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Abstract—For the inductance identification method of interior
permanent magnet synchronous motor based on high-frequency
(HF) signal injection, the accuracy of HF response current and
voltage information acquisition is the key to determine the induc-
tance identification results. To improve the accuracy of inductance
identification, this article proposes an inductance identification
method based on the acquisition of HF response current and HF
voltage characteristics. The method establishes an inductance iden-
tification matrix about HF voltage characteristics and HF current
characteristics under the consideration of the effects of stator resis-
tance and cross-coupling, and realizes the accurate acquisition of
HF current characteristics by multimultiple rotational coordinate
transformation in the ABC coordinate system. The mechanism of
digital control delay on the injected HF voltage and sampled HF
current is also analyzed, and a digital control delay compensa-
tion strategy for the HF voltage is proposed. Then, according to
the obtained HF response current characteristics and HF voltage
characteristics, which are substituted into the established induc-
tance identification matrix, the online identification of inductance
is realized. Finally, the feasibility and superiority of the proposed
method are verified by experiment.

Index Terms—Control delay, current characteristics, high
frequency (HF) injection, inductive identification, interior
permanent magnet synchronous motor (IPMSM).

I. INTRODUCTION

INTERIOR permanent magnet synchronous motor (IPMSM)
has the advantages of simple structure, high efficiency, high

power density, etc., and is widely used in home appliances,
electric vehicles, rail transportation and other fields and various
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control systems [1], [2]. With the development of industry, the
performance requirements for motor control systems are under-
going sustained escalation, motor control strategies that meet the
requirements of different performance indicators are constantly
proposed. And the effectiveness of the implementation of each
of these control strategies is affected by the motor parameters
[3], [4]. How to realize the accurate identification of motor
parameters has become the content of extensive research by
scholars at home and abroad.

The rank-deficient is the biggest problem faced in motor
parameter identification. Since the IPMSM steady-state voltage
equation has a rank of 2, while IPMSM has four parameters
for the motor: stator resistance, permanent magnet flux linkage,
dq-axis inductance. Therefore, it is difficult to realize the full pa-
rameter identification of the motor based on the IPMSM steady
state voltage equation. To solve the rank-deficient problem, a
series of schemes have also emerged in recent years. These
methods are mainly categorized into two types: the nonsignal
injection based methods [5], [6], [7], [8], [9], [10], [11], [12],
[13] and signal injection based methods [14], [15], [16], [17],
[18], [19], [20], [21], [22], [23], [24], [25], [26], [27], [28], [29].

For the nonsignal injection method, Liu and Zhu [5] used a
fixed part parameter approach, fixing one or several parameters
of the motor to nominal or measured values, The full rank of
the identification matrix is achieved by reducing the number of
parameters that need to be identified in the voltage equation,
However, the accuracy of parameter identification is heavily
dependent on the accuracy of the fixed parameters. Rajia et al.
[6] increases the rank of the discrimination matrix by setting
different d-axis currents in order to introduce multiple sets of
voltage equations. However, different currents cause changes in
motor parameters. Therefore, such methods are also subject to
certain identification errors. All of the above parameter identifi-
cation methods rely on the steady-state mathematical model of
the motor, Yu et al. [8] and [9] proposes to have full-parameter
identifiability under the dynamic mathematical model of the
motor and to increase the rank of the identification matrix by
detecting the voltage and current information under the switch-
ing state of the inverter, thus realizing the full-parameter online
identification of the motor, In order to realize current sampling
at switching frequencies, high bandwidth current sensors such
as Roche coils as well as differential circuits need to be added
to the hardware circuit.
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The signal injection method is another effective method to
increase the rank of the parameter identification matrix, which
has received extensive attention from scholars in recent years.
This method is used to obtain high frequency current or voltage
information obtained by induction by injecting different forms
of voltage or current signals into the motor, Since the motor
high-frequency (HF) voltage equation contains the inductance,
the information of the injected signal can be used to realize the
identification of the inductance, and further combined with the
fundamental wave voltage equation can realize the full parame-
ter identification [14], [15], [16]. For the signal injection method,
the accuracy of obtaining the HF voltage information and HF
response current information acting on the motor end is a key
factor affecting the accuracy of motor parameter identification
[27], [28], [29]. From the point of view of the way of obtaining
HF voltage information and HF response current information,
the current signal injection method can be divided into two
categories: one is aimed at obtaining HF information amplitude;
the other is aimed at obtaining HF information amplitude and
phase angle.

