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ABSTRACT The precise information of initial rotor position is very important to high performance
Interior Permanent Magnet Synchronous Machine (IPMSM) adopting incremental encoder, which can
normally be obtained by the high-frequency (HF) rotating or pulsating voltage injection methods. However,
the demodulation procedure may confront with the challenge of constrained stability and limited accuracy.
For improving estimation accuracy, an improved impulse injection method with merits of simple and fast
is proposed. It is carried out by generating a series of phase-axial injections to calculate the probable rotor
position, then injecting two reciprocal voltage pulses to obtain the rotor polarity, and finally injecting iterative
voltage vectors to obtain the real position rapidly. During the estimation process, the filters to extract the
high frequency current signals are not needed. The method effectiveness is validated by the measured results
of IPMSM test platform. In the same time, its application limitation is deduced by comparison with the
measured results between IPMSM and surface-mounted PMSM (SPMSM). It is shown that the estimation
algorithm is compatible with motor parameter differences and can reduce the influence of inductance
saturation and nonlinear voltage error. Therefore, the proposed method not only improves the accuracy and
robustness of the PMSM sensorless startup control, but also ensures the fast response.

INDEX TERMS Permanent magnet synchronous machine, initial rotor position estimation, symmetric pulse

injection, inductance saturation, inverter voltage error.

I. INTRODUCTION

In high performance electrical system driven by Permanent
Magnet Synchronous Machines (PMSMs), the precise infor-
mation of rotor position is required for optimizing voltage and
current controls. Without accurate position information dur-
ing startup process, the motor may suffer from a sudden jitter
or short reversal on the shaft. These impacts may deteriorate
the acceleration process or more seriously, cause the start
failure. The initial rotor position information can be obtained
by position sensor measurement results, called sensor-based
method, or by sensorless estimation algorithms. The latter
one becomes research focus since the normal application
has no absolute position sensor and only adopts incremental
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encoder, or even without encoder. In recent decades, many
methods have been proposed to improve the accuracy of the
initial position identification in order to ensure smooth and
safe startups. Most of them are calculated based on back-
EMF, which is called back-EMF based sensorless algorithms.

The machine-saliency-based methods, rather than the
back-EMF-based methods, are generally utilized for initial
rotor position detection including the standstill. The methods
applying continuous-rotating or continuous-pulsating voltage
injections have been deeply studied in [1]-[8]. These methods
adopt High-Frequency (HF) injections into the machine and
modulate the corresponding currents to estimate the rotor
position that interact with rotor-position-dependent salien-
cies. In [1], [2], researchers are partly focusing on the Low
Pass Filter (LPF) design during demodulation process, since
the filtered signals can be shifted by delays and consequently
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cause position estimation error. In [3] and [4], a zero-
sequence carrier voltage between neutral-points and phase
windings is utilized to estimate the rotor position. A spe-
cial phase shift design on injected voltages has been pro-
posed to eliminate the undesirable sixth harmonic by a LPF,
SO as to compensate estimation error and improve the accu-
racy. Moreover, some model-based fault diagnosis meth-
ods are also widely applied on improving the estimation
accuracy of the rotor position [5]-[8]. Most continuous HF
injection methods require intensive filtering technology on
signal demodulations to get rid of undesirable delays and
harmonics, and adopt phase-lock-loop (PLL) controls to con-
verge estimation error to zero. It brings some challenges in
filtering design, especially that the filter bandwidth should
be suitably designed for varies frequencies and uncertain
loads. Therefore, literatures [9]-[12] have made efforts in
eliminating the filters and simplify the demodulation proce-
dure. In [9] and [10], direct signal demodulation algorithms
such as discrete Fourier transformation and heterodyne tech-
nique are adopted to extract estimated position instead of
LPF, so that the dynamic performance can be remarkably
enhanced with proper system stability design. The continu-
ous square-wave injection methods have demonstrated good
dynamic performance since the LPF is eliminated and the
signal demodulation process is easy to be realized [11],
but it also has the disadvantage that the continuous square
wave takes up most of the high-frequency PWM duty cycle
and thereby produce current ripple, harmonics, and acoustic
noise [12].

