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An Offline Parameter Self-Learning Method
Considering Inverter Nonlinearity With Zero-Axis
Voltage

Qiwei Wang ¥, Nannan Zhao
Zhixue Chen, Guogiang Zhang

Abstract—In the voltage source inverter applications, inverter
nonlinearities would affect the parameter identification process
in many ways. Hence, this article proposes an offline identifi-
cation method for resistance and dg-axis inductance surface by
considering the inverter nonlinearity characteristics. A variable
amplitude square-wave injection (VASI) scheme is proposed for
the dg-axis inductance identification. The VASI method achieves
the inductance identification with a novel data sampling strategy.
Meanwhile, it can also establish the inductance surfaces by only
a few identified data points with a polynomial fitting algorithm,
which greatly reduces the identification time compared with the
existing methods. The resistance identification is realized by a slope
signal injection method, in which the effect of IGBT voltage drop
is analyzed. In order to improve the identification accuracy, the
inverter nonlinearities are compensated by a self-learning method
considering the zero-axis voltage at different rotor positions. At the
same time, the sampling error in zero current zones of abc-phases
is researched. In order to verify the effectiveness and generality,
the proposed method is carried out on two different test machines
and confirmed by finite element analysis.

Index Terms—Inverter nonlinearity self-learning, offline
parameter identification, permanent magnet synchronous motor
(PMSM), sampling error in zero current zones (ZCZS), zero-axis
voltage.

I. INTRODUCTION

ERMANENT magnet synchronous machines (PMSMs)
have been commonly investigated and applied in the indus-
try because of the flexible controllability and high torque density
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[1]—[6]. In recent decades, many PMSM control schemes have
been proposed to meet the requirements of various application
conditions. Meanwhile, almost all kinds of control schemes
strongly rely on the machine parameters [7], [8]. Among all
the parameter identification methods, the offline methods are
more applicable and flexible for not wasting the online control
resources [9], [10]. In order to better serve the motor control and
realize the auto-tuning process in various control methods, the
dg-axis inductances and the resistance should be identified.
The offline inductance identification generally relies on the
signal injection, where the high frequency (HF) injection meth-
ods based on hysteresis control are most commonly used [10],
[11]. The amplitudes of the injected dg-axis currents are adjusted
in real time by hysteresis control to consider the cross-coupling
effect [12]. The inductances are calculated by the differential
operation of the dg-axis flux linkages estimated and stored in
advance [12], [13], which are time-consuming and resource-
consuming. The rotating signal injection method is another com-
monly applied offline inductance estimation strategy [14], [15].
Typically, a rotating double-direction pulse injection method
was studied in [14], which identified inductance without the
knowledge of the rotor position. However, the rotating signal-
based method can hardly take into account the cross-coupling
effect. The inductance identification methods by sinusoidal
signal injection have been proposed in recent years. In [16],
a sinusoidal voltage injection method was studied to estimate
the spatial inductance map by scanning the rotor angle. By
researching the PMSM impedance model, a small amplitude
sinusoidal signal injection method was proposed in [17], and
the inductance could be calculated from the phase information of
injected signals. In [18], the dg-axis inductances considering the
cross-coupling effect were obtained by injecting the composite
signals of dc and HF sinusoidal signals, but the additional shaft
locking device was needed. To sum up, it is still essential to
study an offline inductance identification method considering
cross-coupling with strong generality and simple operation.
The resistance plays an important role in the control strategy,
self-commissioning process, and fault diagnosis of PMSMs [19],
[20]. The most commonly used resistance identification methods
are realized by two-level dc currents injection at standstill [21],
[22]. This method is simple and practicable. However, it is easily
affected by inverter nonlinearities and signal perturbations. In
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order to deal with the dead time effect, a short pulse voltage
signal injection method was introduced in [23], where the re-
sistance could be identified during the energy releasing process
of the MOSFET. In [24] and [25], the resistance was estimated
with the linear regression method by the d-axis slope current
injection, which avoided the parasitic capacitance and reduced
the sampling disturbance. Although the inverter nonlinearities
have been widely studied in the resistance identification [9],
the influence of insulated gate bipolar transistor (IGBT) voltage
drop on resistance identification has not been analyzed yet [26].
Therefore, it is very important to investigate a resistance identi-
fication method considering all kinds of inverter nonlinearities
with strong robustness.

Since the back electromotive force of PMSM remains zero in
the offline parameter identification process, the inverter nonlin-
earities have a great influence on the parameter identification,
which need to be compensated [27]. The parameter identifi-
cation error caused by the dead time effect was analyzed and
compensated with the sign function in [28] and [29]. For im-
proving the compensation accuracy of the inverter nonlinearities
at small current, a multiple linear regression fitting method
was proposed based on the inverter physical model considering
the parasitic capacitance [30]. In order to further improve the
compensation effect of the inverter nonlinearity, a self-learning
based method was studied by d-axis current injection in [24]
and [32]. The abc-phase inverter nonlinearities were achieved
with the characterization algorithm by dc current test in [27],
where the rotor should be set at certain angles. However, in
all the conventional methods, the impact of zero-axis voltage
on the inverter nonlinearity compensation has not been consid-
ered yet. In conclusion, the inverter nonlinearity compensation
method in the offline parameter identification still needs to be
researched.

For further reducing the resource consumption and the iden-
tification time, an offline parameter identification method is
investigated in this article. The main contributions are as follows.
First, the resistance is estimated by the d-axis slope current
injection. The effect of IGBT voltage drop is also compensated,
which has not been analyzed yet in the resistance identification.
Second, the inductance is identified with the variable amplitude
square-wave injection (VASI) method, which simplifies the
mathematical operation with a novel sampling strategy. Then,
the dg-axis inductance surfaces are formed by a polynomial
fitting based strategy with only a few identification data points
further simplifying the identification process. Meanwhile, the
dg-axis inverter nonlinearities can be learned simultaneously
with the resistance identification, where the nonlinear effect of
zero-axis voltage is considered for the first time. Finally, the
sampling error in zero current zones (ZCZs) of abc-phases on the
inductance identification is analyzed. The proposed algorithm is
verified in two test machines.

This article is organized as follows. In Section II, the iden-
tification methods of the resistance and the inductance are
presented. The inverter nonlinearity self-learning strategy is
introduced in Section III, along with the compensation method
of the sampling error in ZCZ. Experimental results and the finite
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element analysis (FEA) validation of the proposed algorithm are
in Section VI.

