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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 dq-axis inductance surface by
considering the inverter nonlinearity characteristics. A variable
amplitude square-wave injection (VASI) scheme is proposed for
the dq-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

P 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
dq-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 dq-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 dq-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 dq-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 dq-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
dq-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

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 dq-axis voltage equations can be
expressed with the flux linkage by[

ud
uq

]
= Rs

[
id
iq

]
+

d

dt

[
ψd
ψq

]
+ ωe

[−ψq
ψd

]
(1)

where ud,q are the dq-axis voltages, id,q are the dq-axis currents,
Rs is the stator resistance, andωe is the rotation speed, which is 0
in offline condition.ψd,q are the dq-axis flux linkages, satisfying
ψd = Ld_appid + ψm and ψq = Lq_appiq, where ψm is the
permanent magnet flux linkage.

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

ud
uq

]
= Rs

[
id
iq

]
+

[
Ld_inc

0
0

Lq_inc

]
d
dt

[
id
iq

]

+ ωe

[
0

Ld_app

−Lq_app

0

] [
id
iq

]
+ ωe

[
0

ψm

] (2)

where Ld,q_app and Ld,q_inc are the dq-axis apparent inductances
and the incremental inductances, respectively, which can be
calculated by {

Lx_inc = dψx/dix
Lx_app = ψx/ix

x = d, q. (3)

Considering the magnetic saturation and the cross-coupling
effect, Ld,q_app and Ld,q_inc are not the same. However, it is
concluded in (3) that Ld,q_app and Ld,q_inc are mathematically
equivalent, which is shown as

Lx_inc =
d(Lx_appix)

di
x = d, q. (4)

Hence, estimating only one kind of inductance is enough to
obtain both. In this article, only Ld,q_inc is identified.

The whole parameter identification scheme is illustrated in
Fig. 1, where id_fdb and iq_fdb are the current feedbacks, and
id∗ and iq∗ are the dq-axis current references. The resistance
Rs is first identified, and the inverter nonlinearity self-learning
process can be executed in parallel. Then, the dq-axis inductance
identification is carried out, along with the inductance surface
forming process.

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

ux =

{
Ux, t ∈ (kTx, (0.5 + k)Tx)
−Ux, otherwise

k = 0, 1, 2 . . .
x = d, q.

(5)
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Fig. 1. Block diagram of the proposed parameter identification method.

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 Ud,q are the dq-axis voltage amplitudes, Td,q are the
periods of the injected dq-axis voltages, and k is the count
variable of Td,q. In the inductance identification, the dq-axis
flux is calculated at first, which is presented as

ψxl = ψx(l−1) + (uxl −Rsixl)Ts x = d, q (6)

where Ts is the sampling period, which is 1−4 times of the
pulsewidth modulation (PWM) period Tpwm, and l is the sam-
pling number in one injection period. For identifying Ld,q , the
values of ud,q, id,q, andψd,q are sampled every sampling period,
as shown in Fig. 2. For sampling enough data, Td,q are set as 20
times of Ts. In order to simulate the actual operation condition,
the data are sampled in id ≤ 0 and iq ≥ 0.
Ld,q can be directly calculated by the variation ofψd,q and id,q

between two sampling points. For eliminating the disturbance
errors, the average value of k0 cycles is taken as the identified
inductance. The corresponding currents id,qs of the identified
inductance are the average current of the two sampling points in
k0 cycles. The mathematical expressions are shown as⎧⎪⎪⎨

⎪⎪⎩
Lx(̄ids, īqs) =

1
k0

k0∑
k=1

ψxl−ψx(l−1)

ixl−ix(l−1)

īxs =
1

2k0

k0∑
k=1

ixl + ix(l−1)

x = d, q. (7)

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 ofLd,q (idn, iqn) are estimated simultaneously
with the signal injection process. The identification process
is simplified compared with the conventional methods, where
the identified ψd,q 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 id,q 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 ud,q amplitudes, the VASI method can guarantee
that id,q covers the dq-axis current plane radially, corresponding
to trajectories s1−sn in Fig. 3. s1 and s9, beyond the range of
Ld,q surfaces, are applied to form the Ld,q in id = 0 and iq = 0.
With certain ud,q , Ld,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 s1−sn, the polynomial fitting method is
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Fig. 4. Flowchart of the VASI method along with the Ulim selection.