Kang et al. [19] and Yu and Wang [20] injected HF voltages
into the motor, calculated the amplitude of the sinusoidal fun-
damental waveform voltage components at the same frequency,
and combined with the inverter nonlinear voltage error com-
pensation to obtain the HF voltage amplitude information. At
the same time, on the basis of ignoring the stator resistance
and cross-coupling terms, the positive and negative sequence
HF current amplitude information is obtained by implementing
the multi-frequency rotational coordinate transformation of the
HF response current in the dq coordinate system. However, the
neglect of the stator resistance and the cross-coupling term will
inevitably cause some error.

To avoid the preceding problems, the injected HF sinusoidal
voltage can obtain the real and imaginary part information of
the HF voltage and HF response current in the dq coordinate
system by compensating the injected HF sinusoidal voltage by
the nonlinear voltage error of the inverter and combining with
the discrete Fourier transform (DFT) to obtain the amplitude
and phase angle of the HF information [22], [23], [24], [25].
Although this method can realize the amplitude and phase angle
acquisition of HF information without neglecting the stator resis-
tance, the DFT needs to process the current-voltage information
in multiple control cycles, which makes the implementation
process slightly complicated, and at the same time, the neglect
of the cross-coupling term will also cause certain errors. In
addition, the method needs to be to obtain the amplitude and
phase angle, and the literature mentioned above only consider the
effect of inverter nonlinearity on the voltage, and not consider the
effect of the digital control delay on the HF voltage information,
which is another important factor affecting the effect of the motor
terminal voltage another important factor.

Based on the preceding analysis, how to accurately obtain HF
voltage and current information is a very important task. Specific
performance are as follows.

1) Research on accurate HF response current information
acquisition method without neglecting stator resistance
and cross-coupling terms.

2) The effect of digital control delay on HF ac voltage signals
has remained to be analyzed, and the applicability of
existing digital control delay compensation methods has
to be further investigated.

Therefore, this article investigates the IPMSM inductance
identification method based on HF signal injection. First, the
implementation process and deficiencies of two currently ex-
isting methods for obtaining HF voltage and current infor-
mation are analyzed, as well as their shortcomings. Then,
the inductance identification matrices with respect to the HF
voltage characteristics and the HF current characteristics are
established, considering the effects of stator resistance and
cross-coupling. Then, the accurate acquisition of HF current
characteristics is realized with the multi-frequency rotational
coordinate transformation in the ABC coordinate system. Mean-
while, the influence mechanism of the digital control delay on the
injected HF voltage and the sampled HF current is analyzed, and
the digital control delay compensation strategy for the HF volt-
age is proposed. Finally, according to the obtained HF response
current and voltage characteristics, which are substituted into the
established inductance identification matrix to realize the online
identification of inductance. The feasibility and superiority of
the proposed method are verified by experiments.

II. IPMSM MATHEMATICAL MODEL

The dq-axis voltage equation of IPMSM

{
ud = Rsid + Ld

d
dt id − ωeLqiq

uq = Rsiq + Lq
d
dt iq + ωe(Ldid + ψf )

(1)

where ud, uq are the dq-axis components of stator voltage; id,
iq are the dq-axis components of stator current; Rs is the stator
resistance; ωe is the electrical angular velocity; Ld, Lq are the
dq-axis inductance components; ψf represents the stator flux
linkage of the permanent magnet.

The torque equation can be expressed as

Te =
3

2
pniq [id(Ld − Lq) + ψf ] (2)

where Te is the electromagnetic torque and pn is the number of
rotor pole pairs.

After injecting a HF voltage signal to the IPMSM, the corre-
sponding HF voltage equation can be expressed as

{
udh = Rsidh + Ldpidh − ωeLqiqh
uqh = Rsiqh + Lqpiqh − ωeLdidh

. (3)

As can be seen from (3), the HF voltage equation contains
inductive information, therefore, the HF voltage equations can
be utilized to achieve the identification of the dq-axis inductance,
and further combined with the fundamental wave voltage equa-
tions can achieve the full-parameter identification of the IPMSM
[20]. The IPMSM inductance identification method based on HF
signal injection is shown in Fig. 1.
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Fig. 1. IPMSM inductance identification based on HF signal injection.