II. PROPOSED OFFLINE PARAMETER IDENTIFICATION METHOD
A. PMSM Model for Parameter Identification

The offline parameter identification is generally realized by
the signal injection. Thus, the voltage equations, containing all
the required parameters, can be adopted as the physical basis of
parameter identification. The dg-axis voltage equations can be
expressed with the flux linkage by

ug | _ ia| 4 [ —tq
R aR I R
where u4 , are the dg-axis voltages, i4 4 are the dg-axis currents,
R is the stator resistance, and w is the rotation speed, which is 0
in offline condition. v 4 4 are the dg-axis flux linkages, satisfying
Ya = Lq appla + VYm and g = Ly applg, Where 1, is the
permanent magnet flux linkage.

The voltage equations with the inductance can be presented
as follows:

Uq | iq Lg ine O a |t
{U(J] _Rs[iq}+{ 0 L inc} at [iq
T (2)

o[, 0 e [

0
L d_app 0 lq wm

where Ly ¢ appand Lg 4 inc are the dg-axis apparent inductances
and the incremental inductances, respectively, which can be
calculated by

{Lwim I AL 3)

Lz_app - wz/%c

Considering the magnetic saturation and the cross-coupling
effect, Ly 4 app and Lg 4 inc are not the same. However, it is
concluded in (3) that L4, 4 app and Lg 4 inc are mathematically
equivalent, which is shown as

d(La_appia)
de

Hence, estimating only one kind of inductance is enough to
obtain both. In this article, only Lg 4 inc is identified.

The whole parameter identification scheme is illustrated in
Fig. 1, where iy ¢q, and i, q1, are the current feedbacks, and
ig* and i," are the dg-axis current references. The resistance
R, is first identified, and the inverter nonlinearity self-learning
process can be executed in parallel. Then, the dg-axis inductance
identification is carried out, along with the inductance surface
forming process.

r=d,q. “)

Lx_inc =

B. dq-Axis Inductance Identification and Sampling Strategy of
VASI Method

The VASI method is introduced for inductance identification,
where the square-wave voltage is injected for identifying the
discrete inductance data, as presented in

[ Ust € (kTy, (05 +k)T,) k=0,1,2...
| =U,, otherwise z=d,q.

(&)
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Fig. 1. Block diagram of the proposed parameter identification method.
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Fig. 2. Signal injection and data sampling scheme of the VASI method in

the inductance identification process. (a) Voltage injection waveforms. (b) Data
sampling in a single injection period.

where Uy, , are the dg-axis voltage amplitudes, T4 4 are the
periods of the injected dg-axis voltages, and k is the count
variable of T ,. In the inductance identification, the dg-axis
flux is calculated at first, which is presented as

Yyl = 'l/}x(l—l) + (Uzl - Rsiml)Ts r=d,q (6)

where T is the sampling period, which is 1—4 times of the
pulsewidth modulation (PWM) period Tpym, and [ is the sam-
pling number in one injection period. For identifying Ly 4, the
values of uq 4, 14,4, and ¢ g 4 are sampled every sampling period,
as shown in Fig. 2. For sampling enough data, T , are set as 20
times of T's. In order to simulate the actual operation condition,
the data are sampled in iy < 0 and i, > 0.

Lg,q canbe directly calculated by the variation of 14 g and ig 4
between two sampling points. For eliminating the disturbance
errors, the average value of kg cycles is taken as the identified
inductance. The corresponding currents iy 4 of the identified
inductance are the average current of the two sampling points in
ko cycles. The mathematical expressions are shown as

ko
- = 1 Va1 —Vz-1)
Lo(ias,iqs) = 75 22 Tatnasy

) = r=dq ()
lps = ﬁ Z (Vs iz(lfl)
k=1
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Fig. 3. Sampling trajectories and surface forming of the VASI method in the

inductance identification process. (a) Signal injection scheme. (b) Sampling
trajectories in the inductance surface.

In sum, a series of Lg 4 (i4n, I4n) are estimated simultaneously
with the signal injection process. The identification process
is simplified compared with the conventional methods, where
the identified 14 , needs to be first stored and processed after
then [24].

C. VASI-Based Inductance Surface Forming Algorithm With
Polynomial Fitting

In order to obtain the continuous inductance surface, the
conventional hysteresis control based methods increase the iden-
tification points by increasing the injected iy, combinations
[13], [24]. However, it would prolong the identification time
and rise the winding temperature, which will lead to the identifi-
cation error. For solving the problem, a polynomial fitting-based
inductance surface forming method is studied by the VASI
method, which can generate the inductance surface by only a
few identification data points.

By changing u4 , amplitudes, the VASI method can guarantee
that iy , covers the dg-axis current plane radially, corresponding
to trajectories s1—s,, in Fig. 3. 51 and s9, beyond the range of
Ly, 4 surfaces, are applied to form the Ly, iniy = 0 and i, = 0.
With certain ugq 4, Lq,q along each trajectory can be identified
and sampled, as shown in (7) and Fig. 2. On the basis of all
the sampling data of s; —s,, the polynomial fitting method is
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Lyq by Equ. (7) Hqu(n) by Equ. (9)|
Ulim by Equ. (9)

Liint by Equ. 10)|
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Fig. 4. Flowchart of the VASI method along with the Ujip, selection.

proposed to form L , surfaces, as shown in Fig. 3(b). The fitting
formula is as follows:

. . . . 0 g0
Lgq(iq,iq) = ago + aioiq + aoriq + - - - + apgiq” g™  (8)

where agg—ay,, are the surface fitting parameters, po and g are
the orders of the fitting formula, the derivation of which is given
in Appendix A.

The amplitudes of u4 4 in the VASI method are selected by

Ua(n)/Uy(n) = tan(mn/2ng)

U‘Z(n) = (Ul%m - Ud(n)Q)O.S

Ulim = IlimRs(l + edequ/Ld)/
(]_ _ e*quRs/Ld)

n=12,...,n9 (9

where Uiy, and Iy, represent the limit values of the injected
voltages and currents, respectively. I, is generally selected
as 1—1.5 p.u. ny is the number of all voltage combinations,
corresponding to s1—s,, in Fig. 3. ng can be selected as 8—15,
which can limit the identification time within 20 s

TiRs
ln(Udint + IdintRs) - ln(Udint - IdintRs) ’

In order to ensure that iy , does not exceed Iy, the voltage
Ujim should be determined in advance, which is carried out
as follows: 1) a small-amplitude square wave voltage U iy 1S
injected into the d-axis; 2) after setting a current limitation / gi,¢,
an initial value of d-axis inductance Lg;,+ can be estimated by
(10); 3) Uym can be approximately obtained with L i, by (9).

By (7)—(10), the VASI method is realized, along with the
Uy determination process, as illustrated in Fig. 4. In this case,
the L4 4 surface can be easily obtained with a few identification
data points. And the fitting equation (8) can be directly applied
in the machine control. However, in the conventional methods,
Lg,q surface is formed with the lookup table by sampling as
much data points as possible, which increases the time and the
complexity of the identification process.

