

Eq. (35) is valid only when Δθob is small enough. 
Since the observed angle is the DC component be-
cause of motor standstill, a PI controller is  

 
 
 
 
 
 
 
 
 
sufficient for this type of position estimation. After 

some tuning time with PI, ob̂  is approximate to the 

true value, and by setting 2δ+2θd0+π/2 to ob̂ , one can 

obtain 
 

ob
it 0

ˆ π/2
,

2d

                      (36) 

 
where it  indicates the estimated direction of it. The 

relationship between it  and θd0 is indicated in Fig. 1. 

Note that at the present time it  may represent the 

bi-direction of it, and the actual direction of it can be 

determined with the aid of opt
ˆ :
d

  

 

opt
ˆit it d

it

it

5 5
π, | | π π, π π ,ˆ 36 36

, otherwise,

  




           
 

  (37) 

 
where the error angle ±25° is due to the estimated 
error in magnetic polarity. Thus, the estimated rotor 
position is  
 

0 it
ˆ ˆ , 0,d                          (38) 

 

where 0d̂  is the estimated rotor position. Although δ 

affects the estimation accuracy, it is infinitesimally 
small and can be a neglected cause of SVV aligning to 
the d-axis, as shown in Fig. 5. 
 
 
4  Simulation results and discussion 
 

The proposed initial rotor position estimation is 
investigated on the Simulink/MATLAB platform, and 
the nonlinear model of SPMSMs at standstill is built 
by the MATLAB S-function (Fig. 8). In the  

Fig. 7  Block diagram for a position observer 

θ̂ob
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simulation platform, the insulated gate bipolar trans-
lator (IGBT) module is assumed to be ideal, and its 
switching frequency is 10 kHz. The B-H curve is 
established using a classical fitting method according 
to nonlinear magnetization data of the iron core. S1 
and S2 switching to ‘0’ means that only magnetic 
polarity identification is carried out, and ‘1’ indicates 
that the position observer is performed. An LPF with 
a cut-off frequency of 200 Hz is selected as the iner-
tial filter, whereas the center frequency of the BPF is 
set at 500 Hz. Other parameters for the simulation 
platform are listed in Table 2. 

 
 
 
 
 
 
 
 
 
 
Fig. 9 shows the total current response in the α-β 

frame including is and Fig. 10 shows the HF current 
h
i  (500 Hz), which is attributed to the hybrid injec-

tion of SVV and HF voltage. In the simulation, SVV 
commutates from 0° to 360°, and the commutation 
interval is 45° and achieves a steady state within 
0.07 s. As can be seen from Fig. 10, is is in phase with 
SVV, and would affect the saturation evaluation 
function fsat. As can be seen from Fig. 11, fsat varies  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

with estimated position, and magnetic polarity can be 
roughly identified. In Fig. 11, two optimal and 
suboptimal angles, i.e., 180° and 225°, corresponding 
to the maximum and secondary maximum of fsat, 

respectively, are acquired; the intermediate value opt

d̂
  

(202.5°) is considered to be the magnetic polarity in 
this procedure. 

After roughly identifying the magnetic polarity, 

the direction of SVV is initially set at opt

d̂
  (202.5°).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8  Overall control strategy for the simulation platform

Table 2  MATLAB simulation parameters 

Parameter Value 

Stator resistance, R 1.28 Ω 

PM flux linkage, ψf 0.275 Wb 

Pole pairs, P  4 

Amplitude of the SVV 9 V 

Amplitude of HF voltage, vim 6 V 

Initial rotor position, θd0 184.5° 

Fig. 10  Simulation results for extracting 500 Hz currents
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Fig. 9  Total current response in the α-β frame
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determine the estimated position. Fig. 12 illustrates 
the trajectory of the HF current response when the 
SVV is located at 202.5°. As shown, the current 
vector rotates elliptically in the α-β plane, and there 
emerges a negative-sequence component which in-
cludes rotor position information. The estimation 
results are shown in Fig. 13, and the estimation error 
is less than −3.6°. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5  Measurement results 
 

The SPMSM drive using a 32-bit fixed-point 
DSP is built and tested. The inverter switching fre-
quency is set at 10 kHz, and the sampling frequency is 
15 kHz. An optical encoder is mounted on the shaft to 
compare the estimated position and the measured one. 