III. PARAMETER IDENTIFICATION BASED ON HF VOLTAGE AND

CURRENT INFORMATION

At present, two methods of parameter identification based
on HF voltage and current information are available: Parameter
identification method based on the acquisition of HF signal am-
plitude information; and parameter identification method based
on amplitude and phase acquisition of HF signals. Both methods
are briefly analyzed as follows.

A. Parameter Identification Based on Amplitude Information
of HF Signals

A pair of HF voltage signals udqh is injected into the IPMSM
in d, q coordinate system. The injected HF voltage signal is
represented in the form of a complex vector

udqh = udh + juqh

= Uh cos(ωht) + jUh sin(ωht)

= Uhe
jωht (4)

where Uh is the amplitude of the HF voltage signal and ωh is
the frequency of the HF voltage signal.

Neglecting the stator resistance and cross-coupling terms, the
IPMSM HF mathematical model is simplified as{

udh = Ldpidh
uqh = Lqpiqh

. (5)

By substituting (4) into (5), the d- and q-axis HF response
currents can be obtained as

idqh =
Uh

Ld

∫
cos(ωht)dt+ j

Uh

Ld

∫
sin(ωht)dt

=
Uh

ωhLdLq

[
LΣe

j(ωht−π
2 ) + LΔe

j(−ωht+
π
2 )
]

= AP e
j(ωht−π

2 ) +ANe
j(−ωht+

π
2 ) (6)

Fig. 2. Inductance parameter identification based on the acquisition of HF
signal amplitude information.

where L� and LΔ are the average inductance and differential
inductance; AP and AN represent the amplitude of the positive
and negative sequence HF current components.

L� and LΔ can be expressed as{
LΣ = 0.5(Ld + Lq)
LΔ = 0.5(Ld − Lq)

. (7)

AP and AN can be expressed as{
AP = LΣUh

ωhLdLq

AN = LΔUh

ωhLdLq

. (8)

According to (8), the amplitude of the positive and negative
sequence HF current components contains d- and q-axis in-
ductance information. Therefore, inductance identification can
be achieved by obtaining the positive and negative sequence
components of the HF response current. Combining (7) and
(8), the expression of the inductance with respect to the high
frequency voltage and current amplitude information can be
obtained {

Ld = Uh

ωh(AP−AN )

Lq = Uh

wh(AP+AN )

. (9)

The extraction of the positive and negative sequence com-
ponents of the HF response current can be achieved using the
inverse Park transform and filter, and the structure of parameter
identification based on the acquisition of HF signal amplitude
information is shown in Fig. 2. The method utilizes a simplified
HF mathematical model, and the neglect of the stator resistance
as well as the cross-coupling term can cause incorrect identifica-
tion models, which in turn can lead to errors in the identification
inductance results.

B. Parameter Identification Based on Amplitude and Phase
Acquisition of HF Signals

In order to avoid the problems of the methods described in
Section III-A, recent studies have proposed parameter identi-
fication methods based on acquisition of amplitude and phase
information from HF signals. The method realizes the simulta-
neous identification of Ld, Lq, and Rs by obtaining the amplitude
and phase information of the HF signal.

Neglecting the cross-coupling term and representing the HF
voltage and current information in sinusoidal form, the IPMSM
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Fig. 3. Vector diagram of IPMSM HF equivalent impedance modeling.
(a) Vector diagram of d-axis HF equivalent impedance model. (b) Vector diagram
of q-axis HF equivalent impedance model.

HF voltage equation is represented as⎧⎪⎪⎨
⎪⎪⎩
Udh sin(ωht+ γd) = RsIdh sin(ωht+ μd)
+ωhLdIdh sin(ωht+ μd +

π
2 )

Uqh sin(ωht+ γq) = RsIqh sin(ωht+ μq)
+ωhLqIqh sin(ωht+ μq +

π
2 )

(10)

where Udh, Uqh, Idh, Iqh represent the HF voltage and current
amplitude of d- and q-axis, respectively; and γdh, μdh, γqh,
μqh represent the initial phase angles of the HF voltage and
HF current in the d- and q-axis, respectively.