(10)

Lgint =

D. Resistance Identification Strategy Considering IGBT
Voltage Drop

Resistance is also important in the control, auto-tuning, and
fault diagnosis of general-purpose PMSM drives, especially in
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Fig. 5. Inverter nonlinearity characteristics in the R identification process.
(a) ugq and ig4 in the R identification process. (b) Voltage components in the R
identification process. (c) Equivalent resistance in the R identification process.

low-speed operation [19], [20]. In addition, according to (6), R
is needed for inductance identification. In this part, an estimation
scheme is studied with the d-axis slope current injection, where
the resistance can be calculated by linear regression with the
values of the current reference and the induced voltage. Also,
the effect of IGBT voltage drop is analyzed.

In R, identification process, the actual d-axis voltage ug is
affected by inverter nonlinearities, which is expressed by

{ Uqg = Rgig + Uderr = Rslaq + Ud_ight + Ud_inv an

dug/diq = Rs + Ry igbt + Rd_inv

where u 4¢,; 1S the inverter nonlinearity voltage error. It contains
the IGBT voltage drop u4_ight and other nonlinear voltage parts
uq inv, including the dead time effect, parasitic capacitance
effect, etc. [27]. Since the slope of the injected current and the
variation of L4 are small, the current differential part is far less
than the resistance itself, which is neglected in (11).

When the slope current is injected in d-axis, u, behaves
nonlinearly at small current range, as shown in Fig. 5(a). In
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Fig. 5(b), the components of d-axis voltage are presented,
which would affect the resistance identification result without
the inverter nonlinearity compensation [24]. Ry iny and Rg_ight
are the equivalent resistances of uq gy and ug i,y as shown
in Fig. 5(c). Rg iny is zero at large current, and Ry jgp 1S
generally nonlinear within the rated current of PMSM [31]. In
the existing literatures, R igp is ignored for its relatively small
value. However, in the resistance identification, R g_jg1,¢ should
be considered, especially for the PMSM with small resistance.

Since IGBTs in the abc-phases are the same, the IGBT voltage
drop at dg-axes can be compensated through the coordinate
transformation with a single-phase IGBT voltage drop, as given
in

9 2
Ud_ight = 5 (Ua_ight €OS O + U igbt cOS(fc — 5T)

+ Uc_ight cos(fe + 27)) (12)

where 6. is the initial rotor position. 6. can be estimated offline
by the sensorless drives scheme in [3]. IGBT voltage drop in
each phase uqp._ight can be obtained from the datasheet. In
order to avoid the influence of u4_iny, the injected current should
guarantee that the induced voltage exceeds the nonlinear region
and R, is identified in the inverter linear region as shown in
Fig. 5. By substituting (12) into (11), Rs can be obtained by
linear regression in (13) with m sampling points to eliminate the
undesired disturbance error

R, =

mYid® — (Y ia)”
(13)

III. ERROR ANALYSIS AND COMPENSATION STRATEGY OF
OFFLINE INDUCTANCE IDENTIFICATION

A. Inverter Nonlinearities Compensation Considering
Zero-Axis Voltage

For identifying Lg , accurately, it is necessary to obtain and
compensate U gery (i 4) and u ey (i) during the dg-axis inductance
identification process [27], [30]. Considering the inverter non-
linearities, (6) should be modified into

L, = (uz - umerr(im) - RSZI)Ts/erx =d, q. (14)

In (11), #gerr (ig) can be obtained simultaneously in the R
identification process. As for ugerr (iy), in the conventional
methods, u 4o (i4) is applied to calculate the abc-phase voltage
EITor Ugpcerr (Tabe)- Then, ugerr (i) canbe calculated with ugpcerr
(iabe) [24]. The whole process is explained as follows:

ZTa| _ 2 | Cisabe .
= abe .
Zo 3 1 Cosabe T = Uerr, t -

LTabe = Oabcﬁdq()xd,q

s)

Generally, 1o, and ip are considered to be zero in coordinate
transformations [32]. According to Kirchhoff’s current law in
the Y-connected winding, iy is always zero. However, uge,y 1S
not always zero with inverter nonlinearities, which is expressed
by

{zozza+zb+zczo (16)

UQerr = Uqgerr (ia) + uberr(ia) + ucerr(ia) 7_é 0

m Y iq(ud — Ud_ight (iq)) — D (Ud — Ud_ight(1d)) D id.
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Ugerr / V.

Fig. 6. Variation of # e,y and ugerr versus the rotor position . and injected
ig in Rg identification process. (a) Variation of #jery. (b) Variation of ugery.

The nonzero upe, in the inverter nonlinearity compensation
should be considered, which has not been studied yet. With the
simulation model in [25], the variations of u ge;r and uge,r Versus
0. and iy are shown in Fig. 6. uge,, changes periodically with
f . and shows a saturable increase with i4. As for uge,,, there is
a third pulsation in one electrical cycle, in which uge,, is zero
only at 6, = 30° £ 60k°.

Since wugery is not always zero, the conventional inverter
nonlinearity compensation methods are no longer accurate. In
this case, for still obtaining 14, gerr (ig,q) in (15), an inverter
nonlinearity compensation method considering uge,, is studied
under different 6., which is realized simultaneously with the
R, identification process. Taking a-phase inverter nonlinearity
voltage uqerr (i) as an example, when the R, identification
process is carried out, u ey (i) is calculated as follows.

1) When 6, = 30° + 60k°, uyerr (i,) can be calculated by

Ugerr(Ta) = Uderr (ta/ cos(fe)) cos(be).  (17)

2) When 6, = 0° 4= 60k°, u 4oy (i,) can be calculated by

h
. 2 o
uaerr(za) = g E uderr(2 2hzd)
0

(18)

h
- Z Uderr (272h+17:d)
0
3) When 6. is an arbitrary value, the general expression of
Ugerr (1) 1S derived by the piecewise linear interpolation
(PLI) as

2
Uj_1+ -
Zj — Z]',1

15 — 1q

— i
il
Ly,

uaerr(ia) ~ ij — Z.jfl

:M(Z'a)Uj,1 +N(ia>Uj (19)

where M and N represent the weights of the sampling voltage
U;.
The abc-phase inverter nonlinearity voltages considering uge;r
can be accurately calculated by (17)—(19) at any 6., the de-
tailed derivation of which is given in Appendix B. In practice,
(17)—(19) should be applied by the following rules.

1) When the rotor rotation is allowed, the rotor can be po-
sitioned at 30° £+ 60k° or 0° £+ 60k°. In this case, (17)
and (18) are applied, which are efficient and simple in the
calculation process.
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Fig. 7. Distributions of ZCZs in abc-phases and dq axes. (a) abc-Phase ZCZs
in i4 4 plane. (b) Relationship between the width of abc-phase ZCZs and the
induced 444.

2) When the rotor rotation is forbidden, (19) is used for
arbitrary rotor position.