To overcome the problem, the impulse voltage injection
methods, also known as the Indirect Flux detection by Online
Reactance Measurements (INFORM), reduce the injected
PWM duty to a smaller value so that the harmonic issue is
improved [13]-[15]. The basic idea of the INFORM method
is to measure the current response evoked by short voltage
space vectors applied in specific directions, and use current
variations to directly calculate the rotor position without any
filter. This method has the advantage of easy implementation,
fast response, low noise and low computation burden [16].
However, there is additional need for instantaneous di/dt mea-
surements, so the algorithm requires high speed of current
sampling and may be sensitive to the terminal voltage error
and inductance error, which are mainly caused by inverter
nonlinearity and flux saturation respectively [17].
In [17]-[19], the off-line prediction and on-line complemen-
tary injections have been proposed to compensate nonlinear
voltage error, but fewer researches have been carried out
on the inductance error caused by saturation effect of the
magnetizing current [20], [21].

Hence, it is necessary for INFORMs to study the induc-
tance saturation and its compensation principles, which is
crucial to the estimation accuracy. In this paper, a modified
impulse injection method for identifying initial rotor position
is introduced, aiming at eliminating estimation error caused
by unbalanced inductance saturation and inverter voltage
loss. The resultant current variations under consecutive volt-
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age pulses are associated to the rotor position. Compared with
continuous HF injection methods, no filters are needed
for extracting the high frequency current signals and the
algorithm is insensitive to parameters such as stator resis-
tance and voltage amplitudes. The estimation algorithm
is also simple with fast response due to the eliminat-
ing of the filter. The proposed method is further devel-
oped to reduce the effects of inductance saturation error
and inverter nonlinear voltage error on the position esti-
mation accuracy by injecting symmetric voltage pulses
iteratively. In Section II, estimation fundamentals for the
INFORM are given. The inductance saturation effect and
inverter nonlinearity are analyzed in detail and the modified
approach is explained in Section IIl. Various experimental
results are given in Section IV. Section V concludes this

paper.

Il. ANALYSIS OF IMPULSE VOLTAGE INJECTIONS

A. POSITION ESTIMATION BASED ON ROTOR SALIENCY
In PMSM, the principle of initial rotor position estimation
is usually associated with rotor salient effect. The saliency
is mainly caused by two reasons: one is the non-uniform
distribution of magnetic permeability of the rotor lamination
which is typically appeared in IPMSM, and the other is the
magnetic saturation effect which exists in both SPMSM and
IPMSMs. The voltage model considering saliency can be
described in stationary o8 coordinate as

o)== [i]

|:me + Ly cos 26, Lyifr sin 26, i|

Ly sin 26, Leom — Lajfy €08 26,
o —cos 6,
'p|:i,3:| + orYpm |: $in 6, i| (H

where u, i stands for the stator voltage and stator current in
the o reference frame, R is the stator resistance, w, is the
rotor speed, 6, is the electrical angle of the rotor, and Ypm
is the peak value of the rotor PM flux linkage. The L;om and
Lgifr stand for the common and differential components of dq
inductances, which are

Ly+ L
Leom = Tq

L <L, @)
Laigr = —2

where Ly and L are the d- and g- axes inductances. It is clear
that the value of differential inductance Lgyifr represents the
salient degree, and the position information can be extracted
from the matrix involving Lgifr, which is defined as

Lii Lia _ Leom + Lajgr cos 20, Lair sin 20,
Ly Loy L sin 26, Leom — Laify €08 26,

3

To detect initial rotor position at standstill, where w, = 0,
a set of two voltage pulses with same amplitudes are injected
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into phase windings [14], and the corresponding voltage
equations can be written as

Uyl U2 —R il a2 + L1 Lip D gl a2
ugy ug ig1 ig2 Ly Lo ig1 ig2
4

where the subscript 1 and 2 stands for the variables under
two injections respectively. Therefore, the defined inductance
matrix can be calculated as
Lin L | _ | a1t = Ria1 U2 — Rig2
Lyy Ly ugl —Rig1  ugy — Rigy
dig1 dig2
dt dt
| digr  dig )
dr dr
Note that the inductance matrix contains both sine and cosine
value of 26;, as depicted in (3), the estimated rotor electrical
angle is

