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Abstract—Accurate initial position detection is important for
enhancing the start-up performance of permanent magnet syn-
chronous motors (PMSMs). However, the conventional high-
frequency (HF) injection methods make it difficult to estimate
the accurate initial position in PMSMs with low saliency ratios
and significant cogging harmonics. To address these issues, this
article proposes a spatial equivalent impedance model based ini-
tial position detection method. First, a quasi-sinusoidal functional
model containing the spatial equivalent impedance information
is established, where the effect of cogging harmonics on initial
position detection can be reduced. Moreover, the overall spatial
equivalent impedance information is considered in the proposed
method, which improves the estimation accuracy on low-saliency
PMSMs. To suppress the fluctuation error of estimation results,
a variable forgetting factor sliding discrete Fourier transform al-
gorithm is presented. Furthermore, to enhance the universality of
the proposed method, an adaptive HF amplitude selection method
based on split-step HF injection is given. In the same process,
the magnetic polarity detection is achieved simultaneously by HF
current peak-value accumulation, where the process of dual-pulse
injection can be eliminated. Finally, the proposed method is verified
on a 2.2-kW interior PMSM (IPMSM) and a 7.5-kW surface PMSM
(SPMSM).

Index Terms—HF injection, initial position detection, magnetic
polarity detection, permanent magnet synchronous motors
(PMSMs), spatial equivalent impedance model (SEIM).

I. INTRODUCTION

THE permanent magnet synchronous motors (PMSMs) are
widely used in industrial drives due to their high efficiency,

high reliability, and high power density [1], [2], [3]. The start-
up of PMSMs needs the accurate initial position information
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to guarantee satisfying the load capacity with proper control
current [4], [5]. Conventional rotor presetting methods inject
dc currents before starting. However, the rotor is not allowed
to rotate before start-up in some applications [6]. Therefore,
it is necessary to research the rotor initial position detection
methods. Currently, the initial position detection methods can
be classified into two categories: pulse signal injection methods
and high-frequency (HF) signal injection methods.

The pulse signal injection methods estimate the initial position
by the inductance differences under different rotor positions.
These methods inject the voltage pulses into the stator windings
and compare the amplitude of the sampled currents to identify
the minimum inductance of the motor, thereby detecting the
rotor position [7]. To improve the detection accuracy, it is
necessary to increase the density of the injected direction, which
conversely extends the initial position detection time [8]. In [9],
an iterative convergence based detection method was proposed,
where the injected pulse signals gradually converged to the
d-axis, improving the utilization rate of pulse voltage vectors.
The pulse signal injection methods typically require injecting
relatively large currents, which may result in significant noise
and a nonzero average electromagnetic torque [10], [11].

The HF injection methods achieve the initial position de-
tection by two steps, which contain the position estimation
and magnetic polarity detection [12]. The position estimation
methods can be further categorized into the HF rotating signal
injection methods and the HF pulsating signal injection methods
[13]. The HF rotating injection methods inject HF signals into
the stationary reference frame, and the rotor position is observed
through signal demodulations and observers [14]. In compari-
son, the HF pulsating injection methods inject HF signals into the
estimated reference frame, and then the rotor position is detected
by converging the estimated d-axis to the real d-axis [15]. For
improving the estimation precision of the initial position, the
negative effects in PMSM should be considered, such as the
cross-coupling effect, inverter nonlinearities, stator resistance,
and cogging harmonics. In [16], an accurate model of IPMSM
was applied to eliminate the error caused by ignoring the stator
resistance. In [17], a carrier injection method was proposed
to reject the estimation error due to the stator resistance and
time delays. As for the cross-coupling effect, the characteristics
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of the estimation error under different operation conditions
were analyzed, along with the error compensation methods by
the motor parameters identification or finite element analysis
methods [18], [19]. In the aspect of inverter nonlinearity effects,
the effects lead to distortion of the injected HF signal, which
can be viewed as the disturbance voltage generators [20], [21].
The inverter nonlinearity effects could be compensated by the
method in paper [22], which injected d-axis currents to obtain
the inverter nonlinearity error voltages.

However, some other nonideal factors, such as the cogging
harmonics introduced by the cogging effects, have not been
taken into account. Cogging harmonics can cause the impedance
harmonics of PMSMs [23], [24], [25]. In paper [24], an air-
gap function with cogging harmonics was described, and the
impedance expression with harmonics was derived. In paper
[25], the harmonic functions were constructed to describe the
dq-axis inductances with cogging harmonics. Moreover, the
cogging harmonics can lead to the equivalent impedance har-
monics, which are the disturbance in the initial position detection
process. Furthermore, in low-saliency PMSMs, the difference of
the dq-axis inductances is weaker (close to 0), and the cogging
harmonics are relatively significant, which will increase the
initial position estimation errors.

Moreover, to improve the estimation accuracy of PMSMs with
different saliency ratios, the HF signal amplitude selection meth-
ods need to be investigated. In paper [26], the current amplitude
was set to at least ten times the sampling standard deviation of
the current sensors to achieve high-precision and high-reliability
initial position detection. In paper [27], a minimum threshold of
HF amplitude was given to decrease the sensitivity to noise of
the proposed algorithm. In paper [28], a relationship between
the quantization error of the analog-to-digital (AD) converter
and the position estimation error was established, and then the
boundary of the injected voltage was obtained. However, to
enhance the universality of the proposed method in PMSMs with
different saliency ratios, the adaptive HF amplitude selection
method needs further research.