3) After calculating ugpeerr (Zabe), the values of uger (ig)
and ugerr (iy) are then obtained by (15). And inverter
nonlinearities can be finally compensated with (14).

B. Correction Strategy of Sampling Error in Zero Current
Zones of abc-Phase

The parasitic capacitance effect results in a large equivalent
resistance in ZCZs of abc-phases. Therefore, the induced iy , are
greatly reduced, which amplifies the influence of the sampling
error and eventually affects Ly, identification [25]. As the
inherent property of voltage source inverter, the sampling error
cannot be compensated. Hence, the correction method for the
sampling error in abc-phase ZCZs needs to be studied

iq = iqcos(wet + 0.) — igsin(wet +6.) =0

ip = iq cos(wet + 0 — %’T) — igsin(wet + 0. — %’T) =
ie = iqcos(wet + O + %’r) — igsin(wet + O + %’r) =0.

(20)

With the dg-axis signal injection, the zero currents of abc-
phases in 7,4 , plane can be expressed as (20). At fe = 0°, the
distribution of the zero currents in 44 ; plane are illustrated in
Fig. 7, where the angles between zero current lines are 60°. The
dotted lines in Fig. 7(a) present the width of the abc-phase ZCZs
AZ'abc_zcz-

Fig. 7(b) shows the relationship between Aigp. .. and the
width of the induced dg-axis current Ay, ... It can be seen
that the ZCZ sampling error only affects the L, , in the dg-axis
sampling periods containing the abc-phase zero currents. The
mathematical expression of the relationship between Aigpe zc»
and Aig 4 ... is given by

AZ.abcfzcc — ¢Aid72c02 + AZ’qu(:<:2~ (21)

In order to deal with the L 4 identification results influenced
by the ZCZ sampling error, all the sampled L, , should be
checked whether the sampled periods contain the abc-phase zero
currents expressed by (20) and (21). If so, the error data could be
directly eliminated, and L, 4 surfaces could be formed with the
rest of the data with (8). Since the ZCZ sampling error affects
only one sampling period, the error data is of low proportion in
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TABLE I
PARAMETERS OF TEST MACHINES
Parameters 1.6kW SPMSM 25kW IPMSM
Rated voltage (V) 200 380
Rated current (A) 5 70
Stator resistance (Q) 1.38 0.0456
No load d-axis inductance (mH) 4.242 0.354
No load g-axis inductance (mH) 4.650 0.825
Fig. 8.  Test platforms of 25-kW IPMSM and 1.6-kW SPMSM.
TABLE II
AMPLITUDES OF THE DQ-AXIS INJECTED VOLTAGE AND THE DQ-AXIS INDUCED
CURRENT
Items S1 $2 S3 S4 S5 S6 §7 S8 59
Us/V 104 0 104 200 283 346 386 400 386
U,/V 386 40.0 38.6 346 283 200 104 0 10.4
Li/A 229 019 251 369 476 6.18 7.08 851 7.12
IL,/A 731 801 7.85 751 648 427 179 0.14 1.51

the whole inductance data, which hardly affects the polynomial
fitting process.

IV. EXPERIMENTAL RESULTS

The proposed method is carried out on a 22-kW drive. The
ARM STM32F103 and IGBT IKP40N65HS5 are adopted. The
PWM switching frequency is 6 kHz, and the dead time is 3.2 ps.
In order to verify the generality of the proposed algorithm,
two PMSMs with different structures surface permanent magnet
synchronous machine (SPMSM) and interior permanent magnet
synchronous machine (IPMSM) are tested, the parameters of
which are very different. The rated parameters of two test
PMSMs are given in Table I.

Fig. 8 shows the overall control platform, where the rotor
shafts of the machines are not necessarily locked. The FEA
results have been taken as a reference for the evaluation of
the proposed method, where the frozen permeability method
is adopted to calculate the incremental inductance.

Taking the 1.6-kW SPMSM as an example, the waveforms of
the whole VASI inductance identification process are presented
in Fig. 9. For s1—s9 in Fig. 9(a), U, 4 are variables by (9) real-
izing the Lg 4 identification under different 74, combinations,
the values of which are presented in Table II. Fig. 9(b) and (c)
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Fig. 10.  Distribution of the sampling points of the VASI method in 44,4 plane
and the data sampling method. (a) Distribution of the sampling points in 74
plane. (b) Sampling strategy for L4 4 identification.

Fig. 11.  Experimental results of identified L, 4 including the sampling error
in ZCZs at 0 .= 0°. (a) Lq of 1.6-kW SPMSM. (b) L, of 1.6-kW SPMSM.

presents the detailed waveforms of ug 4, 4,4, and 14 4 under
s5 condition, which are only sampled at iy < 0 and iy > 0. The
dg-axis injection frequencies are set as 150 Hz. 14 , and ¥4 4err,
corresponding to the flux linkages before and after the inverter
nonlinearity compensation, are obviously different. Hence, the
inverter nonlinearity compensation is essential, whose effect is
shown in Figs. 12 and 13. With the VASI method, the whole in-
ductance identification process can be accomplished within 20 s.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 12, DECEMBER 2021

Fig. 10 shows the distribution of the sampling points of the
VASI method in ¢4, plane. The sampling trajectories s;—s9
correspond to the 14 , combinations in Fig. 9(a). Taking s5 as an
example, the number of sampling points /is 12 for each sampling
trajectory, satisfying T's = 2T ,m, as shownin Fig. 10(b). Ineach
sampling point, g q, 4,4, and 14 4 are extracted at points p;_p
to p;. Lg 4 can be then identified by (7). The blue dotted lines in
Fig. 10(a) illustrate the abc-phase zero currents.

In Fig. 10(b), the b-phase zero current line is between the
sampling points p, and p,_;, where p; is the intersection point
of s¢ and i, = 0. According to Section III-B, the sampling data
of p, and p,.; should be eliminated to deal with the sampling
error in ZCZs.

Fig. 11 shows the identified L, , of 1.6-kW SPMSM at 0. =
0° with the sampling error data in ZCZs. It is obvious that L 4
near 0°, 60°, and 120° in 74 4 plane are distorted, which proves
the existence of the ZCZ sampling error. It can be seen that
although the inverter nonlinearity compensation has been carried
out, the sampling error in ZCZs can still not be compensated.
As presented in Fig. 10, the error data is only a small portion
of the whole identified L, , data in i4 , plane, which makes it
reasonable to screen out the data in ZCZs and fit Lg 4 surfaces
with the remaining data. It is worth noting that the L, at i, =
0 is not affected by the sampling error as shown in Fig. 11(b)
because the a-phase voltage and current at 0°, including the
sampling errors, are not involved at all in the dg-axis coordinate
transformation.

