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Abstract—In the existing offline inductance identification meth-
ods of permanent magnet synchronous machines (PMSMs), dg-axis
voltage equations are generally adopted and the inverter nonlinear-
ity compensation is necessary, which complicates the identification
process and restricts the generality. In order to solve the problem,
an offline inverter-nonlinearity-immune inductance identification
method is proposed in this article based on the PMSM equivalent
impedance model. The method can identify the dg-axis inductances
by injecting both dc and high frequency signals, where the magnetic
saturation and the cross saturation are considered. Besides, an
inductance surface forming algorithm is introduced based on the
bilinear interpolation. The continuous dg-axis inductance surfaces
can be then obtained by only a few identified data, so that the time
of data sampling and processing is greatly shorten compared with
the existing methods. To enhance the accuracy of the identification
method, the digital delay error and the sampling error in zero
current zone are investigated and compensated. The effectiveness of
the proposed method is validated on three different test machines.

Index Terms—Digital delay effect, equivalent impedance model,
offline inductance identification, permanent magnet synchronous
motor (PMSM), sampling error in zero current zone (ZCZ).

I. INTRODUCTION

ERMANENT magnet synchronous machines (PMSMs)

have been widely applied in industrial fields for the high
power density, good performances, and flexible controllability
[1]-[4]. In PMSM applications, machine parameters are essen-
tial to almost all kinds of control schemes [5]-[8]. Besides,
the parameters can also be used to the machine state monitor-
ing, the fault diagnosing, etc. [9]-[13]. Given the importance
of machine parameters, the identification methods have been
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widely investigated in recent years. According to the applicable
working conditions, parameter identification methods can be
divided into online and offline methods [5], [6]. The offline
parameter identification methods, for not affecting the online
operation condition and saving control resources, have attracted
wide spread concern from both industry and academia over the
past few years [3], [4]. As one of the most important and difficult
parts of the offline identification process, offline inductance
identification deserves to be studied deeply.

Offline inductance identification is supposed to obtain the
inductance surface under different dg-axis current combinations
at standstill [16] so that it can be applied in different con-
trol schemes at varying operating conditions. In [6] and [17],
the offline inductance identification method based on the high
frequency (HF) square wave injection was introduced. dg-axis
inductances are calculated by the differential operation of the dg-
axis flux linkages estimated in advance by the hysteresis control
of dg-axis currents. In [7], a magnetic model self-identification
(MMS]) technique was presented to evaluate the dg flux link-
ages, considering the magnetic saturation and the cross-coupling
effect, with the rotor shaft left free and current controlled.
An amplitude-auto-adjusting signal injection method based on
the hysteresis control was researched to realize the inductance
identification [16]. In addition to the voltage-equation-based
methods, in [14] and [15], the sinusoidal current injection based
method was proposed, where the dg-axis inductances are calcu-
lated by the information of the injected currents and the induced
voltages. Since the signals need to be injected into the actual dg
axes [14], [15], the rotor position should be measured through
the encoder. Moreover, the rotor shaft locking might be needed
to prevent the undesired rotor rotation when the amplitude of
the injected signals is high [6], [17].

Even though the voltage equation based methods have been
most widely used, the inevitable inverter nonlinearity largely
limits the generality of the methods by introducing a voltage
error varying with the current [19]-[21]. In order to solve the
problem, the sign function was applied to compensate the in-
verter nonlinearity error [19]. For better simulating the inverter
nonlinearity in inductance identification at low current, the
trapezoidal voltage compensation was utilized [20]. In [18], the
inverter nonlinearity was described by the mathematical fitting
formula, which better compensates the inverter nonlinearity in
inductance identification. In [16], a self-learning method based
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on the Hermite interpolation was proposed, which could realize
the accurate inverter nonlinearity compensation. However, the
inverter nonlinearity effect is too complex to be accurately com-
pensated only by the sign function or the fitting formula [16]. The
self-learning method can meet the compensation accuracy, but
additional process is required. In sum, the inverter nonlinearity
compensation is still one of the major difficulties of existing
voltage equation based methods.

Furthermore, since the existing methods [16], [17] calculate
dg-axis inductances through the flux linkage, a large amount
of intermediate data needs to be estimated and stored in the
controller. Then, a great amount of partial differential operation
based on the stored flux linkage data is needed for the dg-axis in-
ductance identification [16], [18]. At the same time, for ensuring
that the inductance surface covers as many working conditions
as possible, more data should be sampled under more dg-axis
current combinations [22]. In this case, the existing voltage
equation based offline identification methods are resource- and
time-consuming.

Since the signal injection is necessary for the offline induc-
tance identification methods, the identification errors come from
many aspects [6]. In [23], the effect of the HF injected signal on
the machine saturation state, determining the inductance value,
was studied. As the voltage source inverter is generally applied
in the parameter identification, the sampling errors in the current
and voltage are inevitable [24], [25], which need to be investi-
gated and compensated. In [18], the identification error caused
by the abc-phase zero current clamping effect was analyzed and
compensated by choosing the proper signal injection amplitude.
In [26] and [27], it was shown that with the HF signal injection,
the digital delay effect on the parameter identification should be
considered. In sum, the identification errors need to be carefully
analyzed and compensated.

For dealing with the limitations of the existing methods, an
inverter-nonlinearity-immune offline inductance identification
method is introduced as follows. First, the equivalent impedance
model is introduced based on the PMSM physical model. On
this basis, the proposed inductance identification method is
explained in detail, together with the advantages over the existing
voltage equation based methods. Furthermore, the bilinear in-
terpolation based inductance surface forming method is studied,
which can obtain the continuous inductance surface from only
a few discrete data. Meanwhile, for ensuring the identification
accuracy, the digital delay effect and the sampling error in zero
current zone (ZCZ) on the inductance identification are analyzed
and compensated. Finally, the experimental results on three test
machines are presented show good identification effect, which
are compared by the identification method in [17] and verified
by the identification method in [23].

