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Abstract-This paper imvesticates and compares the inductance
evaluation methods for inmterior permanent magnet synclronous
motors (IPMSK). Three major finite element methods will he
discussed. First, their detail calculation processes ave presented as
well as their fundamental principles. Mot only the resulis, but also
their solving method, computation time and complexity are
compared. Finally, the discussion on the inductance classification
iz derived, and the calculated resulis are verified with a series of
experiments. The investigation of the calculation methods and the
comparison of the evaluated resulis will he helpful to choose the
appropriate inductance calculation methed for IP RIS

L INTRODUCTION

Due to the superiorities, such as high power density, wide
speed range, and high efficiency, the interior pertmanent magnet
synchronous mators (IPWISMG hawve been paid much attention.
The dominant influences in the comect prediction of the
steady-state characteristics and precize wector control for the
PRSI are the d- and g-amis armature inductances and fluzx
linkzage of permanent magnet (P [1]. The latter can be easily
and accurately calculated under no-load condition, which has
been demonstrated by many literatures [1], [4]. Because of the
nonlinear  electromagnetic  characteristics  including  the
saturation and cross-coupling effect in the rotor of IPRIGELI
[1]14{4], howewer, the former becomes much difficult to be
evaluated accurately.

It spite of the fact that the corresponding evaluation methods
have been discussed for last two decades, there is still no
standard for the inductances calculation processes of [PWSK
Although some papers [4], [5] clattned that the accurate results
were calculated by analytical methods, the much linearization
leads that the awvailable structure iz constrained. The finite
element analysis (FEAY still iz the most trstable method as well
known Among the proposed FEA methods, three kinds can be
classified. They are frozen permeabilities method (FPLD [1],
vector control method (VCWD [, and differential fluz linkage
method (DFWD [3], respectively. According to the results of the
previous papers, all these methods can obtain acceptable results.
But zo far they have been not commpared together vet. Based on
thiz purpose, first, this paper will investigate the principle and
calculation process of each method so that the solving method of
FEA, computation time and cotrplesxity can be compared. And

then, depending upon the inductance classification, the analysis
results will be discuszed

In addition, the practical test methods also will be briefly
discussed. The wector control experiment method will be applied
to werify the simulation results and reveal the acowacy of
calculation tmethod. The final conclusions of this paper will be
helpfial to guide motor design and drive researchers to chooze
proper method to evaluate d- and g-asts inductances of [PRISI
as particular situation.

[I.  INVESTIGATION OF CALCULATION WMETHODS

The general definition of inductance iz the number of flux
linkzages in weh turns per ampere of current flowing in the coil
[6]. In the PIV motors, howeesrer, the existing flus linlcages of PR
are supeimposed in the flux lnkages due to the excited
armature currerts. Additionally, for the AC motors, most
characteristic and dynamic analysis iz calculated in the
dg-transformation mathematical model. Unfortunately, the
dg-tnodel brings more comples calculation in the abstract
inductanices. In order to solve these problems, the following
three methods were proposed.

A Frozen Fermeabilities Method

Az lnown, the operating point of permanent magnet (P
varies with the load. [t means the flux density and permeahility
of PR will be different for the different exzcited current. The PV
permeability influences the distribution and saturation of fluzx
linkzage which generated by excited armabre windings, while
the distribution and magnitude of flux linkage also affect the
operating point of PhI Therefore, the PW cannot be canceled
before the inductance analysis.

Malang use of the flexibility of FEA, the authors of [1]
proposed a method to calculate the pure flus inkages due to the
exciting current by remmoving the magneto-motive force of PRI
The procedire of this method iz shown in Fig 1. First, the
nonlinear caleulation is processed for each load condition, i e
certain curent and curent wector angle And store the
permeability of each element including stator, rotor and P
Mezxt, by using the stored permeahilities, the stored fleld energy
of motor iz calculated by a lnear calculation under the
corresponding load condition. Finally, the d- and g-asds
inductances are calculated by (1)
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where Ws is the stored filed energy, 11s the peak value of d- or
f-a3s currents.

It can be seen that excited cutrent is the sorce of FE&A, Thus,
the 20 magneto-static filed analysiz can beused in this method
Its governing equation is expressed m (). Itisa typical Poisson
equation.