Fig. 12 presents the influence of ug.,, on the inverter nonlin-
earity compensation. For explaining this influence, the sampled
inverter nonlinearity voltage qerr sp1 i compared with the
reconstructed voltage u ge;r_rec by (15) with d-axis slope current
injection. Since the calculation process in (15) involves ugeyy, if
Ugerr 18 assumed to be 0 as in the conventional methods, # gerr_sp1
and Ugerr rec Would be equal and vice versa. In this test, two
groups of experiments are carried out where i is injected in 0°
and 30°, respectively. It is shown in Fig. 12(a)—(e) that u jerr_sp1
and ugerr_rec are not the same at 0°. However, ugerr spi and
Uderr rec coincide at 30° as shown in Fig. 12(f)—(). ugeyr 1S
verified to be not always 0 in the coordinate transformation. It
is also confirmed that uge,, is zero at 30° and is nonzero at 0°,
which is consistent with the analysis in Fig. 6.

Fig. 13(a) shows the comparison of the inverter nonlinearity
voltage ugerr_sp1 sSampled at 0° and the reconstructed voltage
Ugerr_rec Without inverter nonlinearity compensation. The error
between Ugerr spl aNd Ugerr rec €Xists at any 6., which cor-
responds to Fig. 12(a)—(e). The variation trend of #gerr spl
versus 6. and i 4 is consistent with that in Fig. 6(a). Fig. 13(b)
illustrates ugerr_sp1 and U gerr_rec With the inverter nonlinearity
compensation, as investigated in Section IV-A. Ugerr_sp1 1S in
good coincidence with ©er; rec in the test surface at any 6.,
which proves the effectiveness of the inverter nonlinearity com-
pensation method considering uper;-

In Fig. 14, the resistance identification is realized at large i,
and the experimental waveforms show the good convergence.
The identified Rg of 1.6-kW SPMSM is between 1.365 and
1.473 Q in Fig. 14(a), and the identification error is within 5%
for the nameplate value. The identified R, of 25-kW IPMSM
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Uderr_rec With compensation.

— R[1.49/div] G — R, [1:40/div] Ch
—id[7MdiV]"' ........ } ..... : ..... _ id[7A/diV]"' ...... : : .......
o /‘ _XRA_/,@:
L | R L
R, identification zone iy=1 .2puI i‘,|:1 Spu
T s T : M
Time [5s/div] Time [5s/div]
(a) (b)
—R[0.045Q/d1V] ., | — R,[0.0450Q/div] |
: I R B —iy [44A/div]"§": .......... R [,I,I.g;”.
................ R ceeessesateeeaeng g _‘_

(R, idientiﬁc;atiqn z&)ne
Time [10s/div] Time [10s/div]
(© (d)

Fig. 14. Resistance identification results considering the IGBT voltage drop.
(a) 1.6-kW SPMSM with u4_jght compensation. (b) 1.6-kW SPMSM without
id_ight compensation. (¢) 25-kW IPMSM with u4_ignt compensation. (d) 25-
kW IPMSM without u4_jght compensation.

is between 0.0451 and 0.0467 € in Fig. 14(c), where the iden-
tification error is within 4%. When the IGBT voltage drop is
not compensated, the error of the identified R exists as the
R ight shown in Fig. 14(c) and (d). However, R g1, of 25-kW
IPMSM is far more obvious than that of 1.6-kW SPMSM. The
reason is that Rs; of 25-kW IPMSM is small enough to be
affected by R _igp¢ whichis about 0.015 € for the adopted IGBT.

Ls/mH

Ly;/0.1mH
S N o O

Fig. 15.  Sampling trajectories and experimental results of L, , without sam-
pling error in ZCZs. (a) L4 of 1.6-kW SPMSM. (b) L of 1.6-kW SPMSM. (c)
Lg of 25-kW IPMSM. (d) L of 25-kW IPMSM.

Therefore, the effectiveness of the R, identification algorithm
and the compensation method for the IGBT voltage drop are
verified.

After the inverter nonlinearity compensation and the ZCZ
sampling error correction, the identified Ly, (IDE) with the
interpolation plane by simulation (SIM) are illustrated in Fig. 15.
The sampling trajectories are also presented in dg-axis current
plane. According to the identified results in Fig. 15, L; and L,
increase with the decrease of i ; and vice versa since the magnetic
saturation of the stator is affected by the demagnetization cur-
rent. Similarly, with the increase of i,, the magnetic saturation
degree will be aggravated, which makes Ly and L, decrease
and vice versa. The unsaturated L4 and L, values are 4.33 and
4.56 mH for 1.6-kW PMSM, and 0.376 and 0.832 mH for 25-kW
PMSM, respectively, which are consistent with the nameplate
values.

For Lg 4 surface fitting, two parameters py and g should be
properly selected to determine (8). As explained in Appendix
A, the polynomial determinant R? is introduced to evaluate the
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TABLE III
DETERMINATION COEFFICIENT OF DQ-AXIS INDUCTANCE POLYNOMIAL
SURFACE FITTING

0=1, 0=1, 0=2, 0=2 0=1, 0=13,

R of Ly 1:10:1 [ZIO:Z [:10:1 1:10=2, 1210:3 1;0:1
1.6 Ly 0.93 0.96 0.96 0.98 0.96 0.96
1.6 L, 0.89 0.96 0.90 0.96 0.97 091
25 La 0.97 0.98 0.97 0.98 0.98 0.98
25 L 0.96 0.99 0.96 0.99 0.99 0.96

Lyen/%

Lierr/ %

ob L o -
.

L,/0.1mH
SL o v &

Fig. 16.  Polynomial fitting and FEA results of Lg 4, without sampling error
in ZCZs. (a) Lq of 1.6-kW SPMSM. (b) L4 error of 1.6-kW SPMSM. (c) L, of
1.6-kW SPMSM. (d) L, error of 1.6-kW SPMSM. (e) L4 of 25-kW IPMSM. (f)
L error of 25-kW IPMSM. (g) L, of 25-kW IPMSM. (h) L, error of 25-kW
IPMSM.

fitting effect of (8) under different py and ¢y combinations. The
closer R? is to 1, the better the fitting of Ly 4 surfaces will be. In
addition, py and g should not be chosen too large considering
the computation complexity. Table III gives the determination
coefficient R> under different py and gy combinations. It is
concluded that pg = 2 and gy = 2 are suitable for accurately
fitting the Lg 4 surface, as shown in Fig. 16.

Fig. 16(a), (c), (e), and (g) shows the comparison between the
polynomial surface fitting results and the FEA results of Lg 4.
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Fig. 16(b), (d), (f), and (h) presents the error between the surface
fitted results and the FEA results. The identification error of L
for 1.6-kW PMSM is less than 6%. Meanwhile, the identification
error of Ly 4 for 25-kW PMSM s less than 4%. The effectiveness
of the proposed polynomial fitting method is confirmed. Also, it
is proved that the fitting polynomial (8) can be obtained by the
limited data points in Fig. 15. Furthermore, the Lg 4 fitted in (8)
can be directly applied in the machine control, which is much
simpler than the conventional methods with the lookup table.