The rest of this article is organized as follows. In Section II,
the equivalent impedance model and the offline inductance
identification method are introduced, along with the bilinear
interpolation based inductance surface forming algorithm. In
Section III, the digital delay error and the sampling error in
Z(CZis analyzed and compensated. Experimental results of three
test machines are presented in Section IV. Finally, Section V
concludes this article.
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Fig. 1.  Effect of inverter nonlinearity on inductance identification of (1). (a)
Effect of inverter nonlinearity error voltage. (b) Surface of inductance error
verses amplitude of injected voltage and induced current.

II. PROPOSED OFFLINE INDUCTANCE IDENTIFICATION
METHOD BASED ON EQUIVALENT IMPEDANCE MODEL

A. PMSM Equivalent Impedance Model for
Inductance Ildentification

The existing offline inductance identification methods are
mostly based on the voltage equation and carried out by HF
square voltage injection. The dg-axis inductances are calculated
from the differential operation of the flux linkage identified in
advance, which is shown as follows:

d,. .
Uy = éi + RsZz + Uz inv

Lx = (j;f: = % f (u:r — Ug_inv —

r=d, 1
Ryiy) dt ¢ M

where uy 4 are the dg-axis voltages, i4 4 are the dg-axis currents,
and Lg 4 is the dg-axis inductances. R, is the stator resistance
and 1 4 4 1s the dg-axis flux linkages. u4 4 iny is the voltage error
caused by inverter nonlinearity. It should be noted that 1 4 i
is generally unknown in the identification process. Based on the
existing literatures [16], [18], ug 4_iny introduces a nonlinear
error into the output voltage, which varies with the current. In
the conventional method, the effect of u4, ,_in, on the parameter
identification is analyzed as follows.

As shown in Fig. 1, the square wave injection is applied,
where Uy , is the amplitude of the injected voltage. During the
injection, the current and the corresponding u4, 4_iny are also
illustrated in Fig. 1(a). Since the actual pulsewidth modulation
(PWM) control is discrete, in the small time interval t; — 15, (1)
can be rewritten by the discrete form shown as follows:

u)r? - 'l/)ml - sz = (Ux — Ug_inv — Rsim_avg)At
Lr(iz_an) = (1/11:2 - wm)/(zxz - izl)
= (Uy — Us_iny — Riiz avg) At/ (iga — iz1)

r=d,q

)
where Atis equal to o — t1. A1)y 4 is the flux linkage change in
At,equal to ¥; — Yiny in Fig. 1(a). i4,q_ave 1S the average current
in the whole Ar. Since At is small, ig q_avg is approximately
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Fig.2. Equivalent impedance model of PMSM. (a) Physical model of PMSM.
(b) Sinusoidal response of equivalent impedance model. (¢) Vector form of
equivalent impedance model.

equal to (igq1 + 14,42)2. The identification error ey of the
inverter nonlinearity on the identified L4, , can be then expressed
by

. Lm - Lz err Ug_inv
eL(Zz» Ux) = 7 = = (}
T T
— Ug_inv — Rsixfavgx = d7 q. (3)

The value of ug4 4_iny Of the test inverter is simulated by the
mathematical function in [18], the effectiveness of which has
been proved. The overall error on the identified inductance e,
is presented in Fig. 1(b). When u4 ,_iy is not compensated, the
higher the Uy, is, the less the e;, will be. When iy , is higher
than 2 A, the inverter nonlinearity error is higher than 10%.

Considering the characteristics of the voltage equation based
methods, two restrictions would limit the generality of the
existing methods, which are explained as follows.

1) The offline inductance identification methods based on
the voltage equation are inevitably affected by ug ¢_iny.
Hence, the inverter nonlinearity should be compensated,
which greatly complicates the identification process.

2) Since the flux linkage is the essential results in the voltage
equation based methods, a large amount of intermediate
data have to be stored, and a lot of differential operation
needs to be carried out for calculating Lg 4, Which is
resource consuming.

For dealing with the disadvantages, an offline inductance
identification method based on the equivalent impedance model
is investigated. Based on the physical model of PMSM, the abc-
phase and dg-axis circuits can be seen as a serial combination of
an ideal resistor and an ideal inductor, as shown in Fig. 2, which
is reasonably named “equivalent impedance model.” In Fig. 2(a)
and (b), the response signals of the equivalent impedance model
under HF sinusoidal voltage injection and dc current injection
contain the parameters, which can be expressed by (4), where
the subscripts “c” and “Ah” represent the injected dc signal and
HF signal, respectively.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022

Ug,qnand I 4, are the amplitude of the HF injected sinusoidal
voltages and the induced currents, respectively, in Fig. 2(b).
04,qu and 64 4 are the initial phase angles of the HF volt-
age and current, respectively. Since the inverter nonlinearity
is corresponding to the current at real time without any signal
exceeding or lagging, it can be represented as an equivalent
resistance R g 4_iny in Fig. 2(c) [18], which is equal to ug, _inv
/ ig4,4 coinciding with the resistance vector [16], [23]

Uy = Uge + Ugh + Uz inv
Uge = Rsimc
Ugh = Ua:hej(wzt—i_ewu) = Jw.LL.LZ.Lh + Rgizn
== WmLxI.rhej(wmt+0mi+%) + stxhej(wmtJer)

r=d,q.

“)

When injecting the HF sinusoidal voltage, the vector form
of the equivalent impedance model is shown in Fig. 2(c). The
modes of the vectors, Uy, 44 and I 4 4, are equal to the amplitudes
of the sinusoidal voltage and current, respectively. wg, ¢/ 4, qhLd, q
and /4 4R are the inductive and resistive components. .. is the
angle between a-phase and d-axis.