The drive parameters are the same as in Table 2. 
A 500 Hz voltage is injected into the tested mo-

tor, and is superimposed with an SVV. The SVV 
commutates from 0° to 360° with 45° intervals and 
achieves a steady state within 6.5 s. The total current 
responses are shown in Fig. 14. Then a second-order 
BPF is adopted to extract 500 Hz currents (Fig. 15). 
The performance of this BPF is shown in Fig. 16. As 
is shown in Fig. 15, profiles of current responses are 
position dependent, and this is attributed to the injec-
tion of the SVV (i.e., the HF current is modulated by 
magnetic saturation). Due to the presence of a  
negative-sequence component, the amplitude of iαh is 
not equal to that of iβh. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To saturate the iron core, 45% of the rated cur-

rent is applied to the windings, and this will trigger 
rotation in the rotor. However, in heavy-duty appli-
cations, such as in starting HEVs, where the SPMSM 

Fig. 14  Total current responses in the α-β frame 

Fig. 11  Simulation process for identification of magnetic 
polarity 

Fig. 12  Trajectory of the HF current vector

Fig. 13  Simulation performance of the position observer

Fig. 15  Extracted 500 Hz current responses in the α-β
frame 

Fig. 16  Experimental process for identification of mag-
netic polarity 
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usually works as an auxiliary power unit (APU), the 
magnitude of the resisting torque is high and even a 
large current in the windings will not lead to shaft 
rotations. 

Fig. 16 depicts the experimental results (filtered 
by LPF) for extraction of fsat. During this procedure, 
values of fsat are sampled at the end of each commu-
tation of SVV. They are then stored in an array for 
post-processing in the DSP. In post-processing, the 
optimal and suboptimal angles are worked out by 
comparison, as illustrated in Fig. 6. As can be seen 
from Fig. 16, the experimental results are consistent 
with the simulation results; the median 202.5° is taken 
as the magnetic polarity, which approximates to the 
actual position 184.5°. The 500 Hz current is ex-
tracted with the methods shown in Eqs. (32) and (33). 
Hence, we obtain the negative-sequence component 
in HF currents. Fig. 17 shows the negative-sequence 
component, which includes a second-order harmonic 
(1 kHz) and a DC component. Passing the DC com-
ponent through an inertial filter, we obtain the posi-
tion error signal (Fig. 18). 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

 

 
Next, the position observer is performed with an 

SVV located at 202.5°, which increases magnetism in 
the tested motor. This stage is similar to that of sim-
ulation, and the final estimation accuracy is −11.2°. 
Reasons for this error include ignorance of stator 

resistance, dead time of IGBTs, and sampling errors 
of ADCs. Fig. 19 shows the distribution of the esti-
mation error versus the rotor position; the maximum 
error is 12.3° and the average error is 10.9° (absolute 
value). Comparison with conventional estimation 
methods for SPMSMs shows that the proposed 
strategy has a high precision. 
 
 
 
 
 
 
 
 
 
 
 
 
6  Conclusions 
 

In this paper, we proposed an initial rotor posi-
tion estimation for SPMSMs based on the nonlinear 
model with the hybrid injection of SVV and HF 
voltages. The injected SVV is used to alter machine 
saturation levels, and this saturation level is reflected 
in the HF current. Unlike conventional approaches for 
IPMSMs, the proposed method is based on the con-
cept of saturating motors before estimating rotor po-
sition. Accordingly, a special demodulation algorithm 
is introduced, which uses only two second-order 
BPFs and three inertia filters. Based on the above 
demodulation, the saturation evaluation function and 
rotor position information are extracted. Thus, the 
position can be observed by a regular PI controller. 
The position estimation error of the proposed method 
is less than 13° (electrical), according to the simula-
tion and experimental results. The proposed method 
can be a substitute for the Hall effect sensor for ac-
quiring an accurate initial rotor position for starting 
HEVs. 
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