V. CONCLUSION

In this article, a novel offline parameter identification method
was proposed. The resistance identification considers the in-
verter nonlinearities including the IGBT voltage drop, which
improves the identification accuracy. As for the inductance
identification, the VASI method can be carried out without the
data storage of flux linkage and the differential mathematical
calculations, which is simpler than the conventional hysteresis
control-based methods. With the polynomial fitting algorithm,
the inductance surface can be formed by only a few identified
data points reducing the time and control resource consump-
tion compared with the conventional methods. Furthermore, the
inverter nonlinearity voltage can be estimated considering the
zero-axis voltage simultaneously with the resistance identifica-
tion process, which realizes the accurate inverter nonlinearity
compensation at any rotor position. Meanwhile, the inductance
identification error caused by the sampling error near ZCZs is
also analyzed and compensated. The effectiveness and general-
ity of the proposed method have been proved by the experimental
and FEA results.

APPENDIX A

If the function f(x, y) is continuous and integrable in the
domain of definition. f{x, y) can be fitted by the polynomial
with limited number of sampling data (x, y, f (x, ¥)), which can
be expressed by

f(z,y) = ao + a10® + ap1y + azx?

+ a02y2 +...+apqxpyq
p=1,2...,p9
q=1,2,...,q
p+a<po&kp+q=<qo

(AD)

where agp—a,, are the surface fitting parameters, which are
derived by the recursive least squares (RLS) with the sampling
data.

The Lg, 4 surface can be equivalent to such a function. All
the sampling data from the VASI method are applied for the
polynomial fitting. The RLS equation is presented in (A2) to
calculate agp—apq.

e=y—ATp

y" = [Lag(ia,iq)]

AT = [igig 14047
Pl =

(A2)

Ap0a10a01 - * - Qpg)-



WANG et al.: OFFLINE PARAMETER SELF-LEARNING METHOD CONSIDERING INVERTER NONLINEARITY WITH ZERO-AXIS VOLTAGE

For verifying the fitting effect accuracy, the determination
coefficient R? is introduced, as shown in (A3). The closer R? is
to 1, the better the fitting effect will be

S

R DL S D¢/ ) S
1=0

=0

where f; is the ith sampling value, fi is the ith fitted value, and
f is the average of all y;.

APPENDIX B

The inverter nonlinearity compensation methods considering
uperr are discussed at different 6,.. When the R, identification
process is carried out at different ., the inverter nonlinearity of
a-phase voltage is calculated as follows.

1) When 0, = 30° 4+ 60k°, ugerr = O and iy = 0. The
relationship of ug, i4, u,, and i, can be expressed as

(A4)

lq = iqc080,
{ Ugq = Ug COS .
By substituting (A4) into (15), u4err (i,) can be calculated by
(17).
2) When 6, = 0° £ 60k°, ugerr # 0. The inverter nonlinearity
characteristics of bc-phase are the same. In this case, (15) can
be written as the following iterative form:

1'5uderr(id) = uaerr(271ia) + uaerr(ia)
1-5uderr(2_1id) = uaerr(2_2ia) + uaerr(Z_lia)
1-5uderr(2_2id) - uaerr(2_3ia) + uaerr(2_2ia)

1~5uderr(272h+1id) = uaerr(272hia) + uaerr(272h+lia)~
(AS)
With the increase of the iteration number £, i, tends to O.
According to Fig. 6(c), uger also tends to 0. Combined with
(AS), the uge,r (i,) can be obtained by

Wl o

Ugerr (ia) ==

[ h h
Z uderr(272hid) - Z uderr(272h+1id)
L O 0

+ Uderr (272h+175d)

Q

Wl o

[ h h

Z uderr(272hid) - Z uderr(272h+1id)
L O 0 J
(A6)

2) When 6, is an arbitrary value, the a-phase inverter non-
linearity voltages can be fitted by the PLI with several discrete
points, as shown in Fig. 17.

In Fig. 17, (i;, U;) is the corresponding interpolation point, j
=1, 2,..., jo. By PLI, the fitted u4e, (i) can be expressed as
(19), where M and N are the weights of the sampling voltage to
the corresponding current in Fig. 17.
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Fig. 17.  PLI of a-phase inverter nonlinearity voltages along with the discrete
interpolation points.

For simplicity, the d-axis coordinate transformation (15) is
rewritten as

Ugderr (1d) = aug(aiqg) + bug (big) + cuy(cig)
a=2cos(0.)/3

b=2cos(0. —27/3)/3

¢ =2cos(f. +27/3)/3.

(AT)

Since ugerr (ig) can be measured in the R, identification
process, (ij, U;) can be expressed by (igj, ugq;) which can be
calculated by (A8).

M and N can be directly calculated by (19). The sampling
points (i;, U;) can be gotten through RLS, which is shown as

ua(io) M (aio) N(aio) 0] [ Vo
ua(in) | . 0 M(aiy) ol | U
- 0 0- 0 :
ualijo) 0 0 N(aijo) U0
[ M (bio) N (bio) 0] [ Uo]
b 0 M (biy) o] U
0 0-- 0 :
I 0 0 N@ijo) | v,
[ M (cio) N(cio) 0] [ Uo]
N 0 M(ciy) 0| | U
¢ 0 0 0 :
L 0 0 N(C’ijo) i _UjO
Uo
R
= [M, N} (A8)
Ujo
e=y—ATp
T _ Jo*Jjo
AT = [M,N] (A9)

y" = [ualio)ua(ir) - - - ua(ijo)]
pl = [UgU UsUs - - - Ujo)

Finally, (19) can be obtained by the PLI in Fig. 17. In order
to improve the fitting accuracy of wuyer (iy), the number of
interpolation points can be increased, especially in the nonlinear
region at small current.



14108

(1]

(2]

(3]

(4]

(3]

(6]

(71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 12, DECEMBER 2021

REFERENCES

M. Slunjski, O. Stiscia, M. Jones, and E. Levi, “General torque en-
hancement approach for a nine-phase surface PMSM with built-in fault
tolerance,” IEEE Trans. Ind. Electron., vol. 68, no. 8, pp. 6412-6423,
Aug. 2021.

G. Wang, R. Liu, N. Zhao, D. Ding, and D. Xu, “Enhanced linear
ADRC strategy for HF pulse voltage signal injection-based sensorless
IPMSM drives,” IEEE Trans. Power Electron., vol. 34, no. 1, pp. 514-525,
Jan. 2019.