It can be found out from the impedance vector that the
inductive component and the resistive component, along with the
inverter nonlinearity component, are completely decoupled [23].
Since the machine is standstill in the offline identification, the
inverter nonlinearity voltage error and the equivalent resistance
are not affected by the sixth harmonic pulsation versus the rotor
position.

B. Offline Inductance Identification Method Based on
Equivalent Impedance Model

The proposed offline inductance identification method is
achieved by injecting both dc signal and HF sinusoidal signal.
Since the rotor is stand still, the injected HF signal is the only ac
signal in the identification process. As shown in Fig. 2 and (4),
the dc response and the HF sinusoidal response in the equivalent
impedance model can be analyzed independently, and the L, 4
are only contained in the HF sinusoidal response. Hence, in the
proposed method, dc signal injection is applied to set the specific
PMSM saturation state and HF signal is to estimate inductance.

Through the impedance relationship in Fig. 2, Ly , can be
estimated with HF sinusoidal voltage injection, and the PMSM
saturation state is determined by injecting certain dg-axis dc
currents. The injected HF sinusoidal voltage and the induced
HF current are involved in the HF equivalent impedance model
as the real part Re[] of the voltage and current vectors, which
are presented as follows:

x=d,q.
5)

As shown in Fig. 2(c), the inductance can be calculated by
the mathematical relationship between the amplitude and initial
phase of ug, 4, and ig 4, in the equivalent impedance model.
Since the Lg 4 identification process only concern the certain
saturation point determined by the dc current references, the
inductance identified in this article is the differential inductance.

Ugp, = Re[Uyppe?Wott0ua)] = U,y cos (wyt + Ouyp)
iq:h - Re[lwhej(wmt_‘_eid)] = IxnCOS (Wx,t + eu)
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Fig. 4. Proposed signal injection method and surface forming algorithm in

inductance identification process. (a) d-axis current injection scheme. (b) g-axis
current injection scheme. (c¢) Identified points in the inductance surface.

The mathematical expressions of the PMSM inductance, along
with the resistive component can be written as follows:

L, = Im[-teb] = Lo sin (0 — 044)
Waleh welon z=d,q.
Rs+ Riny = Re[ﬁ] = [:: CoS (ozcu - Hm')
(6)

The inductance is contained in the imaginary part Im[] of the
impedance vector. According to (6), Ly , terms are completely
decoupled from the resistive components in the real part Re[],
where the inverter nonlinearity term R4 4_iny is included. In the
Lg,4 calculation process, only the amplitudes and the phases
of the dg-axis currents and voltages are involved. Since the
equivalent resistance, along with the inverter nonlinearity, need
not be concerned at all, the immunity of the inverter nonlinear-
ity error can be then realized. The discrete Fourier transform
(DFT) is adopted to estimate the amplitude and initial phase
information of uy , and iq g, Ug, qn, 1d, qhs 0d, qu> and 0 4, as

shown in (7), where Ng 4 are the numbers of PWM period in
one injected sinusoidal injection period of dq axes. Under each
current level, the DFT processing is identical and the processing
time is constant.

The whole inductance identification process is shown in
Fig. 3. The dc current injection is carried out first with certain
dg-axis current references i 4 rer, On Which the HF sinusoidal
voltage 14, 4, are injected additionally to estimate the dg-axis
inductance. The identification can be carried out at both the
nonlinear and the linear part of the inverter nonlinearity. U 45
should be small so as not to change the preset saturation state of
PMSM. In experimental tests, the value 0.01 p.u. is enough to
achieve good identification effect. As for the injection frequency,
N4, should be chosen from 10 to 20 to guarantee the extraction
accuracy of DFT. The dg-axis injection frequencies should be
different to avoid the coupling of the extracted information of
dq axes. The frequencies of the injected HF dg-axis voltages are
selected as 300 and 375 Hz. During the identification process,
the rotor shaft should be locked to keep the motor at standstill.

C. Inductance Surface Forming Algorithm Based on Bilinear
Interpolation

In order to consider the magnetic saturation and cross satura-
tion, the offline inductance identification method is supposed to
identify the L, , surfaces under different i4 , combinations [16].
In the existing voltage equation based methods, the Ly 4 surfaces
under different iy , are obtained by adjusting the amplitude of
the injected signals based on the hysteresis control [17]. In
order to form the continuous Ly , surfaces from the discrete
identification points, the sampled data in the existing methods
should be increased as many as possible, which is resource- and
time-consuming. In order to solve the problem, a surface forming
algorithm based on the bilinear interpolation is studied. And
then, the continuous L4 , surfaces can be formed by identifying
only a few data. The detailed explanation of the algorithm is
presented as follows.

First, as shown in Fig. 4(a) and (b), the injected dc i 4,, combi-
nations are scanned by changing the dg-axis current references
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id,q _ret, the expression of which can be expressed by

Z’d_rcf(l) = lImax_d/lO .
: _ ®)
Zq_ref(k) = kImax_q/kO k=12,...

where, I,.x 4,4 are the preset maximum values of the injected
iq,q. [ and k are the count variables for current scanning. The
points py; in Fig. 4(c) are exactly corresponding to the /th and
kth current reference ig q_ref in Fig. 4(a) and (b). Through the
whole current scanning process, the identified points can thus
cover all saturation states in grid shape, as shown in Fig. 4(c).
ko and [y are the maximum count values for i, , scanning, and
the total number of the identified points can be determined by
the product of ky and /.