The HF injection methods require polarity identification after
the position estimation process. The magnetic polarity detection
based on dual-pulse voltage injection has been widely applied,
which detected the magnetic polarity by comparing the currents
in the positive and negative d-axes. These methods injected
substantial pulse voltages to detect magnetic polarity, which
might lead to the permanent magnet demagnetization and high
noise [29]. Similar to the dual-pulse injection-based methods,
the peak-value accumulation-based methods were proposed in
paper [15], where the magnetic polarity can be obtained by
comparing the current amplitude in the positive and negative
d-axes. Other methods detected the second harmonic of the
current to obtain magnetic polarity, whose signal-to-noise ratio
(SNR) is low, and the magnetic polarity detection might fail
[30]. However, these methods are achieved only when the rotor
position has been observed.

This article proposes a spatial equivalent impedance model
(SEIM) based initial position detection method. First, a quasi-
sinusoidal functional model with the overall spatial equivalent
impedances is established, where the rotor position is the phase

of the fundamental component and the cogging harmonics are
equivalent to the harmonic components. With the injection of a
rotating HF voltage, the phase of the fundamental component of
the current amplitude can be extracted by a variable forgetting
factor sliding discrete Fourier transform (VFF-SDFT). It will
reduce estimation errors caused by the cogging harmonics by
decoupling the fundamental component of the current amplitude
from the cogging harmonics. Then, an adaptive HF ampli-
tude selection method based on split-step injection (SSHI) is
proposed. This method establishes a relationship between the
current amplitude and the saliency ratio, reconstructing the am-
plitude by injecting signals at different positions and achieving
adaptive selection of the voltage amplitude. Simultaneously,
the magnetic polarity is detected by comparing the peak value
of the HF currents. The proposed method offers the following
contributions.

1) The SEIM based method extracts the overall spatial equiv-
alent impedance information and calculates the initial
position by the fundamental phase of the spatial equivalent
impedances. The proposed method decreases the initial
position estimation errors introduced by the cogging har-
monic, improving the estimation precision especially for
SPMSM.

2) The SSHI based method achieves the adaptive HF am-
plitude selection for different saliency-ratio PMSMs and
magnetic polarity detection simultaneously. The relatively
small HF current is injected by the adaptive HF amplitude
selection and the estimation precision can be ensured. In
the same process, the magnetic polarity is detected by
judging the magnetic polar regions, which can be obtained
by the peak-value accumulation method. The dual-pulse
voltage injection is avoided.

II. SPATIAL EQUIVALENT IMPEDANCE MODEL OF PMSMS

A. Spatial Equivalent Impedance Model of PMSMs

The initial position detection is implemented based on the
PMSM model. The mathematical model in the dq-axes can be
expressed as follows:[

ud
uq

]
=

[
Rs + pLd −ωeLq

ωeLd Rs + pLq

] [
id
iq

]
+

[
0
ωeψf

]
(1)

where ud, uq, id, and iq are the voltages and currents in the
dq-axes, respectively, Rs is the stator resistance, Ld and Lq are
the inductances in the dq-axes, respectively, ψf is the permanent
magnet linkage, and p is the derivative operator.

The position relationship is established in Fig. 1. To analyze
the relationship between equivalent impedance and rotor posi-
tion, an mn-frame is established, where the angle between the
m-axis and the α-axis is θm. The equivalent impedance in the
m-axis is defined as the special equivalent impedance. The rotor
position is represented by θe.

When ωe = 0, the motor equations in the mn-axes can be
expressed as follows by coordinate transformation:[

um
un

]
= Rs

[
im
in

]
+

[
Lmm Lmn

Lmn Lnn

] [
pim
pin

]
(2)
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Fig. 1. Reference frames of PMSM for spatial equivalent impedance model.

Fig. 2. Diagram of the spatial equivalent impedance model in the mn-axes.
(a) Diagram of vector relationship in the mn-axes. (b) Polar diagram of Lmeq.

where Lmm, Lnn, and Lmn can be expressed as follows:⎧⎨
⎩
Lmm = LΣ − LΔ cos (2θe − 2θm)
Lnn = LΣ + LΔ cos (2θe − 2θm)
Lmn = LΔ sin (2θe − 2θm)

(3)

where LΔ = (Lq – Ld) / 2, LΣ = (Lq + Ld) / 2.
On this basis, the spatial equivalent impedance Zm is

Zm (θm, θe) = Rs + jωhLmeq (θm, θe) (4)

whereωh is the frequency of the HF signal and Lmeq is the spatial
equivalent inductance.

If the resistance Rs can be neglected, the voltage equations in
the mn-axes can be viewed as a series of self-inductances and
mutual inductances. When the HF voltages are only injected into
the m-axis, the voltage equations can be rewritten as follows:[

um
0

]
=

[
Lmm Lmn

Lmn Lnn

] [
pim
pin

]
. (5)

According to the impendence relationship of PMSM, let Lmeq

be equal to um/pim. Therefore, the spatial equivalent inductance
Lmeq can be expressed as follows:

Lmeq = Lmm − Lmn
2

Lnn
=

[
LΣ

LdLq
+
LΔ cos (2θe − 2θm)

LdLq

]−1

..

(6)
In (3), the phase of Lmeq is related to θm and θe. Therefore, the

phase of the spatial equivalent impedance Zm is also dependent
on the rotor position.