1 L L T
6, = ~ tan—l(u) + =

6
2 Ly — Lo 2 ©

By equation (6) the d-axis direction can be obtained, but the
polar information is still implied in symbols £x/2. Thus,
the magnet polarity information is further identified by inject-
ing another two reciprocal voltage pulses along the d-axis.
Since the two voltage impulses magnetize or demagnetize
the flux linkage respectively, the inductances Ly varies differ-
ently under two injections. Similarly, the two corresponding
currents in the stator are different due to the unbalanced
magnetic saturation as well. Therefore, the polarity can be
identified by comparing absolute amplitude values of the
current. The corresponding current with greater value stands
for the direction of north-pole, while the smaller one stands
for the south,

0. oo
6, = 1 l.dl > l.d2 7
Oy +m, g1 <ia

where 6. is the final estimated rotor electrical angle, ig
and igp are the corresponding currents of the two reciprocal
voltage pulses, respectively.

B. CURRENT RESPONSE OF IMPULSE VOLTAGE
INJECTIONS

When applying a single PWM voltage on the stator windings
at rotor standstill, the response current and its gradient can be
derived as

ity = U(l —e ®/D1y/R (8)
di®) _ U _wox
a ¢ ©)

The current sampling mechanism of the controller is nor-
mally designed to be discrete. As shown in Fig.1, the con-
troller samples stator current at regular intervals At, and
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FIGURE 1. Current sampling mechanism of voltage pulse injection.
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FIGURE 2. Current gradient error with respect to sampling time.

the discrete current variation with respect to time can be
expressed as

AD _ Uy -wjx
Ar R [1—e ] (10)
By comparing (10) with (9), it can be seen that the instanta-
neous current gradient di/d¢ is not equal to the average current
variation Ai/At during sampling intervals. An error will be
introduced by using discrete sampling mechanism, which can
be defined as a ratio
Ai/At L
Mt) = — =—|e
di/dr Rt
By Taylor expansion of (11), the error ratio A can be expressed
as

R 1) (1)

2

A =1+ Rt+ R 2+ (12)
=T T2t e

lim A(t) = 1 (13)
t—0

The error ratio is closely related to the current sampling inter-
val. If the sampling interval is relatively short, the error ratio
tends to be 1, and the sampling accuracy will be improved as
well. Fig.2 shows the relationship between sampling interval
and the error ratio. Taking the 2ms sampling interval as an
example, the error ratio is about 1.27.

C. SIMPLIFIED CONCLUSION
In discrete-time controllers, the corresponding currents of the
impulse voltage are sampled at interval Af. By substitute
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FIGURE 3. Inductance variations due to current injections on dq-axes
(a) d-axis magnetization (b) q-axis magnetization.

average variation current value with gradient current value,
the inductance matrix (5) can be rewritten as

Lu Lo |_  Mo-Ar
Ly Ly (iq1ig2 — ia2ig1)
| Yl — Rig1 Uy — Rig
ugy — Riﬁl ugz — RiﬁZ
x| 2 Tl (14)
—igl  lal

Substitute (14) into (6), the estimated position can be simpli-
fied as

1
b= Jatan2 (Y. X) =+ % (15)

where
{Y = Ugdig| + UBLig2 — Ug1la2 — UR2IE] (16)

X = ug1igs + ugliar — Ug2igl — Ug2ig1

The operator should be the four-quadrant inverse tangent
Atan2. In (15) and (16), due to the error ratio, the sampling
interval and the stator resistance are all reduced, the estima-
tion algorithm is robust and insensitive to system parameters.
This performance ensures very flexible requirement of sys-
tem setting, regardless of the voltage amplitude, the impulse
duration or the current sampling time. However, it is impor-
tant to point out that the two consecutive voltage vectors
u1, up should be linearly independent, to ensure the unique
solution of the inductance matrix [15].