Apparently, with the proposed signal injection strategy in
(6), the inductance identification data are current-discrete, as
shown in Fig. 4, which cannot be directly applied to the ma-
chine control under continuous working condition. Hence, a
continuous inductance surface forming algorithm is introduced
by the bilinear interpolation relying on the limited number of
current-discrete data. As presented in (9), L4, 4 can be seen as a
function of iy 4. Under an arbitrary point i, 4, combination,
the identified inductance Lg 4 (igs, igs) can be fitted by the
four adjacent data points, Lq,q (ias, igk)s La,q (di+1, igk)s Ld g
(fap, igkt+1)s and Lg q (ig 141, iq k+1), the derivation process of
which is given in the Appendix. In the actual experiment, the
sampling numbers of [y and kj are selected from 5 to 7, where
the continuous Lg , surfaces can be satisfactorily generated.
The total identification time is within 20 s, as shown in the
experimental test of Fig. 10. However, the existing methods
often require several times more identified data to form the
Lg,, surfaces [6], [16]. By applying the bilinear interpolation
based inductance surface forming algorithm, the efficiency of
the proposed offline inductance identification method is further
improved.
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In summary, the advantages of the proposed identification
method over the existing voltage equation based methods are
as follows. First, the inverter nonlinearity does not need to be
compensated in the proposed method. And then, the inductance
can be easily calculated without intermediate data storage and
complex mathematical operations. Furthermore, the L4 , induc-
tance surfaces can be obtained by fewer data by the bilinear inter-
polation based surface forming method. The proposed method
has better generality and the practicability.

D. Novelty and Advantages of the Proposed Method
Compared With the Existing Parameter Identification Methods

In order to present the contributions of the proposed method,
in this part, the identification effect of the proposed method

N-1

Xagh = 52 <Z

N-1

N-1
0zd,q = arctan ( > xd7qh(n)sin(27rn/Nd7q)/ > g qn(n) cos(27rn/Nd7q)>
n=1

n=1

a:d,qh(n) COS(QTI'TL/Ndﬂ)) 24+ < Z xd,qh(n)sin(QTrn/Ndﬂ)) 2 X=U1I

N-1

= )

T =u,1
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is compared with three widely applied offline identification
methods [14], [15], [17] and the online identification method in
the authors’ previous research [23]. Table I presents the overall
differences among the proposed method and the benchmark
methods.

The main items in Table I are explained in detail to present
the advantages of the proposed method, which are presented as
follows.

1) The method in [17] is affected by the inverter nonlinearity
error, which is involved in the calculation process. The
inverter nonlinearity error also affects the identification
results in [14] and [15] since the injected FF signals reduce
the signal to noise ratio of the Ly 4 information. However,
the proposed method is immune to inverter nonlinearity
error.
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2) Compared with the proposed method, the conventional
methods [14], [15], [17] are resource- and time-consuming
for the following reasons. First, the R identification and
the inverter nonlinearity compensation are required in [17]
with a rather complex extra processing. Second, in the
voltage equation based methods [6], [17], Ly , need to
be calculated by the flux linkage identified in advance. In
this case, the extra storage space for the flux linkage data is
needed. Finally, for obtaining the continuous inductance
surface, the number of the sampling points is increased as
much as possible in the conventional methods.

3) The conventional methods without locking the rotor can
only be applied within the limited current range. In the pro-
posed method, the rotor is locked making the inductance
identification applicable under full current range.

4) The acoustic noise of different methods under certain
current level is tested on the 2.2-kW IPMSM by the sound
level meter BSWA 308. The acoustic noise of the proposed
method and the methods in [15] and [17] is 61.9, 76.9,
and 78.2 dB, respectively. It is obvious that the noise of
the proposed method is far less than that of the existing
methods.

Compared with the online identification method [23], the
offline identification does not affect the online control, which
is more suitable in some specific applications, such as the high
speed machine control, the precision machining and the low
noise condition. As for the identification effect, since the satu-
ration degrees of the dg-axis magnetic circuits are determined
by iq, 4 [3], the inductances at offline and online condition under
the same current level are the same.

III. ERROR ANALYSIS AND COMPENSATION STRATEGY IN
OFFLINE PARAMETER IDENTIFICATION PROCESS

As the main error sources, the effects of the digital delay and
the sampling error in the abc-phase zero current zones on the
inductance identification are analyzed in this part, along with
the corresponding correction methods [24]-[27].
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TABLE I
OVERALL COMPARISON BETWEEN THE PROPOSED METHOD AND EXISTING METHODS IN [14], [15], [17], AND [23]

Contrastive items Offline method [17] Offline method [15]

Offline method [14]

Proposed method Online method [23]

o FF Sinusoidal
voltage injection

e HF Square voltage
injection

e Hysteresis control
o Affected by inverter
error

Signal injection

o Affected by inverter
error

Inverter error

Computation
effort

Allowable identif-
ication range

e [arge amount e [arge amount

o Limited iy, range o Limited iy, range

Noise level e High e High

e FF Sinusoidal
voltage injection

e DC current injection
o Affected by inverter
error

o Relatively small
amount

e Full iz, range (only
when rotor is locked)

e Relatively low

e HF Sinusoidal
voltage injection
e DC current injection

e HF Sinusoidal voltage
injection

e Immune to inverter e Immune to inverter error
error

The online method is

e Consuming online
control resource

o Small amount

e Full iz, range (with
locked rotor) e Not suitable for some

e Low special application

FF means fundamental frequency.

A. Effect of Digital Delay on Inductance Identification

In the PMSM digital control system, the actual injected volt-
age is delayed for 1.5 Ty, relative to the reference voltage
Ud,q_ref due to the digital delay effect, where Ty, is the PWM
period [26], [27]. Since the frequency of the injected sinusoidal
voltage is high, digital delay effect cannot be neglected. Taking
the time delay error into account, the proposed inductance
identification scheme is shown in Fig. 5.