G. Wang, R. Yang, and D. Xu, “DSP-based control of sensorless IPMSM
drives for wide-speed-range operation,” IEEE Trans. Ind. Electron.,
vol. 60, no. 2, pp. 720-727, Feb. 2013.

G. Zhang, G. Wang, D. Xu, and N. Zhao, “ADALINE-network-based
PLL for position sensorless interior permanent magnet synchronous motor
drives,” IEEE Trans. Power Electron., vol. 31, no. 2, pp. 1450-1460,
Feb. 2016.

P. Liang, F. Chai, Y. Li, and Y. Pei, “Analytical prediction of magnetic
field distribution in spoke-type permanent-magnet synchronous machines
accounting for bridge saturation and magnet shape,” IEEE Trans. Ind.
Electron., vol. 64, no. 5, pp. 3479-3488, May 2017.

F. Chai, L. Gan, and Y. Yu, “Magnetic field analysis of an iron-cored
tiered type permanent magnet spherical motor using modified dynamic
reluctance mesh method,” IEEE Trans. Ind. Electron., vol. 67, no. 8,
pp. 67426751, Aug. 2020.

C. Gong, Y. Hu, J. Gao, Y. Wang, and L. Yan, “An improved
delay-suppressed sliding-mode observer for sensorless vector-controlled
PMSM,” IEEE Trans. Ind. Electron., vol. 67, no. 7, pp. 5913-5923,
Jul. 2020.

S. Rubino, O. Dordevic, R. Bojoi, and E. Levi, “Modular vector control of
multi-three-phase permanent magnet synchronous motors,” IEEE Trans.
Ind. Electron., to be published, doi: 10.1109/TIE.2020.3026271.

S. A. Odhano, P. Pescetto, H. A. A. Awan, M. Hinkkanen, G. Pellegrino,
and R. Bojoi, “Parameter identification and self-commissioning in AC
motor drives: A technology status review,” IEEE Trans. Power Electron.,
vol. 34, no. 4, pp. 3603-3614, Apr. 2019.

M. S. Rafaq and J. Jung, “A comprehensive review of state-of-the-art
parameter estimation techniques for permanent magnet synchronous mo-
tors in wide speed range,” I[EEE Trans. Ind. Inform., vol. 16, no. 7,
pp. 4747-4758, Jul. 2020.

L. Peretti, P. Sandulescu, and G. Zanuso, “Self-commissioning of flux
linkage curves of synchronous reluctance machines in quasi-standstill
condition,” IET Power Appl., vol. 9, no. 9, pp. 642-651, Nov. 2015.

N. Bedetti, S. Calligaro, and R. Petrella, “Stand-still self-identification
of flux characteristics for synchronous reluctance machines using novel
saturation approximating function and multiple linear regression,” /[EEE
Trans. Ind. Appl., vol. 52, no. 4, pp. 3083-3092, Jul./Aug. 2016.

P. Pescetto and G. Pellegrino, “Automatic tuning for sensorless com-
missioning of synchronous reluctance machines augmented with high-
frequency voltage injection,” IEEE Trans. Ind. Appl., vol. 54, no. 5,
pp. 4485-4493, Sep./Oct. 2018.

X. Wu, X. Fu, M. Lin, and L. Jia, “Offline inductance identification of
IPMSM with sequence-pulse injection,” IEEE Trans. Ind. Inform., vol. 15,
no. 11, pp. 6127-6135, Nov. 2019.

J. Zhou, K. Huang, S. Huang, S. Liu, H. Zhao, and M. Shen, “Inductance
parameter identification method of permanent magnet synchronous motor
based on the HF rotating square wave voltage injection,” in Proc. 22nd Int.
Conf. Electr. Mach. Syst., 2019, pp. 1-4.

F. Erturk and B. Akin, “Spatial inductance estimation for current loop
auto-tuning in IPMSM self-commissioning,” IEEE Trans. Ind. Electron.,
vol. 67, no. 5, pp. 3911-3920, May 2020.

Q. Wang, G. Wang, N. Zhao, G. Zhang, Q. Cui, and D. Xu, “An impedance
model-based multiparameter identification method of PMSM for both
offline and online conditions,” IEEE Trans. Power Electron., vol. 36,no. 1,
pp. 727-738, Jan. 2021.

T. Liu, C. Wang, Y. Hu, Z. Ye, C. Zhong, and G. Griepentrog, “Offline
inductance identification of PMSM using high frequency current signal
injection,” in Proc. 22nd Int. Conf. Electr. Mach. Syst., 2019, pp. 1-8.

S. Nadarajan, S. K. Panda, B. Bhangu, and A. K. Gupta, “Online model-
based condition monitoring for brushless wound-field synchronous gen-
erator to detect and diagnose stator windings turn-to-turn shorts using
extended Kalman filter,” IEEE Trans. Ind. Electron., vol. 63, no. 5,
pp- 3228-3241, May 2016.

X. Wang,Z. Wang, Z. Xu, M. Cheng, W. Wang, and Y. Hu, “Comprehensive
diagnosis and tolerance strategies for electrical faults and sensor faults in

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

dual three-phase PMSM drives,” IEEE Trans. Power Electron., vol. 34,
no. 7, pp. 6669-6684, Jul. 2019.

T. Strini¢ and W. Gruber, “Self-commissioning of permanent magnet
synchronous machines by considering nonlinearities of the voltage source
inverter,” in Proc. 45th Annu. Conf. IEEE Ind. Electron. Soc., 2019,
pp. 1320-1326.

F. Stella, A. Yousefi-Talouki, S. Odhano, G. Pellegrino, and P. Zanchetta,
“An accurate self-commissioning technique for matrix converters applied
to sensorless control of synchronous reluctance motor drives,” IEEE J.
Emerg. Sel. Top. Power Electron., vol. 7, no. 2, pp. 1342—1351, Jun. 2019.
X. Wu, M. Lin, P. Wang, L. Jia, and X. Fu, “Off-line stator resistance
identification for PMSM with pulse signal injection avoiding the dead-time
effect,” in Proc. 22nd Int. Conf. Electr. Mach. Syst., 2019, pp. 1-5.

Q. Wang, G. Zhang, G. Wang, C. Li, and D. Xu, “Offline parameter
self-learning method for general-purpose PMSM drives with estimation
error compensation,” IEEE Trans. Power Electron., vol. 34, no. 11,
pp. 11103-11115, Nov. 2019.

G. Wang et al., “Self-commissioning of permanent magnet synchronous
machine drives at standstill considering inverter nonlinearities,” /EEE
Trans. Power Electron., vol. 29, no. 12, pp. 6615-6627, Dec. 2014.

Y. Wang, W. Xie, X. Wang, and D. Gerling, “A precise voltage distortion
compensation strategy for voltage source inverters,” IEEE Trans. Ind.
Electron., vol. 65, no. 1, pp. 59-66, Jan. 2018.