Illl. IMPROVED SYMMETRIC VOLTAGE

INJECTION METHOD

A. INDUCTANCES SATURATION ANALYSIS

In PM motor, the stator current applied on d- and g-axes
causes different saturation effects on inductances. As shown
in magnetization curve of Fig.3, the current ig enhances flux
saturation on d-axis from point A to point A’ on the magne-
tization curve, so that the inductance changes from Lg to L,
where Ly > L). On the contrary, the g-axis flux is operating
on the linear segment BB’ of the curve, where the current iy
contributes few saturation on the inductance and therefore the
value keeps as Lq = Ly
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FIGURE 4. Inductance saturation effect due to symmetric magnetization.

Considering saturation effect, the inductance variation can
be defined as

AL; =L} — Lg = f(iq)
AL, =L;—Lq =0
ig =icosy (18)

7)

where the function f represents the non-linear magnetization
flux-current curve, i is the amplitude of current vector, and y
is the angle between current vector and the d-axis. Therefore,
if the excited currents by double voltage vectors have differ-
ent saturation effect on d-axis, the estimated position calcu-
lated in (6) is needed to be revised according to inductance
variations.

To handle this problem, a principle of voltage injection is
proposed that the double vectors need to be linearly indepen-
dent and symmetric about the d-axis [13], and the current
vectors are symmetric about the d-axis as well, as shown
in Fig.4 where y1 = y». As a result, the d-axis current
components attribute the same magnetization effect on d-axis
flux so that the d-axis inductance variations are equal, which
yields

ALg; = ALg1 = ALy (19)

Then the error of inductance matrix with respect to saturation
can be obtained as

, ALy
ALy =L}, — L = T(l ~+ cos 26;)

, AL; .
ALp =L}, — L= T sin 26,

ALy (20)

ALy = Lél — Iy = — sin 26,

, ALy
ALy = Ly, — Ly = T(l — cos 26;)

Substitute (20) into (6), the revised position can be expressed
as

o* — 1 (Liz+ ALip) + (Lo + ALz
) (L11 + ALyy) — (L2 + ALp)
1 _1 Li2 + L2 + ALy sin 26,

21

2 Ll — Lo + AlLgcos26,
Comparing (21) with (6), the conclusion can be drawn as

0 =0, 22)
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Therefore, the symmetric couple voltage injections achieve
no error in estimating the position by using simplified equa-
tion (15). It is important to note that the double symmetric
voltage vectors should not be both aligned with g-axis since
they are linearly correlated. Considering the negative satura-
tion effect and linearly independence, the angle y is preferred
to be 45 to 60 electrical degrees.

B. DEAD-TIME VOLTAGE LOSS ANALYSIS

In conventional PM motor controls, the voltage applied on
stator resistance and inductance are relatively low at rotor
standstill. The performance of the estimation algorithm is
often influenced by the voltage error caused by inverter
dead-time nonlinearities. Due to the existence of the voltage
error, the actual amplitude of the injected voltage may be
different from the expected value, which can be expressed as

UANO — Aldead  (ia > 0)
UAN = . (23)

UANO + Aldead  (ia < 0)
where the usny and wuayo are actual and reference phase
voltages (e.g. in phase A), and the Augeyq is the dead-time
voltage loss. The value of the voltage loss is highly depen-
dent on the dead time, the switching frequency and the dc-
bus voltage, and not difficult to calculate and compensate.
However, an easier way to eliminate the error is to inject same
vectors twice with different amplitudes, where the voltage
error does not change during these two similar injections and
their differential components satisfy the principle (4) as well:

Augr  Augr —R AN/ BAN 7% n L L

Augy  Aug Aigy  Aig Ly Loy
Aig1 Ay
|:Al"31 Aigy (24)

where all variables with the prefix A represent the differential
values of the components. Alternatively, the estimation angle
can be rewritten as

1
6= Jatan2 (AY,AX) % % (25)

where

AY = Augr Aig1 +Augy Aiga — Aug Aigr — Augr Aigy
AX = Augi Aigo+Augi Ay — Augr Aigy — Augr Aig
(26)

C. IMPLEMENTATION OF THE PROPOSED METHOD

The symmetric voltages injection method is divided into
three consecutive steps, as depicted in Fig.5. In the first
step, three voltage vectors denoted as ug,, up, U, separating
by 120 electrical degrees, are applied along a-, b-, c- phase
axes of stator windings with the same amplitudes and the
same duration time. The rotor angles can be pre-estimated
according to equation (15), utilizing vector combinations
of [(ua, ia), (up, ip)l, [(up, ip), (uc, ic)] or [(uc, ic), (ua, ia)].
It is needed to choose one best set of vectors from those
three combinations according to the principle, as illustrated
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FIGURE 6. Applied voltage vectors with respect to rotor position
quadrant.