In the above spatial equivalent impedance model, the relation-
ship between the HF voltage and current signals is illustrated in
Fig. 2(a). When ωh is high, the Rs [im, in]T can be neglected,
making the voltage vector model only related to the equivalent
inductance Lmeq. Therefore, Um is only determined by the

voltage drop on the Lmeq. Thus, the voltage vectors transform
into a straight-line relationship as shown in Fig. 2(a). Similarly,
Zm only depends on Lmeq. The polar diagram of Lmeq

-1 is shown
in Fig. 2(b), whose value depends on θe. In addition, according to
(6), the phase of Lmeq contains the information of rotor position.

In summary, θe is relevant to the phase of Zm, which can
be calculated by the HF injection-based methods. Furthermore,
since the rotor position estimation is achieved by the saliency of
the spatial equivalent impedance, the initial position of SPMSM,
which exhibits weak saliency or saturated saliency, can also be
estimated by the proposed method.

B. Influence of Cogging Harmonics and Saliency Ratio

In actual applications, the cogging effect can introduce har-
monics into the spatial equivalent impedance Zm and equivalent
inductance Lmeq [24], [25]. These harmonics lead to a shift in the
salience position, resulting in initial position estimation errors.
The magnetic circuit inductance can be expressed as follows:

Lx = μxNcAx/lx (7)

where Lx is the equivalent inductance in any direction, μx is
the relative magnetic conductivity, Nc is the winding factor, Ax

is the equivalent square, and lx is the equivalent length of the
magnetic circuit.

The magnetic circuit lengths of the dq-axes are different, so
Lx varies with position. Besides, the magnetic circuit lengths are
different at the positions of the slots and the teeth. Therefore,
the harmonics exist in the Lx. The spatial equivalent inductances
Lmeq_all considering the harmonics can be expressed as follows:{

Lmeq_all
−1 = Lmeq

−1 + Lmeq_har
−1

Lmeq_har
−1 = Lmeq_slot

−1 cos (khθe + ϕhar)
(8)

where kh is the frequency of the impedance harmonics, ϕhar is
the phase of the harmonic components. The spatial equivalent
inductance curves with and without harmonics are illustrated in
Fig. 3. Lmeq represents the ideal inductance curve. Lmeq_all is the
actual inductance curve with impedance harmonics, expressed
by (8). When the cogging harmonics exist, they may lead to
abrupt changes in the impedance values at specific positions,
thereby causing a shift in the salience position. In Fig. 3, point a is
the rotor position, while point b shows the possible convergence
position around the salience position during the process of the
HF based initial position detection. Due to the influence of the
impedance harmonics, the estimated rotor position by the HF
method may converge to b, which will result in the estimation
error. Since the harmonic components of the Lmeq_all are non-
negligible in PMSMs with low saliency ratios, this error is more
obvious. Ignoring the harmonic components of the Lmeq_all may
lead to a significant error in the estimation results.

It is important to note that the fundamental component of Lmeq

in Fig. 3 only depends on the rotor position, which is immune
to the harmonics caused by the cogging effect. Therefore, the
rotor position can be calculated by the fundamental component
of Lmeq_all, decreasing the influence of cogging harmonics and
achieving high-precision position estimation.
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Fig. 3. Diagram of spatial equivalent inductance curves with and without
harmonics in different Lq/Ld PMSMs. (a) Lq/Ld = 3. (b) Lq/Ld = 1.2.

III. SEIM BASED INITIAL POSITION DETECTION METHOD

The diagram of the proposed initial position detection method
is shown in Fig. 4. The proposed method is applied in two steps.
The first step is the SSHI based HF amplitude adaptive selection
method and peak-value accumulation based magnetic polarity
detection method. The second step is the SEIM based initial
position estimation method. Following the second step, the esti-
mation result is compensated by the magnetic polarity detection
result obtained in the first step. In the position estimation process,
the band bass filter is applied to extract the HF signals and avoid
the influence of the switching frequency. DFT is used to obtain
the amplitudes and phases of the HF signals. The proposed
VFF-SDFT method aims to calculate the phases of currents and
estimate the rotor position. In the magnetic polarity detection
process, the DFT is employed to obtain the HF amplitudes in
the r1-, r2-, and r3-axes, which can be used for the adaptive
selection of amplitude and the magnetic region detection.

A. SEIM Based Initial Position Estimation

The proposed method injects a rotational HF voltage vector
umh to excite the current response in the m-axis. The amplitude
of the HF current response Imh is computed by the DFT method.
Subsequently, the rotor position estimation is converted to the
phase calculation of the fundamental component of Imh.

The m-axis is the injection axis, whose rotational frequency is
ωm. The HF voltage in the mn-axes can be expressed as follows:

[
umh

unh

]
=

[
Umh sin (ωht+ ϕu)

0

]
(9)

where Umh, ωh, and ϕu are the amplitude, frequency, and phase
of the injected HF signal, respectively. The subscript h represents
the HF components.

When the m-axis rotates at a frequency of ωm, the voltage
equations can be written as follows:[

umh

unh

]
= Rs

[
imh

inh

]
+Lm

[
pimh

pinh

]
+ ωmLm

[−inh

imh

]
(10)

where Lm is the inductance matrix in the mn-axes, and
ωmLm[inh, imh]T is the rotational factor, which is induced by
the coordinate transformation.