S. M. Seyyedzadeh and A. Shoulaie, “Accurate modeling of the nonlinear
characteristic of a voltage source inverter for better performance in near
zero currents,” IEEE Trans. Ind. Electron., vol. 66, no. 1, pp. 71-78,
Jan. 2019.

Z. Liu, H. Wei, Q. Zhong, K. Liu, X. Xiao, and L. Wu, “Parameter
estimation for VSI-Fed PMSM based on a dynamic PSO with learning
strategies,” IEEE Trans. Power Electron., vol. 32, no. 4, pp. 3154-3165,
Apr. 2017.

G. Feng, C. Lai, K. Mukherjee, and N. C. Kar, “Current injection-based
online parameter and VSI nonlinearity estimation for PMSM drives using
current and voltage DC components,” IEEE Trans. Power Electron., vol. 2,
no. 2, pp. 119-128, Jun. 2016.

N. Bedetti, S. Calligaro, and R. Petrella, “Self-commissioning of in-
verter dead-time compensation by multiple linear regression based on a
physical model,” IEEE Trans. Ind. Appl., vol. 51, no. 5, pp. 3954-3964,
Sep./Oct. 2015.

P. Sun, C. Gong, X. Du, Q. Luo, H. Wang, and L. Zhou, “Online condi-
tion monitoring for both IGBT module and DC-link capacitor of power
converter based on short-circuit current simultaneously,” IEEE Trans. Ind.
Electron., vol. 64, no. 5, pp. 3662-3671, May 2017.

G. Wang, Y. Wang, J. Qi, R. Ni, W. Chen, and D. Xu, “Offline inductance
identification of PMSM with adaptive inverter nonlinearity compensation,”
in Proc. 9th Int. Conf. Power Electron. ECCE Asia, 2015, pp. 2438-2444.

Qiwei Wang received the B.S. and M.S. degrees in
electrical engineering in 2015 and 2017, respectively,
from the Harbin Institute of Technology, Harbin,
China, where he is currently working toward the Ph.D.
degree in power electronics and electrical drives at the
School of Electrical Engineering and Automation.

His current research interests include parameter
identification technique and PMSM position sensor-
less control.

Nannan Zhao (Member, IEEE) received the B.S.
and M.S. degrees in control science and engineering
and the Ph.D. degree in electrical engineering from
Harbin Institute of Technology, Harbin, China, in
2013, 2015, and 2019, respectively.

He is currently a Postdoctoral Fellow and a Lec-
turer with the School of Electrical Engineering and
Automation, Harbin Institute of Technology. His cur-
rent research interests include advanced control of
permanent magnet synchronous motor drives and po-
sition sensorless control of ac motors.

o

D

Dr. Zhao is currently supported by Postdoctoral Innovative Talent Support
Program of China.


https://dx.doi.org/10.1109/TIE.2020.3026271

WANG et al.: OFFLINE PARAMETER SELF-LEARNING METHOD CONSIDERING INVERTER NONLINEARITY WITH ZERO-AXIS VOLTAGE

Gaolin Wang (Senior Member, IEEE) received the
B.S., M.S., and Ph.D. degrees in electrical engineer-
ing from the Harbin Institute of Technology, Harbin,
China, in 2002, 2004, and 2008, respectively.

He joined as a Lecturer with the Department of
Electrical Engineering, Harbin Institute of Technol-
ogy, in 2009, where he has been a Full Professor
of Electrical Engineering since 2014. From 2009 to
2012, he was a Postdoctoral Fellow with Shanghai
Step Electric Corporation, China, where he was in-
volved in the traction machine control for direct-drive
elevators. He has authored more than 60 technical papers published in journals
and conference proceedings. He is the holder of ten Chinese patents. His current
major research interests include permanent magnet synchronous motor drives,
high-performance direct-drive for traction systems, position sensorless control
of ac motors, efficiency optimization control of PMSM, and digital control of
power converters.

Dr. Wang serves as a Guest Editor for [IEEE TRANSACTIONS ON INDUSTRIAL
ELECTRONICS, an Associate Editor for IEEE Access, IET Electric Power Appli-
cations, and Journal of Power Electronics.

Shouhua Zhao received the Ph.D. degree in electri-
cal engineering from Zhejiang University, Hangzhou,
China, in 2015.

He is currently a Senior Engineer of motor con-
trol with CRRC Zhuzhou Motor Co., Ltd., Zhuzhou,
China. His current research interests include param-
eter identification technology and sensorless position
control of permanent magnet synchronous motor.

Zhixue Chen received the B.S. degree in electrical
engineering from Shandong University of Science
and Technology, Qingdao, China, in 2012, and the
M.S. degree in electrical engineering from Shenyang
University of Technology, Shenyang, China, in 2016.

He is currently a Motor Control Engineer with
CRRC Zhuzhou Electric Machinery Co., Ltd.,
Zhuzhou, China. His current research interests in-
clude parameter identification technology and sen-
sorless position control of permanent magnet syn-
chronous motors.

14109

Guogiang Zhang (Member, IEEE) received the B.S.
degree in electrical engineering from Harbin Engi-
neering University, Harbin, China, in 2011, and the
M.S. and Ph.D. degrees in electrical engineering from
Harbin Institute of Technology, Harbin, China, in
2013 and 2017, respectively.

He is currently a Postdoctoral Fellow and a Lec-
turer with the Department of Electrical Engineering,
Harbin Institute of Technology. His current research
interests include parameter identification technique
and control of electrical drives, with main focus on
sensorless field-oriented control of interior permanent magnet synchronous
machines.

Dr. Zhang serves as an Associate Editor for Journal of Power Electronics.

Dianguo Xu (Fellow, IEEE) received the B.S. degree
in control engineering from the Harbin Engineering

University, Harbin, China, in 1982, and the M.S.
P and Ph.D. degrees in electrical engineering from the
Harbin Institute of Technology (HIT), Harbin, China,

Yo 1 in 1984 and 1989, respectively.
He joined the Department of Electrical Engineer-
- ing, HIT, as an Assistant Professor, in 1984. Since
‘ 1994, he has been a Professor with the Department of
g Electrical Engineering, HIT. From 2000 to 2010, he
was the Dean of the School of Electrical Engineering
and Automation, HIT, and was the Assistant President from 2010 to 2014. He is
currently the Vice President of the HIT. He has authored or coauthored more than
600 technical papers. His research interests include renewable energy generation
technology, power quality mitigation, sensorless vector controlled motor drives,
and high-performance PMSM servo system.
Dr. Xu is an Associate Editor for the IEEE TRANSACTIONS ON INDUSTRIAL
ELECTRONICS and the IEEE Journal of Emerging and Selected Topics in Power
Electronics. He serves as the Chairman of the IEEE Harbin Section.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