Expressing (12) as a HF equivalent impedance model of the
form ⎧⎪⎪⎨

⎪⎪⎩
Udhe

j(ωht+γd) = RsIdhe
j(ωht+μd)

+ωeLdIdhe
j(ωht+μd+π/2)

Uqhe
j(ωht+γq) = RsIqhe

j(ωht+μq)

+ωeLqIqhe
j(ωht+μq+π/2)

. (11)

The vector diagram of the dq-axis HF equivalent impedance
model is shown in Fig. 3. The relationship between d- and
q-axis inductances and stator resistance of the motor about the
HF voltage, current amplitude and phase can be obtained from
the figure. ⎧⎪⎪⎨

⎪⎪⎩
Ld = Udh

ωhIdh
sin(γd − μd)

Lq =
Uqh

ωhIqh
sin(γq − μq)

Rs =
Uxh

ωxIxh
cos(γx − μx)x = d, q

. (12)

To obtain the HF voltage and current amplitude and phase,
the DFT [22], [23] can be applied as follows:

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

XRe =
2
N

[
xdqh(0) +

∑N−1
i=1 xdqh(i) cos

2πi
N

]
XIm = 2

N

[−∑N−1
i=1 xdqh(i) sin

2πi
N

]
Xmag =

√
XRe

2 +XIm
2

X = U, I x = u, i,N = 1, 2 · ··

(13)

where XRe and XIm are the real and imaginary components of
the HF signal. Xmag is the amplitude of the HF signal.

According to the DFT, the HF voltage and current amplitude
and phase can be expressed as

⎧⎪⎪⎨
⎪⎪⎩
Uxh =

√
URe

2 + UIm
2

γxh = tan−1(UIm/URe)

Ixh =
√
IRe

2 + IIm
2

μxh = tan−1(IIm/IRe)x = d, q

. (14)

Finally, according to (12) and (14), the identification of d- and
q-axis inductances and stator resistance can be realized.

The method improves the identification accuracy by obtaining
the amplitude and phase of the HF signal and considering the
effect of stator resistance. However, the following problems
remain.

1) The effects of cross-coupling were not considered.
2) The effect of the digital control delay on the alternating

current signal needs to be further analyzed.

IV. PROPOSED MULTIPARAMETER IDENTIFICATION METHOD

BASED ON THE ACQUISITION OF HF CURRENT

CHARACTERISTICS

In view of the preceding issues, this article proposes an
inductance identification method based on the acquisition of HF
response current and HF voltage characteristics. The method
includes the following three main components.

1) Inductance identification matrix establishment based on
HF signal characteristics.

2) Method of accurately obtaining HF current characteristics.
3) Analysis and compensation of the effect of digital control

delay on HF signals.

A. Inductance Identification Matrix Based on HF Signal
Characteristics

In the dq coordinate system, the HF current of the IPMSM
and the HF voltage at the motor terminal can be expressed as

{
idh = Idhcos(ωht+ μd)
iqh = Iqhsin(ωht+ μq)

(15)

{
udh = Udh cos(ωht+ γd)
uqh = Uqh sin(ωht+ γq)

(16)

where Udh and Uqh are the amplitude of HF voltage signals
acting on the motor in the d- and q-axis; Idh, Iqh are the amplitude
of HF current signals induced by the motor; μd, μq, γd, γq
are the initial phase angles injected into the HF currents and the
HF voltage signals; and ωh is the frequency of the HF voltage
signals.

Substituting (15) and (16) into (3) obtains

⎧⎪⎪⎨
⎪⎪⎩
Udh cos(ωht+ γd) = RsIdhIdhcos(ωht+ μd)
−ωhLdIdh sin(ωht+ μd)− ωeLqIqh sin(ωht+ μq)

Uqh cos(ωht+ γd) = RsIqhIqh sin(ωht+ μd)
+ωhLqIqh sin(ωht+ μq) + ωeLdIdh sin(ωht+ μd)

.