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

Ld,q(id, iq) = a00 + a10id + a01iq + · · ·+ apqid
p0iq

q0 (8)

where a00−apq are the surface fitting parameters, p0 and q0 are
the orders of the fitting formula, the derivation of which is given
in Appendix A.

The amplitudes of ud,q in the VASI method are selected by⎧⎪⎪⎨
⎪⎪⎩
Ud(n)/Uq(n) = tan(πn/2n0)
Uq(n) = (U2

lim − Ud(n)
2)0.5

Ulim = IlimRs(1 + e−TdqRs/Ld)/
(1− e−TdqRs/Ld)

n = 1, 2, . . . , n0 (9)

where Ulim and Ilim represent the limit values of the injected
voltages and currents, respectively. Ilim is generally selected
as 1−1.5 p.u. n0 is the number of all voltage combinations,
corresponding to s1−sn in Fig. 3. n0 can be selected as 8−15,
which can limit the identification time within 20 s

Ldint =
TdRs

ln(Udint + IdintRs)− ln(Udint − IdintRs)
. (10)

In order to ensure that id,q does not exceed Ilim, the voltage
Ulim should be determined in advance, which is carried out
as follows: 1) a small-amplitude square wave voltage Udint is
injected into the d-axis; 2) after setting a current limitation Idint,
an initial value of d-axis inductance Ldint can be estimated by
(10); 3) Ulim can be approximately obtained with Ldint by (9).

By (7)−(10), the VASI method is realized, along with the
Ulim determination process, as illustrated in Fig. 4. In this case,
the Ld,q 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,
Ld,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.

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

Fig. 5. Inverter nonlinearity characteristics in the Rs identification process.
(a) ud and id in theRs identification process. (b) Voltage components in theRs

identification process. (c) Equivalent resistance in theRs identification process.

low-speed operation [19], [20]. In addition, according to (6),Rs
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 Rs identification process, the actual d-axis voltage ud is
affected by inverter nonlinearities, which is expressed by{

ud = Rsid + uderr = Rsid + ud_igbt + ud_inv

dud/did = Rs +Rd_igbt +Rd_inv
(11)

where uderr is the inverter nonlinearity voltage error. It contains
the IGBT voltage drop ud_igbt and other nonlinear voltage parts
ud_inv, including the dead time effect, parasitic capacitance
effect, etc. [27]. Since the slope of the injected current and the
variation of Ld 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, ud 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]. Rd_inv and Rd_igbt

are the equivalent resistances of ud_igbt and ud_inv as shown
in Fig. 5(c). Rd_inv is zero at large current, and Rd_igbt is
generally nonlinear within the rated current of PMSM [31]. In
the existing literatures, Rd_igbt is ignored for its relatively small
value. However, in the resistance identification, Rd_igbt should
be considered, especially for the PMSM with small resistance.

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

ud_igbt =
2
3 (ua_igbt cos θe + ub_igbt cos(θe − 2

3π)
+ uc_igbt cos(θe +

2
3π))

(12)

where θe is the initial rotor position. θe can be estimated offline
by the sensorless drives scheme in [3]. IGBT voltage drop in
each phase uabc_igbt can be obtained from the datasheet. In
order to avoid the influence of ud_inv, the injected current should
guarantee that the induced voltage exceeds the nonlinear region
and Rs 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

Rs =
m

∑
id(ud − ud_igbt(id))−

∑
(ud − ud_igbt(id))

∑
id

m
∑
id

2 − (
∑
id)

2 .