TABLE 1. Selection principles of voltage vectors.

Rotor position/(°) Section Vectors
330~360, 0~30 I (Up,ip), (Uestc)
30~90 I (tasia), (tp,ip)
90~150 111 (Uesic), (Uarla)
150~210 I (Up,ip), (Uestc)
210~270 1 (asia)s (Wpsis)
270~330 111 (Uosic), (Uarla)

in Fig. 6 and Table 1, that the applied vectors should be
symmetric as far as possible about the d-axis which has
been pre-classified into six sections. For instance, for the
rotor position in section I, combination of vectors [(ug, i),
(up, ip)] are preferred. Similarly, vectors [(up, ip), (uc, ic)] are
chosen in section II and vectors [(uc, i.), (44, i5)] are chosen
in section III. Then in the second step, two reciprocal voltage
pulses uy+ and u,_ are injected along the directions of 6; and
6r + m, and the polarity can be identified by comparing the
absolute values of the current amplitudes, as mentioned in (7)
already.

However, since the initial rotor position is random at stand-
still, the vectors are not perfectly symmetric with the d-axis in
most cases, and the estimated position may be inaccurate due
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FIGURE 7. Block diagram of the system with symmetric voltage injections
for initial rotor identification.

to the unbalanced magnetizations on d-axis. In order to fur-
ther improve the estimation accuracy, an iterative process of
symmetric voltage injections are performed in the third step.
According to the last estimated position 6.(t—1), a pair of
voltages with symmetric offset angles £y, donated as u,,1(¢)
and u,(t), are injected into the stator windings. The corre-
sponding currents donated as i,1(¢) and i,2(¢) are sampled
and the 6, is updated using (15) as well. By comparison with
the two adjacent estimated angles, the convergence condition
can be expressed as

6r(n) — 6,(n —1)| < ¢ 27

where n is the ordinal number of the injections, ¢ is the preset
estimation accuracy threshold. If the result does not meet
the convergence condition, another pair of voltages will be
applied with the same symmetric angles deviating from the
recent estimated position in the anti-clockwise and clockwise
direction. Then the comparison between 6;(n+1) and 6;(n)
will be judged again until the absolute error satisfies the
convergence condition.

IV. EXPERIMENTAL VERIFICATIONS
The initial position estimation strategy using symmetric volt-
age injections is tested on an elevator door motor platform.
As show in Fig.7, the conventional FOC system embeds
the proposed injection algorithm for initial rotor position
identification. In Fig.8, the test platform employs an IPMSM,
a SPMSM, a STM32F407 series MCU based controller, and a
power device designed for elevator door driving system. The
IPMSM is used for verifying the proposed method and the
SPMSM is used for compatibility comparison. A metal dial
is mounted on the shaft for coarse comparison with the real
rotor position, and an inner-mounted absolute position sensor
AS5408A is used for fine comparison. The parameters of the
PMSMs are listed in Table 2.

The amplitude and duration time of the injected volt-
ages should be properly set. With high amplitude and long
sampling time, the corresponding currents increase fast and
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FIGURE 8. Experimental platform, including an IPMSM, a SPMSM and a
special designed driver for elevator door applications.

TABLE 2. PMSM specifications.