According to the spatial equivalent impedance model in Fig. 2,
the mn-frame is a coupled coordinate system. Therefore, when
the HF voltage is injected into the m-axis, the HF current
responses are generated in both the m-axis and the n-axis.
Besides, the voltage drop on Rs can be ignored. On this basis,
the differential equations of PMSM can be written as follows:{

(Lnn/LdLq)Um sin (ωht+ ϕu) = dimh/dt− ωminh

(−Lmn/LdLq)Um sin (ωht+ ϕu) = dinh/dt+ ωmimh
.

(11)
Then, imh can be expressed as follows:

imh = −ApLnn cos (ωht+ ϕu) +BpLmn sin (ωht+ ϕu)
(12)

where Ap and Bp can be written as follows:

Ap =
Umhωh

LdLq (ωh
2 − ωm

2)
, Bp =

Umhωm

LdLq (ωh
2 − ωm

2)
.

(13)
According to (12), imh is a function relevant to θe. There-

fore, θe can be obtained by calculating imh. Furthermore, the
amplitudes of the HF current responses Imh can be expressed as
follows:

Imh =
Umhωh

ωh
2 − ωm

2

(
cos2Δθ sinϕdu−i

Ld
+

sin2Δθ sinϕqu−i

Lq

)
(14)

where Δθ = θe – θm. ϕdu-I and ϕqu-I are the phase differences
between HF voltages and currents in the dq-axes.

However, in some high-resistance motors, the resistance will
cause the distortion in Imh. When considering Rs, imh can be
rewritten as follows:

imh=
Umh
ωhLd

cos2 (θm−θe) arcsin ωhLd√
Rs

2+ωh
2Ld

2
sin (ωht+ ϕidh)

+ Umh
ωhLq

sin2 (θm − θe) arcsin
ωhLq√

Rs
2+ωh

2Lq
2
sin (ωht+ ϕiqh)

(15)
where ϕidh and ϕiqh is the phases of the HF currents. The phase
difference can be expressed as follows:

ϕdi−qi = arcsin
ωhLd√

R2
s + ω2

hL
2
d

− arcsin
ωhLq√

R2
s + ω2

hL
2
q

.

(16)
To verify the influence of the resistance effect on the funda-

mental component of the current curve, the FFT results of Imh

with different ϕdi-qi are shown in Fig. 5. Take θe = 30°, ϕdi-qi

= 40°, and ωm = 1 rad/s as an example. The resistance effect
introduces even-time harmonics of ωm in Lmeq

−1. However,
the phase of fundamental frequency (2 Hz) is the same as the
phase of ϕdi-qi = 0° (when Rs = 0). If the proposed method
only extracts the fundamental components to estimate the initial
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Fig. 4. Diagram of the proposed SEIM based rotor initial position detection method with HF injection.

Fig. 5. FFT results of Imh with different ϕdi-qi. (a) ϕdi-qi = 0°. (b) ϕdi-qi

= 40°.

position, the resistance effect will not influence the estimated
results.

Besides, the inverter nonlinearity effects can be viewed as an
equivalent resistance in the dq-axes [31], the total resistance can
be regarded as the series of the equivalent resistances and the
stator resistance. Therefore, the inverter nonlinearity effects can
also be neglected similarly.

Furthermore, considering the influence of cogging harmonics
introduced by the cogging effect, the current response Imh_all

can be written as follows:

Imh_all = UmhωhLmeq_all
−1/

(
ωh

2 − ωm
2
)

= Imh + Imh_har cos (khωmt+ ϕac2)

= Imh_dc + Imh_ac cos (2ωmt− 2θe)

+ Imh_har cos (khωmt+ ϕac2) (17)

where Imh_har is a constant, and the current amplitude Imh_dc

and Imh_ac can be expressed as follows:{
Imh_dc = UmhLΣωh/LdLq

(
ωh

2 − ωm
2
)

Imh_ac = UmhLΔωh/LdLq

(
ωh

2 − ωm
2
) . (18)

Therefore, the current response Imh_all consists of three com-
ponents: a dc component, a fundamental component related
to the rotor position, and a kh/2th harmonic component. The
dc component and the fundamental component correspond to
the equivalent inductance Lmeq

-1, while the kh/2-th harmonic
component corresponds to Lmeq_har

-1. Since the fundamental

Fig. 6. Waveform of the HF current imh and the rotor position θe.

component contains the information of the rotor position, θe
can be estimated by extracting the amplitude and phase of the
fundamental component of Imh_all.

Furthermore, according to (17), the waveforms of imh, Imh,
and θm are shown in Fig. 6. When the m-axis completes one
rotational cycle at a speed of ωm, Imh can be expressed as a
sinusoidal signal with 2ωm frequency superimposed on a dc
component. Let ϕmh denote the phase of Imh. The estimated
rotor position can be expressed as follows:

θ̂e = (π/2− ϕmh) /2. (19)

Imh_all can be calculated by the DFT algorithm, which can be
written as follows:

Imh_all(γ) =

√
Im[D(γ)]2 +Re[D(γ)]2 (20)

where D(i) represents the DFT sequence of the γth HF current
cycle, and Im[] and Re[] represent the operations of calculating
the imaginary and real parts, respectively. After calculating Imh,
θe can be estimated by (19) and ϕmh can be obtained by the
VFF-SDFT algorithm presented in the next section.