In Fig. 5, the subscript “td” represents the time delay term. In
Fig. 5(a), Tiq is the delayed time, satisfying Tyq = 1.5Tpwwm-
T4,, are the sinusoidal period of the dg-axis injected signals. In
Fig. 5(b), O¢q is the delayed angle corresponding to Tiq. The
mathematical relationship of the delayed angle and the delayed
period can be expressed by

Tta

gtd_ac = 27Tf = wzTyaz = d, q-

(10)

Based on the previous analysis, U 4, 4, and I 4 41, can be directly
obtained by (7), which are not affected by digital delay effect.
However, because of the delayed time, the initial phase of the
voltage is incorrectly estimated, as shown in Fig. 5(a). The
inductive vector w g, ¢l 4, qnld,q ta Would deviate from the actual
vector wq, ¢l 4, qnLd,q> as shown in Fig. 5(b). In this case, the L, ,
are then wrongly identified. Considering the digital delay effect,
the inductance identification error is obtained by combining (6)
and (10), which can be expressed by

Lo—Lyerr

ALa?emr =

L,
sin(tan ™ (wy Ly /Rs)+0td (1 1)
= Abs ( (sin(tanfl(mew/Rs)) ) - 1) = d’ q.

Given that the delayed time T%q is constant for certain Tpwn,
ALg, gerr can be regarded as a function of the injection angle
frequency wg 4 and the time constant Lg o/R,, as shown in
Fig. 6. It is presented that when w , and L 4/R; satisty 6,4 4 -
0iq,q = (m —0tq_q,4) / 2, the inductance error caused by digital
delay effect is 0. Since the PMSM parameters generally change
in a relatively small range [23], the influence of Ly ,/R, on

inductance identification is small compared with that on wg g,
as shown in Fig. 6.

Seeing that the time delay error can be expressed by the period
error in (10), the delay angle 64 can be directly compensated in
the calculation process in (6), which is shown as follows:

UCE h

L, = sin (Qye — Oix — 01a o) x = d, q. (12)

Walgh
Furthermore, considering the relationship among the time
delay error and L4 (/Rs and wg 4 in Fig. 6, the digital delay
effect can be directly avoided by the injecting signals, whose
frequencies are selected near the red line of Fig. 5, shown as
follows:
~ etd_m _ ™ — 2(9um - 91%) _
Wy R Ty T r=d,q.
The compensation method in (12) is more general, and the
compensation method in (13) needs to be selected properly to
verify whether the injection frequencies w4, , meet the injection
requirements given in Section II-B.

13)

B. Effect of Sampling Error in abc-Phase Zero Current Zones
on Inductance Identification

The parasitic capacitance effect leads to a large equivalent
resistance in the machine circuit in the abc-phase ZCZs [16].
Therefore, under HF sinusoidal voltage injection, the amplitudes
of HF induced currents in ZCZ are greatly decreased, which
reduces the signal-to-noise ratio for the signal sampling to a
large extent. The sampling error is then amplified, resulting
in the extraction error of Ug, qn, 14, gh» 04, qu> and 04, 4 in (7),
and eventually the inductance identification error [18]. It worth
mentioning that the sampling error, as the inherent property of
the voltage source inverter, can hardly be completely eliminated.

In this situation, a correction method is studied. First, the
abc-phase ZCZs should be determined, where the injected dc
i4,q_ret are to determine the abc-phase zero current lines, around
which the injected HF voltages determine the width of the ZCZ.

Lw (ids; iqs) =

(L (iaryiqr) + (Lo (iar, igk1) —
(Lo (iaigr,igr) + (Lo (fdis1, tgh41) — Lo (Tdi1,9qk))

Lol far) 7,2 ) (= 20) ©

tgs gk ) tds—tdl
tgk+1"%qk 7 tdl+1—2dl
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In the i4, 4 plane, the abc-phase zero current can be expressed as

Gq_zc = td_rer CO8(0c) — ig rersin(f.) =0

b ze = Gd_ver COS(0e — %’T) — ig e SIn(fe — %’r) =0

ie ze = Gd vt COS(Oc + %“) — i rer Sin(fe + 2my =
(14)
where the initial rotor position @, can be at any value, which is
obtained by the sensorless detection method before the offline
identification process.

For the convenience of readers’ understanding, the a axis in
(14) is set to be aligned with the d-axis (f. equal to 0°), and
the distribution of abc-phase zero current in ig 4 plane is shown
in Fig. 7. The angles between zero current lines are 60°. As
shown in Fig. 7(a), the width of the abc-phase ZCZ Ai b .. can
be determined by the width of the corresponding dg-axis ZCZ
Aig 4 », the mathematical expression of which is as follows:

w

Aiabc_zc - \/(Aid_zc)2 + (Aiq_zc)Z- (15)

Fig. 7 shows the relationship between Ai . .. and the width
of the induced dg-axis current Aig4, ... It can be seen that
the sampling error in ZCZ mainly affects the dg-axis current
region containing the abc-phase zero currents, as the space
between line s; and line s3. The induced HF current should
be away from the abc-phase zero currents to avoid the sampling
error. Hence, Aiy , .. is about twice the amplitude of sinusoidal
current /g g1, ¢, as shown in Fig. 7(b) and (c). However, Id 4, ..
is varying with the L , under different i , combinations, which
complexifies the following error correction process. In order
to simplify the correction process, a certain value, noted as
14, qn_max, 1s taken to determine the ZCZ, which is greater than
or equal to the maximum /4 ¢, .., as shown in (14)

AZ‘f_zc = 2I:ch_zc < 2I:ch_maxx = d, q. (16)

14, gh_max can be determined by (17), where the minimum
inductance Lg, q_min is chosen and the inverter nonlinearity is
ignored. In this case, the /4 4, max can be ensured larger than
14, gh_»c under all iy , combinations. Lg q_min can be obtained
via a comparison operation process by scanning the real-time
data Id,thplk

Iwhfmax - \/Uwh/((waxfmin)Q + RSQ)
> \/Uvzh/((wrcl/z)2 + (Rs + Rinv)Z) = Lxzh_plk

r=d,q.