IPMSM
Rated power 43 W Pole pairs 4
Rated voltage 65V Stator resistance 20.6 Q
Rated current 0.8A d-axis inductance 55 mH
Rated torque 23 N'm g-axis inductance 98 mH
Rated speed 180 rpm Saliency Ratio 1.78
SPMSM
Rated power 105 W Pole pairs 10
Rated voltage 220V Stator resistance 145Q
Rated current 0.65A d-axis inductance 38 mH
Rated torque 2.0N'm g-axis inductance 42 mH
Rated speed 500 rpm Saliency Ratio 1.11

tend to be unambiguous and robust against noises, so that
it can achieve stable estimation results. However, the esti-
mation performance may be deteriorated if the excitations
last too long, since the electromagnetic torque driven by
large and long lasting currents may cause unexpected rota-
tion, especially under light load conditions. Therefore, by
compromising between the estimation accuracy and the drive
performance, the voltage injection period has been chosen
to be 4ms, which is much less than the rotor response time.
After one excitation period, the desired peak value of current
has been roughly 0.4A and the corresponding voltage ampli-
tude has found to be 28V. For additional dead-time voltage
compensation and pole identification, the voltage amplitude
changes to 34V and the current was 0.6A. The switching
frequency of the PWM is 15 kHz and the dead-time is set
to be 3us.

A. THREE PHASE AXIAL INJECTIONS

In the experiment, the controller outputs three voltage pulses
along the A-, B-, C-axes consequently, and the rotor is preset
at 12 specific positions with 30 degrees division among one
electrical period. Vector combinations of injected voltages
and excited currents donated as AB, BC and CA are used to
calculate rotor position for three times separately. The results

60003



IEEE Access

Z. Wang et al.: Improved Fast Method of Initial Rotor Position Estimation for Interior Permanent Magnet Synchronous Motor

301 Reference
> —=— AB injections
& 3009 —=—BC injections
?8—’ j CA injections
T 240
Q@ )

[®))

£ 180
=

s |
& 120
°

2

© .
E 60
®

w

T T T T T
0 60 120 180 240 300 360
Reference Rotor Angle (degrees)

FIGURE 9. Estimated angle based on initial injections.
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FIGURE 10. Estimated angle error based on initial injections.

show that the estimated error is periodically dependent on
the rotor angle, as shown in Fig.9 and Fig.10. The esti-
mation adopting AB-axial injections has better accuracy at
position of 60 and 240 degrees, while the estimation using
BC- and CA- axial injections have better accuracy at position
of 0/180 and 120/300 degrees respectively. These phenomena
are consistent with the theoretical derivation in (21) and (22).
The identification accuracies at other angles are relatively
poor, due to the unbalanced inductance saturation by asym-
metric injections. For example, at rotor position of 60 degrees
by BC-axial injections, the two consecutive currents cause
very unbalanced saturation and the estimated error reaches
15 degrees, while by AB-axial injections the resultant value
is almost perfect.

B. ACCURACY IMPROVEMENT BASED ON

ITERATION PROCESS

To improve estimation accuracy, voltage pulses are needed
to inject symmetrically along the estimated d-axis more than
once. The improved method consists of three steps such as the
initial injections, the pole-oriented injections and the iterative
injections. The first injections along A-, B-, C-axes have the
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FIGURE 12. Response current and estimated angle at position 6, = 30°
(¢ = 0.1 rad, u = 28V).

same amplitudes and durations, and the probable estimated
angle can be derived by properly selecting estimated results
from the vector combinations. After that, two reciprocal
voltages are injected for pole identification. Then groups of
vectors are injected symmetrically according to the latest
estimated position, and the iterative results converge rapidly.

The completion threshold of the iterative convergence in
this test is set to be 0.1 rad (5.73 degrees), which is acceptable
in most applications. In Fig.11, the rotor position is preset to
be 0 degree at the initial step. Since the BC-axial injections
are symmetric about the d-axis, the initial estimation has an
accuracy of 2.05 degrees. After pole orientation, the iterative
process converges in two periods, and the resultant angle is
—0.69 degree. In Fig.12, at preset position of 30 degrees
where all axial-directional injections are asymmetric about
the angle, the initial estimation obtains relatively poor accu-
racy at 34.26 degrees. Then the iterative process takes three
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FIGURE 14. Response current and estimated angle with differential
injections at position r = 120°.