(13)

III. ERROR ANALYSIS AND COMPENSATION STRATEGY OF

OFFLINE INDUCTANCE IDENTIFICATION

A. Inverter Nonlinearities Compensation Considering
Zero-Axis Voltage

For identifying Ld,q accurately, it is necessary to obtain and
compensate uderr(id) and uqerr(iq) during the dq-axis inductance
identification process [27], [30]. Considering the inverter non-
linearities, (6) should be modified into

Lx = (ux − uxerr(ix)−Rsix)Ts/dixx = d, q. (14)

In (11), uderr (id) can be obtained simultaneously in the Rs
identification process. As for uqerr (iq), in the conventional
methods, uderr (id) is applied to calculate the abc-phase voltage
error uabcerr (iabc). Then, uqerr (iq) can be calculated with uabcerr
(iabc) [24]. The whole process is explained as follows:⎧⎨

⎩
[
xd
x0

]
= 2

3

[
Cd→abc
C0→abc

]
xabc

xabc = Cabc→dq0xd,q
x = uerr, i . (15)

Generally, u0err and i0 are considered to be zero in coordinate
transformations [32]. According to Kirchhoff’s current law in
the Y-connected winding, i0 is always zero. However, u0err is
not always zero with inverter nonlinearities, which is expressed
by {

i0 = ia + ib + ic ≡ 0
u0err = uaerr(ia) + uberr(ia) + ucerr(ia) �≡ 0

(16)

Fig. 6. Variation of uderr and u0err versus the rotor position θe and injected
id in Rs identification process. (a) Variation of uderr. (b) Variation of u0err.

The nonzero u0err in the inverter nonlinearity compensation
should be considered, which has not been studied yet. With the
simulation model in [25], the variations of uderr and u0err versus
θe and id are shown in Fig. 6. uderr changes periodically with
θe and shows a saturable increase with id. As for u0err, there is
a third pulsation in one electrical cycle, in which u0err is zero
only at θe = 30° ± 60k°.

Since u0err is not always zero, the conventional inverter
nonlinearity compensation methods are no longer accurate. In
this case, for still obtaining ud,qerr (id,q) in (15), an inverter
nonlinearity compensation method considering u0err is studied
under different θe, which is realized simultaneously with the
Rs identification process. Taking a-phase inverter nonlinearity
voltage uaerr (ia) as an example, when the Rs identification
process is carried out, uaerr (ia) is calculated as follows.

1) When θe = 30° ± 60k°, uaerr (ia) can be calculated by

uaerr(ia) = uderr(ia/ cos(θe)) cos(θe). (17)

2) When θe = 0° ± 60k°, uaerr (ia) can be calculated by

uaerr(ia) =
2

3

[
h∑
0

uderr(2
−2hid)

−
h∑
0

uderr
(
2−2h+1id

)]
. (18)

3) When θe is an arbitrary value, the general expression of
uaerr (ia) is derived by the piecewise linear interpolation
(PLI) as

uaerr(ia) ≈ ij − ia
ij − ij−1

Uj−1 +
ia − ij−1

ij − ij−1
Uj

=M(ia)Uj−1 +N(ia)Uj (19)

where M and N represent the weights of the sampling voltage
Uj.

The abc-phase inverter nonlinearity voltages considering u0err
can be accurately calculated by (17)−(19) at any θe, 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 id,q plane. (b) Relationship between the width of abc-phase ZCZs and the
induced idq .

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

3) After calculating uabcerr (iabc), the values of uderr (id)
and uqerr (iq) 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 id,q are
greatly reduced, which amplifies the influence of the sampling
error and eventually affects Ld,q 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⎧⎨
⎩
ia = id cos(ωet+ θe)− iq sin(ωet+ θe) = 0
ib = id cos(ωet+ θe − 2π

3 )− iq sin(ωet+ θe − 2π
3 ) = 0

ic = id cos(ωet+ θe +
2π
3 )− iq sin(ωet+ θe +

2π
3 ) = 0.

(20)
With the dq-axis signal injection, the zero currents of abc-

phases in id,q plane can be expressed as (20). At θe = 0°, the
distribution of the zero currents in id,q 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
Δiabc_zcz .