A7

During the identification process, the resistance Ry can be
easily identified by [16] and [ 18]. The detailed offline inductance
identification process is shown in Fig. 8, together with the
identification process of the width of ZCZ.

Because the amplitude of the injected HF sinusoidal voltage
is only 0.01 p.u., 14, 4n max are generally small, along with
Aidgpe sc- As the result, the inductance identification data af-
fected by the ZCZ sampling error is low-proportion to the whole
inductance data, which is proved by the experimental results of
Fig. 12. For correcting the sampling error, it should be checked
whether the identified data are inside ZCZ by (15)—(17). The
limited amount of error data can be directly eliminated, and the
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A1 —
L1

by [4:1AdiV] =
{ = vy [25V/div]

—  La[7TmH/div] ¢ [50ms/div]

¢ [10s/div]
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—  Ly[7TmH/div]

I ia [41A/dIV] Lst-
=l e [25V/div] HWWT\%WW )

£ [50ms/div]

¢ [10s/div]

(b)

Fig. 11.  Error analysis of inductance identification in the ZCZ of d-axis.
(a) Amplitudes of induced currents and identified inductances at 8, = 0°. (b)
Amplitudes of induced currents and identified inductances at . = 0°.

Fig. 12.  Experimental results of Ly 4 including sampling error in ZCZ. (a)
Lg of 1.6-kW SPMSM. (b) L, of 1.6-kW SPMSM. (c) Ly of 25-kW IPMSM.
(d) Ly of 25-kW IPMSM.

inductance surface can be formed with the remaining data by
(9). The whole process is shown in the red wireframe in Fig. 8.

IV. EXPERIMENTAL RESULTS

The proposed offline inductance identification method is
tested on three PMSMs with different structure (SPMSM and
IPMSM) to verify the effectiveness. Furthermore, in order to
evaluate the generality of the method, the parameters of the
three machines are selected quite different on purpose. The rated
parameters of test machines are presented in Table II.

The algorithm is implemented by a 22-kW machine drive.
The ARM STM32F103 is adopted to execute the parameter
identification process. The PWM switching frequency of the
inverter is 6 kHz. The overall machine control platform is shown
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TABLE II
PARAMETERS OF TEST MACHINES
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TABLE III
AMPLITUDES OF INDUCED CURRENTS AND IDENTIFIED INDUCTANCES IN ZCZ
UNDER DIFFERENT REFERENCE CURRENT

Parameters SPMSM  SPMSM  IPMSM

Rated power (kW) 16 22 25 DataninFigli() 0 ! 2 3 4
Rated voltage (V) 200 380 380 Lan (mH) 4.189 4.181 4.431 3.886 3.651
Rated current (A) 5 56 70 L (A) 0.348 0.353 0.247 0.434 0.451

Stator resistance () 1.38 2.75 0.0456 Data n in Fig.11(b) 5 6 7 8 9
No load d-axis inductance (mH) 4.242 35 0.354 Lan (mH) 4.201 4.174 4431 4.167 4.173
No load g-axis inductance (mH) 4.650 64 0.825 Lim (A) 0.265 0.307 0.247 0.321 0.318

TABLE IV

in Fig. 9, where the rotor shaft is locked during the identification
process. In order to prove the reliability of the proposed method,
the parameter identification methods in [17] and [23] are adopted
as the verification.

Taking 1.6-kW motor as an example, the waveforms of the
injected ug 4 and the induced ig , during the whole offline
inductance identification process are shown in Fig. 10. It is
well presented that the injected signals are composed of both dc
currents and the additional HF sinusoidal voltages. In Fig. 10(a),
the dg-axis dc currents are scanned under the varying ig g ref
according to (8), where I;,,ax_q,4 are chosen as 5.6 and 7.2 A,
respectively, which are larger than the rated current. [ and kg
are chosen to be 5 and 6. The frequencies of the injected HF
dg-axis voltages are selected as 300 and 375 Hz to decouple the
Lg, 4 identification between dq axes. The amplitudes of Uy 41
are selected as 0.01 p.u. Considering the actual online PMSM
operation condition, it would be enough only to identify the
inductance under the current combination of iy < 0 and i, > 0.

InFig. 10(b) and (¢), 14,4 and i 4, are shown in detail. 1 g, q_rec
and i4,4_rec are the reconstructed waveforms with the amplitude
and phase extracted by (7), aiming to verify the signal processing
effect. It can be seen that, due to the inverter nonlinearity, the
injected signals contain harmonics, especially the induced ig4 4
[23]. However, the harmonics are well eliminated in w4, ¢_rec
and i 4_rec, Which proves the high extraction accuracy of U g 4,
14,qhs 04,qu, and 0 4 4;. By applying the proposed signal injection
strategy, the whole identification process can be completed
within 20 s, as shown in Fig. 10(a). The inductance surface can
be obtained by a limited amount of the identified data, which is
presented in Figs. 12 and 16.