(17)
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Expanding (17) in terms of characteristics can be obtained as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Udhcosγd = RsIdhcosμd − ωhLdIdh sinμd

−ωeLqIqh sinμq

Udhsinγd = RsIdh sinμd + ωhLdIdh cosμd

+ωeLqIqh cosμq

Uqhcosγq = RsIqh cosμq − ωhLqIqh sinμq

−ωeLdIdh sinμd

Uqhsinγq = RsIqh sinμq + ωhLqIqh cosμq

+ωeLdIdh cosμd

. (18)

As shown in (18), the HF voltage-current characteristics
equation includes the stator resistance and the d-axis and q-axis
inductances. Therefore, three of the characteristics equations
can be used to realize the identification of the inductance. By
rewriting (18) in the form of a matrix⎡

⎢⎢⎣
Udhcosγd
Udhsinγd
Uqhcosγq
Uqhsinγq

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣
Rs −ωhLd 0 −ωeLq

ωhLd Rs ωeLq 0
0 −ωeLd Rs −ωhLq

ωeLd 0 ωhLq Rs

⎤
⎥⎥⎦

×

⎡
⎢⎢⎣
Idhcosμd

Idh sinμd

Iqh cosμq

Iqh sinμq

⎤
⎥⎥⎦ . (19)

B. Method of Accurately Obtaining HF Current
Characteristics

According to (19), the accuracy of the identification of the
motor parameters depends on the precise determination of the
HF voltage and HF response current characteristics. When a
HF sinusoidal voltage signal as shown in (16) is injected in
the dq coordinate system, the induced HF response current
can be expressed as the form of (15) in the dq coordinate
system. The expression of the HF response current in the αβ
coordinate system can be obtained by subjecting (15) to the
IPARK transformation as follows:⎧⎪⎪⎨

⎪⎪⎩
iαh = Ih1 cos[(ωe + ωh)t+ χ1]

+Ih2 cos[(ωe − ωh)t+ χ2]
iβh = Ih1 sin[(ωe + ωh)t+ χ1]

+Ih2 sin[(ωe − ωh)t+ χ2]

(20)

where Ih1, Ih2, χ1, and χ2 are the amplitude and initial phase
angle of the HF response currents with frequencies ωe+ωh and
ωe-ωh.

At the same time, the relationship between them and the
amplitude and initial phase angle of the HF response current
in the dq-axis is as follows:⎧⎪⎪⎨

⎪⎪⎩
Idh cosμd = Ih1 cosχ1 + Ih2 cosχ2

Iqh cosμq = Ih1 cosχ1 − Ih2 cosχ2

Idh sinμd = Ih1 sinχ1 − Ih2 sinχ2

Iqh sinμq = Ih1 sinχ1 + Ih2 sinχ2

. (21)

Therefore, the HF response current characteristics in the dq
coordinate system can be further obtained by obtaining the HF
response current characteristics in the αβ coordinate system.

In order to obtain the HF response current characteristics in
the αβ coordinate system, the sample obtained αβ currents

Fig. 4. Proposed high-frequency response current characteristics acquisition.

Fig. 5. HF voltage vector and synchronized rotating coordinate system
changes in two continuous control cycles.

can be transformed by the multifrequency rotating coordinate
transformation shown as

T1 =

[
cos((ωe + ωh)t) sin((ωe + ωh)t)
− sin((ωe + ωh)t cos((ωe + ωh)t)

]
(22)

T2 =

[
cos((ωe − ωh)t) sin((ωe − ωh)t)
− sin((ωe − ωh)t cos((ωe − ωh)t)

]
. (23)

Significantly, since the sampled motor currents contain not
only HF response currents, but also fundamental and other
frequency harmonics. Therefore, the motor current obtained
from the sampling is passed through (22) and (23) to obtain
an HF response current characteristics interspersed with a cer-
tain content of alternating current. In order to separate the HF
response current characteristic quantities, a low-pass filter is also
needed to be used. The proposed method for obtaining the HF
response current characteristics is shown in Fig. 4.

C. Analysis of the Effect of Digital Control Delay on HF
Signals and Compensation Methods

In addition to the inverter nonlinear voltage error, the digital
control delay and the rotor position variation during one control
cycle is another important factor that leads to the inconsistency
between the output voltage of the d- and q-axis current con-
trollers and the actual voltage applied to the motor terminal.
If the following corrections are made to the output voltage of
the current controller, the actual fundamental voltage added to
the motor terminal and the fundamental voltage output by the
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Fig. 6. Relationship between the HF current obtained from sampling at the
moment of Ts and the HF response current produced by the motor when the
average voltage vector acts.