B. VFF-SDFT Based Phase Calculation Algorithm

The DFT method can calculate the phase of the specified fre-
quency signal. The DFT method is to transform the time-domain
signal Imh_all mixed with different frequencies into frequency-
domain signals, and calculate the amplitude and phase of the
fundamental component of Imh_all, respectively.
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Fig. 7. Diagram of DFT sequence and the proposed VFF-SDFT sequence.

Imh is a low-frequency signal with a frequency of 2ωm. There-
fore, the phase of Imh can be calculated by the DFT method.
However, the application of the traditional DFT algorithm for
the phase calculation of Imh will result in a slower update rate
and lower data utilization efficiency during the rotor position
calculation process. To address these limitations, this study
proposes a VFF-SDFT algorithm for calculating the phase of
Imh. The proposed algorithm can improve the estimation speed
and reduce the fluctuations of the estimation results.

The data sequence of the proposed VFF-SDFT algorithm is
shown in Fig. 7. Within the computational windows of one DFT
period, the VFF-SDFT algorithm demonstrates N calculation
periods, significantly exceeding the operational frequency of the
conventional DFT algorithm. Define the input signal as x(i). N
is the number of sample points. Since N is large, the SDFT has
a high accuracy, which is beneficial when the SNR of the input
signal is low. Therefore, x(Nk+m) is the mth point of the kth
period for VFF-SDFT, where k and m are subject to the following
relationships:

{
0 ≤ m ≤ N − 1 m ∈ N
k ≥ 0 k ∈ N

. (21)

To ensure that the HF component and the low-frequency
component can be accurately acquired, it is necessary to satisfy

N >> 2πfpwm/ωh. (22)

The SDFT sequence at the Nk+m point can be expressed as
follows:

SD (Nk+m−1)=XTE (Nk +m− 1) + err (Nk +m− 1)
(23)

where X is the input signal matrix, E is the exponential factor
matrix, and err is the disturbance signal vector.

Besides, the proposed VFF-SDFT sequence satisfies the fol-
lowing recursive relationship:

SD (Nk +m)= SD (Nk +m− 1) + SDIV (Nk +m)
−SDIV (N (k − 1) +m) + err (Nk +m)

(24)

Fig. 8. Diagram of the relationship of the forgetting factor λnk+m, χ, and err.

where SDIV is the iteration factor vector, which can be expressed
as follows:

SDIV (Nk +m) = λNk+mSDIV (N (k − 1) +m)
+ (1− λNk+m)x (Nk +m) e−j2πm/N

(25)
where λ is the forgotten factor in (0, 1). The initial value of the
forgotten factor is

SDIV (m) = x (m) e−j2πm/N . (26)

In (25), λ can be calculated by

λNk+m = χ+ (1− χ) e−τ ||err(Nk+m)|| (27)

where 0 < χ < 1, τ > 0.
The forgetting factor λnk+m is related to the parameters χ,

err, and τ , as shown in Fig. 8. When χ is constant, the larger the
error vector err is, the smaller the forgetting factor λnk+m is.
This means that the SDFT algorithm accounts for less weight at
the old sampling points and more weight at the current sampling
point, which indicates that the estimated initial position might be
in the transient state. When the error vector err is close to zero,
λnk+m is close to one, which indicates that the current point will
not influence the estimated results significantly. Therefore, the
system is in a steady state. When the error vector err is large,
it indicates that the current point will influence the estimated
results obviously, so the weight of the old data should be reduced.
The parameter τ indicates the sensitivity to the disturbance error
vector err. Parameter χ affects the range of the forgetting factor.
The variable forgetting factor is in (χ, 1.0). χ is generally in
(0.8, 0.98). The smaller the χ is, the faster the estimation speed
is, but the poorer the steady-state performance is. The maximum
of the forgetting factor is limited to 0.99 to ensure the utilization
rate of the new data, which can ensure the stability under noise
or transient states.

In the applications, χ should be selected first. When adjusting
χ, set the parameter τ to infinity. λnk+m is approximately equal
to the parameter χ. χ affects the minimum speed of the system.
By adjusting χ, the acceptable speed range is determined. When
adjusting τ , it is necessary to observe λnk+m. If λnk+m always
goes down to χ in the steady state, it means that τ is too large. If
λnk+m remains a large value in the transient state, it means that
τ is too small.
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In (27), the amplitude Aerr and phase ϕerr of err can be
constructed by⎧⎪⎪⎨
⎪⎪⎩
ϕerr (Nk +m) = 1

(k−1)N+m

Nk+m∑
i=N

ϕ (i)− ϕ (Nk +m)

Aerr (Nk +m) = 1
(k−1)N+m

Nk+m∑
i=N

A (i)−A (Nk +m)

(28)
where A(i) and ϕ(i) are the amplitude and phase of the sequence
of the input signal, which can be calculated by the method in
paper [32]. After that, ϕmh can be calculated and the initial
position θe can be estimated by (19).

C. Split-Step Injection Based Adaptive HF Amplitude
Selection Method

In the initial position detection process, the HF current ampli-
tude is determined by the HF voltage. A large response current
will induce obvious noise. Conversely, a small current will lead
to low accuracy. The proposed SSHI method selects the HF
amplitude for different types of motors. Due to the low SNR of
the motor with the low saliency ratio, different injection voltage
amplitudes will significantly affect the initial position estimation
accuracy. Therefore, the proposed SSHI method is meaningful to
improve the estimation accuracy on PMSM with the low saliency
ratio.

According to (17), Imh_ac decides the estimation precision
of the initial position. To achieve a high SNR, Imh_ac must
be at least ten times higher than the current sampling standard
deviation σerr in the experiment. And, the HF current value must
be below the rated current IN.