In Fig. 11, the amplitude of the injected voltage Uy, is kept
0.01 p.u. In Fig. 11(a), the amplitudes of induced currents
1 4r0-14n4 and the identified inductance L40—L g4 are presented
under i4_yef varying from —1.4 to 1.4 p.u. with an increment of
0.7 p.u., corresponding to the sampling area s;—s5. Generally,
the identified inductance L, should increase with the decrease
of current, and the amplitude of the current /45, should decrease
simultaneously [16]. However, with the sampling error in ZCZ,
1gp2 is the smallest due to the large resistance of the inverter
nonlinearity. The influence of sampling error is then amplified
at such small current amplitude, making L;o inaccurate [18].
As shown in Table III, except Lo, the values of inductance
are proved correct right by experiments, along with its changing
trend of Lyg > Lg1 > Lg3 > Lga With I g0 < Ign1 < Iaps <Igpa.

InFig. 11(b), s5—s9 correspond to the i4_ef varying from —0.2
to 0.2 p.u. with an increment of 0.1 p.u. The results in Table III
show that, among all the test data, only L 47 is evidently affected

COMPARISON OF ESTIMATION ACCURACY AT DIFFERENT CURRENT LEVELS OF
THE PROPOSED METHOD AND THE CONVENTIONAL METHODS

Methods [17] [15] [14] proposed method
idg=0 16.5% 21.3% 9.1% 4.9%
idg=0.5p.u. 2.1% 3.5% 0.5% 1.5%

by the sampling error in ZCZ. Given that the range of ig, ¢_rer
narrowed in Fig. 11(b), Al .. is approximately equivalent to
twice the maximum amplitude of HF induced current /4 45,_max,
which confirms the analysis in Section III-B. It is also proved
that the inductance identification data affected by the sampling
error in ZCZ is low-proportion to the whole inductance data,
which is also illustrated in Fig. 12.

Taking 6. equal to 0° as an example, Fig. 12 presents the
inductance identification results containing the sampling error
in ZCZ of the 1.6-kW SPMSM and the 25-kW IPMSM. The
identified inductance results near 0°, 60°, and 120° at ig , plane
are apparently distorted. Considering the analysis in Section III-
B, it is confirmed that the sampling error in the abc-phase ZCZs
does affect the Ly , identification. And, the width of the zero
current zones Aiy_,. and Aiy . are 0.78 and 10 A for 1.6 and
25 kW PMSM, which are also verified by the the identification
process in Fig. 12. Through the experimental results, the amount
of the error data in the red dashed area is only a small portion of
the whole datain i4 , plane, which makes it reasonable to directly
eliminate the error data, and form the inductance surface with
the remaining data by (9). Itis worth mentioning that L, atig = 0
(i, = 0) is not affected by the sampling error, as /; and /5 shown
in Fig. 12(b) and (d). The reason is that the a-phase currents and
voltages at . are equal to 0°, including the sampling errors in
a-phase, are not involved at all in the L, identification.

For further proving the effect of the sampling error in ZCZ.
The estimation accuracy of three more existing methods at
different current levels is presented in Table IV through the
experiments. In those methods, the sampling error in ZCZ has
not been considered. In Table IV, two different current states are
applied, where the sampling error in ZCZ is relatively serious
at iy = 0 and the sampling error in ZCZ does not exist at
id,q =0.5 p-u.

It is shown in Table IV that the estimation accuracy is accept-
able at relatively high current level for four methods. However,
at low current level, the estimation accuracy of the conventional
methods is low. According to the comparison with the existing
pieces of literature, the compensation of the sampling error in
ZCZ is necessary.
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TABLE V
COMPARISON BETWEEN THE PROPOSED METHOD AND THE CONVENTIONAL SQUARE WAVE INJECTION BASED METHODS IN COMPUTATION COMPLEXITY
OF ONE IDENTIFICATION POINT

Method

Clock cycles in each
PWM period

Minimum
calculation period

Overall calculation period
(10 times)

Advantages of the proposed
method

Method in [6], [17]

® 300 clock cycles in
each PWM period

® 200 clock cycles for

e | square wave
injection period

e | sinusoidal wave

e 10 square wave injection
periods

e Less than 10 sinusoidal

e The clock cycles taken in
each PWM period can be
reduced on average
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Proposed method DFT data sampling injection period wave injection periods due | ® The identification period can
p @ 600 clock cycles for to the overlap be redpced by the overlap of the
DFT calculation sampling points
iy /p.u. g injection and v, identification process i
1
1 I
1 1.6kW PMSM without rotor locking e U (e (KT (0.540T N |
1 2.2kW PMSM without rotor locking R L
1 4| -U,,.  otherwise B
BT | S |
Ay =gty arligi)=Riigy T, |
. N |
, N |
7/ \ 1
i X Vg s =Vay o2 TAV,, !
/ \ H
\
/I \ i/ Sign-function-based inverter nonlinearity |
I" -1 \Il ta/ p-u. compensation process |
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A !
\ 1
\ . . . . .
N i Fig. 14. L4 4 identification process of conventional methods [6], [17] and
2 7 . . s
. I clock cycles during signal injection.
SE i
= I _‘l _-~"" Overload condition
oI A n u T g Tt o Tm e 1
3 25kW PMSM without rotor locking L] j | w, =U, sin(e, 1) 1
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/ i J T 3 i | accumulation Ty = Iy +iy 4 c08(27i I N) i
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0 1, | DA Ly = Iy +iysin(i [ N) |
. . Pl . .. I !
Fig. 13.  Allowable identification current range of additional 2.2-kW PMSM, ! i
1.6-kW SPMSM, and 25-kW IPMSM with/without rotor locking. | Iy =20, /N i
I
| L, =21, /N i
I
| N !
| . .
} Lmq == »M,,smﬂ / (41,4,[(1 ah)

The allowable identification current ranges of the proposed
method and conventional methods are investigated in Fig. 13. In
the conventional methods [14], [15], [17], the rotor is not locked.
However, the rotor will inevitably rotate when the injected cur-
rent is relatively high, which limits the allowable identification
current range. In Fig. 13, the experiments of the conventional
method [17] are carried out to present the maximum dg-axis
current ranges of the test machines within 10° rotor rotation. As
shown in Fig. 13, when the rotor is not locked, the rotor can be
kept in standstill at low dg-axis current, but the rotation occurs at
large current. In the experiments, it is prevailed that the machine
with higher rated power has relatively smaller identification
range. In the proposed method, the rotor is locked, making the
L4, 4identification applicable under full currentrange. Hence, for
better achieving the general-purpose offline L , identification
under full operation condition, the rotor locking is a reliable
treatment.