Fig. 7(b) shows the relationship between Δiabc_zcz and the
width of the induced dq-axis current Δid,q_zcz . It can be seen
that the ZCZ sampling error only affects the Ld,q in the dq-axis
sampling periods containing the abc-phase zero currents. The
mathematical expression of the relationship between Δiabc_zcz

and Δid,q_zcz is given by

Δiabc_zcc =
√

Δid_zcc
2 +Δiq_zcc

2. (21)

In order to deal with the Ld,q identification results influenced
by the ZCZ sampling error, all the sampled Ld,q 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 Ld,q 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

TABLE I
PARAMETERS OF TEST MACHINES

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

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 IKP40N65H5 are adopted. The
PWM switching frequency is 6 kHz, and the dead time is 3.2 μs.
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), Ud,q are variables by (9) real-
izing the Ld,q identification under different id,q combinations,
the values of which are presented in Table II. Fig. 9(b) and (c)
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Fig. 9. Experimental waveforms of the VASI method during the whole Ld,q

identification process. (a) Overall waveforms of ud,q and id,q . (b) Detailed
waveforms of ud, id, and ψd. (c) Detailed waveforms of uq , iq , and ψq.

Fig. 10. Distribution of the sampling points of the VASI method in id,q plane
and the data sampling method. (a) Distribution of the sampling points in id,q
plane. (b) Sampling strategy for Ld,q identification.

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

presents the detailed waveforms of ud,q , id,q, and ψd,q under
s5 condition, which are only sampled at id < 0 and iq > 0. The
dq-axis injection frequencies are set as 150 Hz.ψd,q andψd,qerr,
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.

Fig. 10 shows the distribution of the sampling points of the
VASI method in id,q plane. The sampling trajectories s1−s9
correspond to the ud,q combinations in Fig. 9(a). Taking s5 as an
example, the number of sampling points l is 12 for each sampling
trajectory, satisfying Ts= 2Tpwm, as shown in Fig. 10(b). In each
sampling point, ud,q , id,q , and ψd,q are extracted at points pl-2
to pl. Ld,q 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 pz and pz-1, where pzi is the intersection point
of s6 and ib = 0. According to Section III-B, the sampling data
of pz and pz-1 should be eliminated to deal with the sampling
error in ZCZs.

Fig. 11 shows the identified Ld,q of 1.6-kW SPMSM at θe =
0° with the sampling error data in ZCZs. It is obvious that Ld,q
near 0°, 60°, and 120° in id,q 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 Ld,q data in id,q plane, which makes it
reasonable to screen out the data in ZCZs and fit Ld,q surfaces
with the remaining data. It is worth noting that the Lq at ia =
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 dq-axis coordinate
transformation.

Fig. 12 presents the influence of u0err on the inverter nonlin-
earity compensation. For explaining this influence, the sampled
inverter nonlinearity voltage uderr_spl is compared with the
reconstructed voltage uderr_rec by (15) with d-axis slope current
injection. Since the calculation process in (15) involves u0err, if
u0err is assumed to be 0 as in the conventional methods, uderr_spl

and uderr_rec would be equal and vice versa. In this test, two
groups of experiments are carried out where id is injected in 0°
and 30°, respectively. It is shown in Fig. 12(a)−(e) that uderr_spl

and uderr_rec are not the same at 0°. However, uderr_spl and
uderr_rec coincide at 30° as shown in Fig. 12(f)−(J). u0err is
verified to be not always 0 in the coordinate transformation. It
is also confirmed that u0err 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 uderr_spl sampled at 0° and the reconstructed voltage
uderr_rec without inverter nonlinearity compensation. The error
between uderr_spl and uderr_rec exists at any θe, which cor-
responds to Fig. 12(a)−(e). The variation trend of uderr_spl

versus θe and id is consistent with that in Fig. 6(a). Fig. 13(b)
illustrates uderr_spl and uderr_rec with the inverter nonlinearity
compensation, as investigated in Section IV-A. uderr_spl is in
good coincidence with uderr_rec in the test surface at any θe,
which proves the effectiveness of the inverter nonlinearity com-
pensation method considering u0err.