As shown in Fig. 5, Imh reaches its maximum value when
the m-axis becomes coincident with the d-axis, which can be
expressed as follows:

Im_max =
Umωh

(ωh
2 − ωm

2)Ld
≤ IN (29)

where IN is the rated current. Combining with (18), the relation-
ship between HF current amplitude Imh_ac and Im_max can be
expressed as follows:

Imh_ac = Im_max (1− 1/ρ) (30)

where ρ is the salience ratio. Besides, Imh reaches its minimum
value when the m-axis becomes coincident with the q-axis,
which can be expressed as follows:

Imh_ac = (ρ− 1) Im_min. (31)

Therefore, to achieve a high SNR, Imh_ac should meet

Imh_ac ∈ [max {10σerr, 10 (ρ− 1)σerr} , IN (1− 1/ρ)] .
(32)

According to (32), the minimum value of Imh_ac is chosen
to be 10σerr when the ρ is small (less than 2). Conversely, the
minimum value of Imh_ac is chosen to be 10(ρ–1) σerr when ρ is
large (more than 2). Imh_ac

∗ is mainly determined by the saliency
ratio and current sampling standard deviation. For IPMSM with
ρ > 2, the current sampling standard deviation and the saliency
ratio are the main determinants of Imh_ac

∗. According to (18)

Fig. 9. Diagram of the relationship between Xm and Ld, q.

Fig. 10. Reference frames of PMSM for the adaptive HF amplitude selection.

and (36), ρ can be obtained by Imh_ac and Imh_dc, which can be
expressed as follows:

ρ =
1 + Imh_ac/Imh_dc

1− Imh_ac/Imh_dc
. (33)

Therefore, the saliency ratio can be estimated online by the
signals of the first cycle injected into the r1,23-axes.

Besides, Imh_ac is relevant to Umh, which can be expressed
as follows:

Umh =
Imh_acLdLq

(
ωh

2 − ωm
2
)

ωh (Lq − Ld)
=
Imh_ac

(
ωh

2 − ωm
2
)

Xmωh

(34)
where Xm = (Ld – Lq)/LdLq, represents the saliency of PMSMs.

When Imh_ac is obtained according to (32), the injected HF
voltage can be calculated from (34). The relationship between
Xm and Ld,q is shown in Fig. 9, where Xm is determined by Ld

and Lq. When ρ is smaller, Xm is smaller. When Ld = Lq, Xm

is zero. In addition, the injected voltage Umh is proportional to
Xm

-1. Therefore, the adaptive selection of Imh_ac can be realized
by adjusting Umh.

In order to realize the adaptive selection of HF signal ampli-
tude, the r1r2r3 frame is established and the position relationship
is shown in Fig. 10. The r2- and r3-axes are 90° and 45°
ahead of the r1-axis, respectively. The r1-, r2-, and r3-axes are
injected with HF voltage signals with an amplitude of Urh and a
frequency of ωh, respectively. After that, the HF current of the
r1-, r2-, and r3-axes can be expressed as follows:

Irhi=
Urh

2ωh

[
1

Ld
+

1

Lq
+

(
1

Ld
− 1

Lq

)
cos(2θri−2θe)

]
i=1, 2, 3.

(35)
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After injecting HF voltages in the r1r2r3-axes, Imh_dc and
Imh_ac can be expressed as follows:{

Imh_dc = (Irh1 + Irh2) /2

Imh_ac =
√
(Irh1 − Imh_dc)

2 + (Irh3 − Imh_dc)
2 . (36)

Then, Imh_ac differs from the given value Imh_ac
∗. Afterward,

the HF voltage amplitude is obtained by the PI regulator until
the error converges to zero, which can be expressed as follows:

Ûmh = kph · (Imh_ac
∗ − Imh_ac) + kih ∫ (Imh_ac

∗ − Imh_ac) dt.
(37)

To make the initial response value around 0.5 times the given
value, set kph = LΔ/LdLqωh according to (34). kih is decided by
the update period Tsi. kih< 0.5kph/Tsi is selected in the proposed
SSHI method to ensure stability.

The block diagram of the adaptive HF signal amplitude se-
lection method is shown in Fig. 4. A given value Imh_ac

∗ is
achieved by adjusting the value of Umh online. At the same
time, the magnetic polarity detection can be realized by the HF
current peak-value accumulation method.

D. Magnetic Polarity Detection

Conventional double-pulse injection methods will cause high
noise and potential damage to permanent magnets. In order
to avoid the problems, the magnetic polarity detection method
based on peak accumulation is proposed, which is carried out
in the process of adaptive HF signal amplitude selection. The
proposed method achieves magnetic polarity detection by accu-
mulating the peak value of positive and negative currents in the
r1- and r2-axes. The following principles should meet.

Principle 1: When the injection signal has a component in
the positive d-axis, the saturation degree of the d-axis increases,
resulting in Ld decreasing.

Principle 2: One of the following should meet.
1) When the HF current components in the q-axis are posi-

tive, the saturation degree of the q-axis increases (iq > 0
before injection), which leads to Lq

+<Lq
-, and Iqx+>Iqx-.

2) When the HF current components in the q-axis are posi-
tive, the saturation degree of the q-axis decreases (iq < 0
before injection), which leads to Lq

+>Lq
-, and Iqx+<Iqx-.