Fig. 7. Proposed inductance identification based on the acquisition of HF
response current and HF voltage characteristics.

Fig. 8. Simulation results of HF voltage characteristics. (a) Udhcosγd.
(b) Udhsinγd. (c) Uqhcosγq. (d) Uqhsinγq.

controller can be made consistent [30]{
ud_com = m [ud_c cos(1.5ωeTs)− uq_c sin(1.5ωeTs)]
uq_com = m [ud_c sin(1.5ωeTs) + uq_c cos(1.5ωeTs)]

(24)

m =
ωeTs

2 sin(0.5ωeTs)
(25)

where ud_c and uq_c are the dq-axis voltages output from the
controller; ud_com and uq_com are the corrected controller output
voltages; and Ts is the control period.

Fig. 9. Inductance identification results after and before compensation.
(a) q-axis inductance at 200 r/min. (b) d-axis inductance at 200 r/min. (c) q-axis
inductance at 1200 r/min.(d) d-axis inductance at 1200 r/min.

Fig. 10. Experimental system of permanent magnet synchronous motor.

Fig. 11. dq-axis current waveform with FFT analysis. (a) dq-axis current
waveform. (b) FFT analysis of HF current signals in d-axis. (c) FFT analysis of
HF current signals in q-axis.

Fig. 12. Extracted HF current information waveforms. (a) Extracted dq-axis
HF current characteristics results. (b) Extracted dq-axis HF current amplitude
results.
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Fig. 13. Experimental results of inductance at 200r/min, Te_ref = 2 N·m,4 N·m,6 N·m, 8 N·m. (a) Inductance identification based on HF signal amplitude.
(b) Inductance identification based on HF signal amplitude and phase. (c) Proposed method.

Fig. 14. Experimental results of inductance at 200 r/min with 1mH inductance in series, Te_ref = 2 N·m, 4 N·m, 6 N·m, 8 N·m. (a) Inductance identification
based on HF signal amplitude. (b) Inductance identification based on HF signal amplitude and phase. (c) Proposed method.

Different from the fundamental wave voltage, which behaves
as a direct current, the injected HF voltage signal behaves as
an alternating current in the dq coordinate system. Therefore,
whether there is a difference in the mechanism of the effect of
the digital control delay on the HF voltage signal needs to be
analyzed in detail.

More generally, the injected HF voltage is written in the form
of a complex vector as follows:

udqh_inj = udh_inj + juqh_inj

= Uh_inj cos(ωht+ γinj) + jUh_inj sin(ωht+ γinj)
(26)

where Uh_inj is the amplitude of the HF voltage signal injected
into the d- and q-axis; γinj is the initial phase angle of the HF
voltage signal injected into the d- and q-axis; and ωh is the
frequency of the HF voltage signal.

Fig. 5 shows the variation of the HF voltage vector udqh_inj

and the dq coordinate system during two consecutive control
cycles. Due to the digital control, the HF voltage vector udqh_inj

injected into the dq coordinate system at moment 0 can only
act on the motor at the beginning of the next control cycle
(moment Ts), and in the process the dq coordinate system
changes counterclockwise the angle ωeTs, Meanwhile at the
moment Ts, the injected HF voltage vector udqh_inj is rotated
counterclockwise by an angle ωhTs, Therefore, the relationship
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Fig. 15. Experimental results of inductance at 1200r/min, Te_ref = 2 N·m, 4 N·m, 6 N·m, 8 N·m. (a) inductance identification based on HF signal amplitude.
(b) Inductance identification based on HF signal amplitude and phase. (c) Proposed method.

Fig. 16. Experimental results of inductance at 1200 r/min with 1mH inductance in series, Te_ref = 2 N·m, 4 N·m, 6 N·m, 8 N·m. (a) Inductance identification
based on HF signal amplitude. (b) Inductance identification based on HF signal amplitude and phase. (c) Proposed method.

between the injected HF voltage vector and the voltage vector
acting on the motor terminal at the moment of Ts can be
expressed as

udqh(T s) = udqh_inj(T s)e
−jωhTse−jωeTs . (27)

The average HF voltage vector can be approximated as the
HF voltage vector acting on the motor terminal during the time
period from Ts to 2Ts, let the average HF voltage vector be

udqh_av = udh_av + juqh_av. (28)