In Fig. 14, the resistance identification is realized at large id,
and the experimental waveforms show the good convergence.
The identified Rs of 1.6-kW SPMSM is between 1.365 and
1.473 Ω in Fig. 14(a), and the identification error is within 5%
for the nameplate value. The identified Rs of 25-kW IPMSM
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Fig. 12. Sampled inverter nonlinearity voltages and reconstructed voltages considering u0err with d-axis slope current injection. (a) uderr_spl at 0° and
reconstructed at 0°. (b) uderr_spl at 0° and uderr_rec at 15°. (c) uderr_spl at 0° and uderr_rec at 30°. (d) uderr_spl at 0° and uderr_rec at 45°. (e) uderr_spl
at 0° and uderr_rec at 60°. (f) uderr_spl at 30° and uderr_rec at 0°. (g) uderr_spl at 30° and uderr_rec at 15°. (h) uderr_spl at 30° and uderr_rec at 30°. (i) uderr_spl
at 30° and uderr_rec at 45°. (j) uderr_spl at 30°and uderr_rec at 60°.

Fig. 13. Effect of the inverter nonlinearity compensation considering u0err.
(a) uderr_spl at 0° and uderr_rec without compensation. (b) uderr_spl at 0° and
uderr_rec with compensation.

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

is between 0.0451 and 0.0467 Ω 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 Rs exists as the
Rd_igbt shown in Fig. 14(c) and (d). However, Rd_igbt 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 Rd_igbt which is about 0.015Ω for the adopted IGBT.

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

Therefore, the effectiveness of the Rs 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 Ld,q (IDE) with the
interpolation plane by simulation (SIM) are illustrated in Fig. 15.
The sampling trajectories are also presented in dq-axis current
plane. According to the identified results in Fig. 15, Ld and Lq

increase with the decrease of id and vice versa since the magnetic
saturation of the stator is affected by the demagnetization cur-
rent. Similarly, with the increase of iq, the magnetic saturation
degree will be aggravated, which makes Ld and Lq decrease
and vice versa. The unsaturated Ld and Lq 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 Ld,q surface fitting, two parameters p0 and q0 should be
properly selected to determine (8). As explained in Appendix
A, the polynomial determinant R2 is introduced to evaluate the
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TABLE III
DETERMINATION COEFFICIENT OF DQ-AXIS INDUCTANCE POLYNOMIAL

SURFACE FITTING

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

fitting effect of (8) under different p0 and q0 combinations. The
closer R2 is to 1, the better the fitting of Ld,q surfaces will be. In
addition, p0 and q0 should not be chosen too large considering
the computation complexity. Table III gives the determination
coefficient R2 under different p0 and q0 combinations. It is
concluded that p0 = 2 and q0 = 2 are suitable for accurately
fitting the Ld,q 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 Ld,q .

Fig. 16(b), (d), (f), and (h) presents the error between the surface
fitted results and the FEA results. The identification error ofLd,q
for 1.6-kW PMSM is less than 6%. Meanwhile, the identification
error ofLd,q for 25-kW PMSM is 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 Ld,q 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, y)), which can
be expressed by

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

f(x, y) = a00 + a10x+ a01y + a20x
2

+ a02y
2 + · · ·+ apqx

pyq

p = 1, 2, . . . , p0
q = 1, 2, . . . , q0
p+ q ≤ p0 & p+ q ≤ q0

(A1)

where a00−apq are the surface fitting parameters, which are
derived by the recursive least squares (RLS) with the sampling
data.

The Ld,q 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 a00−apq.⎧⎪⎪⎨

⎪⎪⎩
e = y − λTρ
yT = [Ld,q(id, iq)]
λT = [1idiq · · · idp0idq0]
ρT = [a00a10a01 · · · apq].