3) The saturation degree of the q-axis does not change due
to the symmetry (iq = 0 before injection), so Iqx+ = Iqx-.

When the HF voltage signals are injected into the r1- and
r2-axes, the HF voltage udx and uqx can be expressed as follows:[

udx
uqx

]
=

[
Um sin (ωht+ ϕx) cos (θrx)
Um sin (ωht+ ϕx) sin (θrx)

]
x = 1, 2 (38)

where ϕx is the phase of udx and uqx.
Take iq = 0 as an example. Define Id,qx+ and Id,qx- as the

positive and negative maximums of HF current in the dq-axes.
According to the principle of nonlinear magnetization of the iron
core, if Ld

+ < Ld
-, then Idx+ > Idx-. Besides, the saturation of

the q-axis is less affected by the injection signal, Lq
+ = Lq

-, so
Iqx+ = Iqx-. Considering the relationship between the dq-axes
current response, there is Irx+ > Irx-. Therefore, by comparing
Irx+ and Irx-, the rotor position can be divided into four regions

Fig. 11. Diagram of Irx+ and Irx- with different N-pole positions. (a) A
Region. (b) B Region. (c) C Region. (d) D Region.

TABLE I
RESULTS AND JUDGMENT CONDITIONS

A, B, C, and D. As shown in Fig. 11, the N-pole position is in
region A when Ir1+ > Ir1- and Ir2+ > Ir2-, in region B when
Ir1+ < Ir1-and Ir2+ > Ir2-, in region C when Ir1+ < Ir1- and
Ir2+ < Ir2-, and in region D when Ir1+ > Ir1- and Ir2+ < Ir2-.
Similar to iq = 0 before injection, when iq � 0, there must be an
rx-axis, leading to the significant differences of the peak values.
The region of the magnetic pole can be detected by comparing
the current peaks with significant differences.

A comprehensive comparison of all samples should be carried
out when comparing Irx+ and Irx-. So, a threshold η is set to
avoid polarity misjudgment. Let the number of sample points
satisfying Ir1+ > Ir1-, Ir2+ > Ir2- be Nc1 and Nc2, respectively.
The total number of samples is Nall. According to the current
relationship shown in Fig. 10, the judgment conditions in Table I
can be derived, where η takes its value in (0, 1). After detecting
the magnetic polarity region, the final rotor position can be
obtained by the SEIM method.

When the obtained region contains the rotor position, the
magnetic polar compensation is not required. On the contrary,
compensation is required. Therefore, the magnetic polarity can
be obtained by only the r1 or r2-axis. However, it might cause
misjudgments when the axis is close to the q-axis. Under this
condition, the magnetic polar region can be detected by the
rx-axis, which is close to the estimated position or the difference
is about 180°. So, the double injections in the r1- and r2-axes
are necessary since the angle difference is 90°.
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Fig. 12. Experimental platforms of 2.2 kW IPMSM and 7.5 kW SPMSM
drives.

TABLE II
IPMSM PARAMETERS

TABLE III
SPMSM PARAMETERS

IV. EXPERIMENTAL RESULTS

The proposed method is validated on a 2.2 kW IPMSM and
a 7.5 kW SPMSM experimental platform shown in Fig. 12
with the parameters in Tables II and III. The dc bus voltage is
537 V. The experimental platform is based on the STM32F103
microcontroller. The carrier frequency of the IPMSM is 6 kHz,
and the carrier frequency of the SPMSM is 8 kHz.

In the experiment, ωh is chosen to be 500 Hz for reducing
the resistance effect. The estimation time can be adjusted by
ωm. When ωm is higher, N is lower, which will cause the SDFT
method to be more sensitive to noise and lead to the accuracy
loss. The lower ωm is, the higher the accuracy is, but the longer
the time is. In this article, considering the influence of accuracy
and time, ωm is chosen to be 10 Hz. The experimental result of
the initial position detection is shown in Fig. 13, where the rotor
position is 43.2°. The estimation results of the rotor position
calculated by DFT, SDFT, and VFF-SDFT are 44.93°, 44.30°,
and 44.21°, respectively. The fluctuations of results with VFF-
SDFT are 0.96°.

In addition, the experiment results with different ωm are
shown in Fig. 14. When the m-axis rotational frequency is 5 Hz,
the initial position estimation time is 110 ms with the fluctuation

Fig. 13. Experimental results for DFT, SDFT, and VFF-SDFT with θe =
43.2°.

Fig. 14. Experimental results with different rotational speeds of the m-axis.

of 0.94°. When the frequency is 10 Hz, the time is 56 ms with
the fluctuation of 0.98°. When the frequency is 20 Hz, the time
is 38 ms with the fluctuation of 1.44°. Considering that 56 ms
can satisfy most application scenarios, 10 Hz is chosen as the
m-axis rotational frequency.

The experimental waveforms of the adaptive HF signal am-
plitude selection and magnetic polarity detection process are
shown in Fig. 15, where Imh_ac

∗ is 0.62 A and the positions of
r1, r2, and r3 are 0°, 90°, and 45°, respectively. ρ is estimated
to be about 2.2 by the HF injection, which is close to the rated
value. The HF signal amplitude is stabilized within five injection
cycles. At the same time, the magnetic polarity is obtained from
the HF current response Ir1,2. The waveforms of Nc1, Nc2, and
Nall are shown in Fig. 15(b), where η is 0.7. When θe is 0°, Nc1

and Nc2 are accumulated to 258 and 153, respectively, which
account for 86% and 51% of Nall, respectively. Therefore, the
rotor magnetic pole is in the A or D region. Similarly, when θe is
45°, Nc1 and Nc2 are accumulated to 249 and 240, respectively.
The rotor magnetic pole is in the A region.