The relationship between the average HF voltage vector and
the voltage vector acting on the motor terminal at the moment

of Ts can be expressed as follows:

udqh_av =
1

Ts

∫ 2Ts

Ts

udqh(Ts) · e−jωe(τ−Ts)dτ

=
2 sin(0.5ωeTs)

ωeTs
e−j(0.5ωeTs)udqh(Ts). (29)

Consequently, by combining (26) and (29), the relationship
between the injected HF voltage vector and the average voltage
vector acting on the motor terminals during the time period from
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Fig. 17. Comparison of the error of identification results of string inductance.
(a) d-axis inductance error percentage. (b) q-axis inductance error percentage.

Ts to 2Ts can be obtained as follows:

udqh_av =
2 sin(0.5ωeTs)

ωeTs
e−j(1.5ωeTs)e−jωhTsudqh_inj(Ts).

(30)
Therefore, in order to keep the actual HF voltage added to

the motor terminal and the injected HF voltage consistent, a
compensation for the injected HF voltage is required,according
to (30), the expression for the compensated HF voltage is as
follows:⎧⎪⎪⎨

⎪⎪⎩
udh_com = m {udh_inj cos [(1.5ωe + ωh)Ts]
−uqh_inj sin [(1.5ωe + ωh)Ts]}

uqh_com = m {ud_inj sin [(1.5ωe + ωh)Ts]
+uq_inj cos [(1.5ωe + ωh)Ts]

(31)

where udh_com and uqh_com are the compensated HF voltages.
Comparing (24) and (31), shows that the digital control delay

has a different effect on the HF voltage in the dq coordinate
system than the effect on the fundamental voltage, therefore, the
injected HF voltage needs to be compensated by (31) during the
parameter identification process in order to realize the accurate
identification of the parameters.

In addition, when the motor control program is set to perform
current sampling at the end of a control cycle, the HF current
acquired at the moment of Ts will overshoot the average voltage
vector acting on the HF current generated by the motor at an
angle of 0.5ωhTs. The relationship between the HF current
obtained from sampling at the moment of Ts and the HF response
current produced by the motor when the average voltage vector
is applied is shown in Fig. 6. Therefore, in order to accurately
obtain the corresponding HF response current when the aver-
age voltage vector is in action, the HF current characteristics

TABLE I
PARAMETERS OF IPMSM

extracted in Section III-B need to be compensated as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Idh cosμd_com = Idh cosμd cos (0.5Tsωh)
−Idh sinμd sin (0.5Tsωh)
Iqh cosμq_com = Iqh cosμq cos (0.5Tsωh)
−Iqh sinμq sin (0.5Tsωh)
Idh sinμd_com = Idh sinμd cos (0.5Tsωh)
+Idh cosμd sin (0.5Tsωh)
Iqh sinμq_com = Iqh sinμq cos (0.5Tsωh)
+Iqh cosμq sin (0.5Tsωh)

. (32)

The block diagram of the proposed inductance identification
structure based on the acquisition of HF response current and
HF voltage characteristics is shown in Fig. 7.

V. EXPERIMENTAL RESULTS

A. Simulation Verification of the Effectiveness of Digital
Control Delay Compensation

In order to verify the effectiveness of the compensation
method proposed in this article, the following simulations are-
carried out through the MATLAB/Simulink platform. When the
motor torque is 6 N·m and the rotational speed is 1200 r/min,
the results of the HF voltage characteristics that actually act
on the motor terminal, the HF voltage characteristics without
considering the delay compensation, and the HF voltage char-
acteristics with considering the delay compensation are shown in
Fig. 8. From the figure, shows that the compensated HF voltage
characteristics are closer to the HF voltage characteristics acting
on the motor terminal, while the HF voltage characteristics
without considering the control delay are far away from the real
value.