(A2)
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For verifying the fitting effect accuracy, the determination
coefficient R2 is introduced, as shown in (A3). The closer R2 is
to 1, the better the fitting effect will be

R2 = 1−
s∑
i=0

(fi − f̂i)
2

/
s∑
i=0

(fi − f̄)
2

(A3)

where fi is the ith sampling value, f̂i is the ith fitted value, and
f̄ is the average of all yi.

APPENDIX B

The inverter nonlinearity compensation methods considering
u0err are discussed at different θe. When the Rs identification
process is carried out at different θe, the inverter nonlinearity of
a-phase voltage is calculated as follows.

1) When θe = 30° ± 60k°, u0err = 0 and i0 = 0. The
relationship of ud, id, ua, and ia can be expressed as

{
ia = id cos θe

ua = ud cos θe.
(A4)

By substituting (A4) into (15), uaerr (ia) can be calculated by
(17).

2) When θe = 0° ± 60k°, u0err � 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(2
−1ia) + uaerr(ia)

1.5uderr(2
−1id) = uaerr(2

−2ia) + uaerr(2
−1ia)

1.5uderr(2
−2id) = uaerr(2

−3ia) + uaerr(2
−2ia)

...
1.5uderr(2

−2h+1id) = uaerr(2
−2hia) + uaerr(2

−2h+1ia).
(A5)

With the increase of the iteration number h, ia tends to 0.
According to Fig. 6(c), uaerr also tends to 0. Combined with
(A5), the uaerr (ia) can be obtained by

uaerr(ia) =
2

3

[
h∑
0

uderr(2
−2hid)−

h∑
0

uderr(2
−2h+1id)

]

+ uderr(2
−2h+1id)

≈ 2

3

[
h∑
0

uderr(2
−2hid)−

h∑
0

uderr(2
−2h+1id)

]
.

(A6)

2) When θe 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, (ij, Uj) is the corresponding interpolation point, j
= 1, 2, …, j0. By PLI, the fitted uaerr (ia) can be expressed as
(19), where M and N are the weights of the sampling voltage to
the corresponding current in Fig. 17.

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

⎧⎪⎪⎨
⎪⎪⎩
uderr(id) = aux(aid) + bux(bid) + cux(cid)
a = 2 cos(θe)/3
b = 2 cos(θe − 2π/3)/3
c = 2 cos(θe + 2π/3)/3.

(A7)

Since uderr (id) can be measured in the Rs identification
process, (ij, Uj) can be expressed by (idj, udj) which can be
calculated by (A8).

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

⎡
⎢⎢⎢⎣
ud(i0)
ud(i1)

...
ud(ij0)

⎤
⎥⎥⎥⎦ = a

⎡
⎢⎢⎣
M(ai0)

0
0
0

N(ai0)
M(ai1)

0
0
· · ·

0
0
0

N(aij0)

⎤
⎥⎥⎦
⎡
⎢⎢⎢⎣
U0

U1

...
Uj0

⎤
⎥⎥⎥⎦

+ b

⎡
⎢⎢⎣
M(bi0)

0
0
0

N(bi0)
M(bi1)

0
0
· · ·

0
0
0

N(bij0)

⎤
⎥⎥⎦
⎡
⎢⎢⎢⎣
U0

U1

...
Uj0

⎤
⎥⎥⎥⎦

+ c

⎡
⎢⎢⎣
M(ci0)

0
0
0

N(ci0)
M(ci1)

0
0
· · ·

0
0
0

N(cij0)

⎤
⎥⎥⎦
⎡
⎢⎢⎢⎣
U0

U1

...
Uj0

⎤
⎥⎥⎥⎦

= [M,N ]j0×j0

⎡
⎢⎢⎢⎣
U0

U1

...
Uj0

⎤
⎥⎥⎥⎦ . (A8)

⎧⎪⎪⎨
⎪⎪⎩

e = y − λTρ

λT = [M,N ]j0×j0

yT = [ud(i0)ud(i1) · · ·ud(ij0)]
ρT = [U0U1U2U3 · · ·Uj0]

(A9)

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