The overall experimental waveform of the rotor initial position
detection is shown in Fig. 16.χ is 0.85 and τ is 0.12 for IPMSM,
while χ is 0.85 and τ is 0.08 for SPMSM. In the first 1.0 s,
the HF signal amplitude adaptive selection and magnetic polar
region detection are executed, after which the initial position
detection is applied. Fig. 16(a) shows the experimental results
of the IPMSM, where Imh_ac

∗ is given as 0.62 A. The SSHI
method takes about 335 ms, while the SEIM based method
takes about 59 ms. The estimation result is 72.47° and the real
value is 72.00°, thus, the error is –0.47°. Fig. 16(b) shows the
experimental results of SPMSM. Imh_ac

∗ is given as 0.4 A. The
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Fig. 15. Experimental waveforms in the process of the HF amplitude selection
and magnetic polarity detection. (a) HF amplitude selection. (b) Magnetic
polarity detection.

SSHI method takes about 335 ms, while the SEIM based method
takes about 152 ms. The real value is 81.60° and the estimation
result is 83.16° with an error of –1.56°.

Fig. 17 shows the experimental results of initial position
detection with different electrical angles, where M1 represents
the rotary injection method proposed in paper [12] and M2
represents the proposed SEIM based method. It can be seen
that the initial position detection errors of the SEIM method
are within 1.45° for IPMSM and 3.20° for the SPMSM. The
proposed method achieves a higher estimation accuracy.

The method is verified on motors with different saliency ratios
by injecting d-axis dc currents. When the experimental saliency
ratios are 1.10, 1.05, and 1.028, the experimental waveforms
are shown in Fig. 18. Fig. 18(a) shows the experimental results
of the initial position estimation with a saliency ratio of 1.10,
whose convergence time is 98 ms and the error is –1.18° with
the fluctuation of 0.97°. Fig. 18(b) shows the results when the
saliency ratio is 1.05, whose convergence time is 103 ms and
the error is 3.35° with the fluctuation of 2.46°. Fig. 18(c) shows
the experimental results with a saliency ratio of 1.028, whose
convergence time is 115ms and the error is 5.49° with the
fluctuation of 7.34°. The lowest saliency ratio is 1.028 when
the proposed method maintains effectiveness.

Fig. 19 shows the experimental waveforms of the proposed
method and the conventional method on IPMSM. Fig. 19(a)
shows the estimation result of M1 method. When θe is 216°, the
estimation result of the conventional method is 217.14° with an
error of –1.14° and the fluctuation is 2.41°. Fig. 19(b) shows the

Fig. 16. Experimental waveforms of the initial position detection. (a) On the
IPMSM with θe = 72.00°. (b) On the SPMSM with θe = 81.60°.

Fig. 17. Experimental results with different θe on SPMSM and IPMSM.

experimental results of the proposed method. When θe is 216°,
the estimation result of the proposed method is 216.32° with an
error of –0.32°, and the fluctuation is 0.75°. On IPMSM, the
proposed SEIM method takes about 70 ms, while the method in
[12] takes about 40 ms. The convergence time of the proposed
method is close to the conventional method. Besides, the double-
pulse injection process has been left out.

Fig. 20 shows the experimental waveforms of the proposed
method and the conventional method on SPMSM. When θe is
61.2°, the estimation result of the conventional method is 52.18°
with an error of 9.02° and the fluctuation of the estimation result
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Fig. 18. Experimental results for the SEIM method with different saliency
ratios when θe = 40°. (a) ρ = 1.10. (b) ρ = 1.05. (c) ρ = 1.028.

Fig. 19. Experimental results of the SEIM method and conventional method
with θe = 216° on IPMSM. (a) Conventional method. (b) SEIM method.

is 2.23°. The estimation result of the proposed method is 60.45°
with an error of 0.75° and the fluctuation is 0.98°. On SPMSM,
the proposed SEIM method takes about 220 ms, while the
method in [12] takes about 50 ms. But the estimation precision is
improved significantly. In addition, the stator current amplitude
of the proposed method is 2.9 A, while the conventional method

Fig. 20. Experimental results of the SEIM method and conventional method
with θe = 61.2° on SPMSM. (a) Conventional method. (b) SEIM method.

is 4.5 A. The current amplitude of the proposed method is
smaller.

V. CONCLUSION

In this article, an HF signal injection initial position detection
method based on the SEIM has been proposed. The proposed
method takes the position estimation errors caused by the motor
cogging harmonics into account and has a higher estimation ac-
curacy. In addition, an adaptive HF voltage amplitude selection
method based on split-step HF injection is proposed to improve
the estimation accuracy of different PMSMs. Simultaneously,
magnetic polarity detection is applied. The effectiveness and
universality of the proposed method have been verified by exper-
iments. During the initial position detection process, the injec-
tion amplitude is smaller, and the estimation precision is higher.
Additionally, the double-pulse injection process is replaced to
avoid damage to the permanent magnets. Therefore, this method
provides an effective solution for the initial position detection
of PMSMs with significant cogging harmonics introduced by
cogging effects. The initial position detection accuracy will be
improved significantly, particularly for SPMSMs with the low
saliency.
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