In the conventional square wave injection based methods, the
injection frequency is defined by the hysteresis control [6], [17],
as the injection period T}, — T3 shown in Fig. 14, which is
variable for different iy , injection. The L , identification is
realized in at least one square wave injection period. The dg-axis
flux linkage 1) 4,4 need to be stored at the extreme points of the
flux linkage waveform.

.qi

Fig. 15.  Lg, 4 identification process of the proposed method and clock cycles
during signal injection.

The Lg4 4 calculation in the proposed method is realized by
DFT, the process of which is illustrated in Fig. 15. The minimum
period of the DFT calculation is one HF sinusoidal injection
period. As Ty — Ty4+3 shown in Fig. 15, the overlap of the
sampling points between two adjacent injection periods can be
achieved in the sinusoidal waveform, where AT is the period of
the overlapping data, satisfying 0 < AT < Ty,

The computational time of two methods is presented in Ta-
ble V, where the average L, , during ten identification times is
taken, and the clock cycles (N..) in the whole calculation process
is taken. It can be concluded that compared with the conventional
methods, the proposed method is more lightweight in terms of
computation.

In order to verify the effectiveness of the identified Lg g,
the conventional offline parameter identification method in [17]
is applied as the comparison. Meanwhile, the value of L, ,
identified by the online method [23] is taken as the standard.
It can be seen in Fig. 16(a), (c), (e), (g), (i), and (k) that the
overall identification results are approximately the same. Lg4
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< Error of proposed method
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Method
Method

Fig. 16.  Experimental results of Lg, 4, and the comparisons with methods in
[17] and [23]. (a) Lq of 1.6-kW SPMSM. (b) L4 error of 1.6-kW SPMSM. (¢) L,
of 1.6-kW SPMSM. (d) L error of 1.6-kW SPMSM. (e) L4 of 25-kW IPMSM.
(f) Lq error of 25-kW IPMSM. (g) L, of 25-kW IPMSM. (h) L, error of 25-kW
IPMSM. (i) Lg of 2.2-kW SPMSM. (j) L4 error of 2.2-kW SPMSM. (k) L, of
2.2-kW SPMSM. (1) L error of 2.2-kW SPMSM.

and L, decrease with the increasing i,, and increase with the
decreasing i due to the magnetic saturation and cross coupling
[16]. The unsaturated L4 and L, values are 4.26 and 4.52 mH for
1.6-kW SPMSM, 0.359 and 0.810 mH for 25-kW IPMSM, 37
and 65 mH for 2.2-kW IPMSM, which are consistent with the
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TABLE VI
MAXIMUM IDENTIFICATION ERRORS OF EXPERIMENTAL RESULTS IN FIG. 16

einionsror_ Pt Pl melodn el
1.6kW SPMSM 5.7% 3.8% 12.4% 12.2%
25kW IPMSM 1.6% 2.3% 3.6% 3.1%
2.2kW SPMSM 4.3% 2.2% 5.7% 6.6%

SOuyet)

(Xn13n)

Fig. 17.  Schematic diagram of the bilinear interpolation.

nameplate values. Fig. 16(b), (d), (), (h), (j), and (1) present that
the identification error of the proposed method compared with
the standard value is smaller than that of the method in [17].

The maximum errors of the experimental results are summa-
rized in Table VI. The identification error of Lg 4 for three test
machine is less than 6%. The accuracy and effectiveness can be
then verified.

V. CONCLUSION

In this article, a new offline inductance identification method
based on the equivalent inductance model is proposed. Com-
pared with the existing methods, the equivalent resistance of
the inverter nonlinearity is not contained in the inductance
identification process, which need not be considered at all in
the proposed method. Hence, the identification process can
be greatly simplified and the identification efficiency can be
improved. Meanwhile, the proposed inductance identification
method estimates inductance without storing intermediate data
or operating complex mathematical calculation. Furthermore,
with the introduced inductance surface forming algorithm based
on the bilinear interpolation, the inductance surface can be
obtained by only a few identification data. The digital delay
and sampling error in zero current zone are well analyzed
and corrected, which improves the identification accuracy. The
experimental results prove the generality and effectiveness of
the proposed method.

APPENDIX

The bilinear interpolation can be used to generate the contin-
uous surface from discrete data points. For the function z = f (x,
), the function value z of any point can be obtained by the four
adjacent data points in rectangular arrangement.

As shown in Fig. 17, taking an arbitrary data point with the
coordinate (xg, ys) as example, the function value f (x,, y,) can be
calculated by the function values of the four adjacent data points
at (xn’ yn)’ (anrl’ yn)’ (xn, yn+1), (xn+1’ yn+1)- In the bilinear
interpolation, the linear interpolation is carried out twice in both
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x-axis and y-axis, which are presented as follows:

f(xn’ys) = f('rr“yn) + (f(x'myn-i-l) - f(xnayn))y erl_iJny
(A1)
f(l'n—i-lvys) = f($n+1,yn) + (f(xn+17yn+1)
Y —Yn
- n+l,Yn)) ———— 2
f(@ng1,y ))yn-l—l . (A2)
f(@s,ys) = f(@n,ys) + (f(@n+1,9s) — f(vaays))xI+;—xZ -
(A3)
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