periods and the result converges to an accurate value of
30.14 degrees. In addition, the accuracy could be further
improved by reducing the convergence threshold for more
iteration periods, as shown in Fig.13. At the specific position
of 120 degrees with threshold of 0.01 rad, the resultant angle
may have an oscillatory convergence process as the injections
developing. However, the convergence condition does not
meet after 13 iterations due to the overly strict threshold, and
the dead-time voltage error, the current sampling error as well
as the unbalanced saturation effect may drive the estimated
result away from the truth. A helpful solution is to observe
the convergence trajectory and calculate the average value
of every two adjacent periods, as shown by the dashed line
in Fig.13, when it satisfies

0r(n) +60,(n — 1) _ Or(n—2)+6,(n—3)

28
> > (28)
the final estimated angle can be obtained by
1
er_ﬁ'nal = E[er(n) +6,(n—1)] (29)

To further improve estimation accuracy, dead-time volt-
age loss should be compensated. In Fig.14, the injections in
iteration process are repeated twice with voltage amplitudes
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FIGURE 15. Estimated rotor position of proposed method on both IPMSM
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FIGURE 16. Estimated error of proposed method on both IPMSM and
SPMSM.

of 28V and 34V respectively, and the difference components
are used to calculate the angle. Comparing with the iteration
process in Fig.13, the iteration process in Fig.14 finishes
rapidly in just one period, and the rotor position estimation
accuracy is enhanced with good tracking as well.

C. VERIFICATION AND LIMITATION OF PROPOSED
METHOD ON FULL POSITION RANGE

The proposed method is verified by traversing the preset
angle along 360 degrees on both IPMSM and SPMSM. All
experimental setups are the same except the test motors
with different saliencies. As can be observed from Fig.15,
the resultant angle curves are consistence with the reference
values on both two types of motors. In Fig.16, the maximum
deviation of the angle error in IPMSM (rectangular dot line)
is 5.5 degrees and the standard deviation is 2.83 degrees.
By comparison, the round dot line shows maximum devi-
ation of 25 degrees on SPMSM, whose deviation is larger
than that in IPMSM. Furthermore, some obvious distortions
occur near 300 degrees on the curve, which reveal the dis-
advantage of precision limit when applied in low saliency
PMSMs. Normally, these special distortion errors are caused
by sampling noise when one of the current values expressed
in of stationary frame is close to zero, and the estimated
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FIGURE 17. Stability and consistency of proposed method at specific
positions (a) IPMSM (b) SPMSM.

error is amplified by the obscure inductance differences.
In Fig.17 (a), the injection process is repeated several times
at some specific positions on the IPMSM whose saliency
ratio is 1.78, and good consistency and repeatability are
proved by all the estimated results. Contrarily, as shown
in Fig.17 (b), the estimation results on SPMSM with saliency
ratio 1.11 are not converged. However, the distributions of
the dots are symmetric with the real positions (dash lines),
which is similar to the oscillatory phenomenon in Fig.13,
so precise results can be achieved by (28) and (29) as well.
Therefore, it can be concluded that the difference between
Lq and Lq is the key factor on the estimation accuracy and
stability. The low dq inductance difference in SPMSM makes
the response currents very similar, so that the current noise
and voltage error are more significant. However, by utiliz-
ing inductance saturation effect, the proposed current injec-
tion method is proved to be available for both IPMSM and
SPMSM.

V. CONCLUSION
This paper proposed an improved estimation method of initial
rotor position based on symmetric pulsating injections for
IPMSM drives. A series of phase-axial voltage pulses are
injected into phase windings to calculate the probable rotor
position and its orientation at first. Then additional iterative
process of symmetric voltage injections was put forward to
approximate the real position rapidly. To the proposed esti-
mated method, the conclusions can be drawn:

1) The precision of rotor position can reach 1.6% by rough
detection within 80ms, and can be further improved to 0.1%
by fine detection.
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2) The position deviation is minimized since the nega-
tive effects caused by unbalanced inductance saturation and
dead-time voltage loss can be efficiently reduced.

3) It can have accurate and stable performance to IPMSM
with the saliency ratio of 1.78, but has some defects in
SPMSM due to its low saliency ratio of 1.11.

4) More future work should be carried out on the mech-
anism of estimation error with respect to the rotor saliency
and sampling errors. Further algorithmic processing is also
needed to improve the compatibility of the method on
SPMSM.
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