In order to further validate the effect of HF voltage character-
istics accuracy on inductance identification results, Simulation
verification of inductance identification was carried out at motor
torque of 6 N·m and speeds of 200 and 1200 r/min. As shown
in Fig. 9. From the figure, this shows that inductance value
identified with the compensated HF voltage characteristics is
closer to the real inductance value.
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TABLE II
IDENTIFICATION RESULTS OF SERIES INDUCTANCE (Q-AXIS)

TABLE III
IDENTIFICATION RESULTS OF SERIES INDUCTANCE (D-AXIS)

B. Experimental Validation of HF Current Characteristics
Extraction

In order to verify the feasibility of the proposed method,
an experimental system as shown in Fig. 10 was constructed
and. the parameters of the IPMSM are given in Table I In the
experimental system, TMS320F28335 is used for the control
unit. The sampling frequency of the control system is 10 kHz,
the control period is 100μs, the dc-bus voltage is 200 V, the rated
power of the motor under test is 2 kW, and the rated torque is 9
N·m. In the experiments, the d-axis is injected with HF cosine
voltage signals of amplitude 10 V, and the q-axis is injected with
HF sinusoidal voltage signals of amplitude 10 V.

Fig. 11 shows the dq-axis current waveforms and the corre-
sponding FFT analysis results at a motor speed of 400 r/min and
a torque of 4 N·m. From the figure shows that after injecting the
HF signal, the amplitude of the HF current in the d-axis current
is 0.78 A and the amplitude of the HF current in the q-axis
current is1.42 A in the dq coordinate system. d-axis current
is 0.78 A and the amplitude of the HF current in the q-axis
current is1.42 A in the dq coordinate system. Fig. 12 shows
the results of the HF current characteristics extracted through
the method proposed in this article and the results of the HF
current amplitude synthesized from the HF current character-
istics. From the figure, shows that the extracted HF current
amplitudes in d and q axes are 0.75 A and 1.43 A. The results
in Figs. 11 and 12 show that the proposed method in this article
can accurately extract the characteristics of the HF response
current.

C. Experimental Validation of Parameter Identification
Results

In order to verify the accuracy of the inductance obtained by
the method proposed in this article, the following experiments
are conducted in this article. First, the proposed method in this
article is validated at motor speeds of 200 r/min, 1200 r/min,
and torques of 2 N·m, 4 N·m, 6 N·m, and 8 N·m. The article also
reproduces the traditional inductor identification method based
on the acquisition of HF signal amplitude information and the
inductor identification method based on the acquisition of HF
signal amplitude and phase angle, which are used as comparative

validation, and the experimental results are shown in Figs. 13
and 15. From the experimental results, the differences in the
results of the three methods can be shown, especially in inductor
recognized based on the amplitude of the HF signal and the phase
acquisition, due to the recognition results without considering
the digital control delay and the other two methods of the results
obtained there are obvious differences, but also from the side of
the necessity to consider the digital control delay.

In order to compare the accuracy of the inductance obtained
by the three methods of identification. The article also carries out
the following experiments, three inductors with inductance value
of 1mH and rated current of 50A (much larger than the rated
current of the motor 10A) are connected in series to the motor
system, and the total inductance in the newly composed system
is recognized by three methods in the same motor operating
conditions. The identification results are shown in Figs. 14 and
16. The inductance results identified in Figs. 13 and 14 and
Figs. 15 and 16 are made differential, and the difference is the
identification result of the series inductance, as given in Tables II
and III.

Meanwhile, in order to visualize the accuracy of the induc-
tance discrimination, an error histogram was plotted as shown
in Fig. 17. From Tables II, III and Fig. 17, shows that the
inductance identified by the proposed method in this article
has two traditional methods have large errors. The inductance
obtained by the proposed method in this article is recognized
with better accuracy.

VI. CONCLUSION

For improving the accuracy of parameter identification based
on HF signal injection, this article develops a strategy to ac-
curately acquire HF voltage and HF current information. The
content is mainly reflected in the followings.

1) Proposed an inductance identification method based on the
acquisition of HF response current and HF voltage char-
acteristics. The method establishes an inductance identifi-
cation matrix with respect to HF voltage characteristics
and HF current characteristics, considering the effects
of stator resistance and cross-coupling, and the accurate
acquisition of HF current characteristics is realized by
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multifrequency rotational coordinate transformation in the
ABC coordinate system.

2) Analyzes the mechanism of the digital control delay on
the injected HF voltage and the sampled HF current signal,
and proposes a digital control delay compensation strategy
for the HF voltage.

3) The inductance identification results under the proposed
method and the traditional two methods are obtained
through experiments and the accuracy of the inductance
obtained by recognizing the inductance by the method
proposed in this article is verified by stringing in external
inductance.
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