(b

Tx[%(?x_ﬁij]=.f (2

where A iz the magnetic vector potential, w iz the isofropic
pertneability, and . iz the excited current density of the stator
winding When the model iz meshed into about 4500 elements,
the computation time this method spent iz less than twenty
tminutes in a computer with Intel Core Due CP1L

£ Fector Jontrol Method
Depending on the Parl’s transformation, the IPWER usually
can he expressed in (3)
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And its wector diagram can be described in Figo 2 In the

solid-line part, it can be seen that there are following
relationships as described in (4)

COSE — U,
5, - Heeosa-w
:n‘

o
Fiz. 2 Vector diagram of [PMEM

Trgnat I, and 7
Iﬂlﬂu*an —

| dy transformation | Ial,
+ of 4+ A F7
Magneto-static field
FE&

[
fin-load flux linkages Loadflux linkages
[ ]

| FFT and dtransformation |
!

| Find & |
1

| is z'q, i, and @

I_

| Lyandl, |
Fiz. 3 Procedure of vector cortol method

W, sina

I, 4

i

where g 15 the flux linltage generated by permanent magnet in
tio-load condition, wyis the fhas inlage generated by permanent
tmagnet and excited armature current, and the o iz the phase shift
between the no-load and load back electromotive forces
(Back-ENF).

Although the principle iz simple, the implement should be
paid much attention. First, it is impossible to give d- and g-asds
cutrents directly. The Parlk’ s transformation must be processed
for ewvery load condition In addition, these relationships are
availahle without considering the harmonics. Hence, the
ohtained flux lnkages should be filtered by fast Fourier
Transform (FFT). The detail calculation procedure of this
method can be found in Fig. 3. It iz obwious that this method also
uses the magneto-static field FEA But in practice, the
cotnputation time needs about several-ten mimites with same
cotnputer hefore, hecause of the twice nonlinear analysis, FFT,
and « angle searching It iz different to the FPM, the operating
point of PMI in the WCW iz regarded az a constant, and
detertnitied at the no-load condition. Therefore, theresults of the
VO have inherent error especially at large applied current.
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Fiz. 4 Procedure of differertial fhix hinkage method

0 Differential Flux Livdeage Method

Az mentioned before, the difficulty for calculating the
inductance of IPWEL is the existing PL Furthenmore, the
operating point of PII alzo waries with the load condition. The
authors of [3] proposed a method to siminate the P effect
without removing the magneto-motive force like FPRI This
method regards the operating points of PIV under twro fiear load
conditions as the approzimately same. Thus, the difference of
the flux inkages from two near load condition is totally effect of
inductance. Additionally, in order to eliminate the gass flus
linkzage when the d-asiz inductance iz caleulating, the g-asds
artnature current should be constant, wice wersa. Then, the d- and
g-atis inductance calculation equations can be calculated by
dividing the difference of two near load cuirrents as expressed in
(5. Theprocedure of this method has been shown in Fig 4.
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Because the desired wariable iz the flux linlkage, this method
can he processed in hoth magneto-static field FEA and coupled
field-circuit FEA, and also can be realized in lahoratory
experiment [3] The computation time of this method in
magneto-static field FEA is more than that of VCM because
more nonlinear calculation steps. The most serious problem of
DFIM iz the detertnination of the &g, in every loop. The rmuch
large walue will result into wery different operating points of PIV,
while the much small one generates two undistinguishahle flus
linkzages. 5o far, this method is unstable, and need much artific-
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Fiz. 5 Analysis motor: (a) photo of analysis motor, (b) cross-section of anabysis
motor

ial control and werification.

I1L

The photo and cross-section of the analysis model are shown
in Fig. 5 (a) and (b, respectively. In this paper, the analyzed
motor is a spindle-type [PRISI Itz mamirmuam speed iz 40000
rpm. The detail dimensions and specification of this motor is
shown in Table I

EESULTS COMPARISON AND DISCUSSION

TAELEI
Specification of Analysis Motor
Parameter Value TTrit
Stator cuter raduf Eotor cater tadn TRI545 mm
Airzap lengthi Stack length 02135 mm
Vohume of PM 13 5x54 num’3
Femanert fhax density of FI (@ 20°C) 1.2 T
Fecoil permeability 1.05
Maternial of core cogent
Ho. of tun m series conmectad &0 hum
Mo, of parallel cirouits
Fated power kW
Rated ourrert (RMS) 9 A

The d- and g-azis inductances calculated at A4 and 9 A
cutrent by the previously mentioned methods are compared and
shown in Fig. 6 (a) and (b)), respectively. It iz obvious that the
cross-coupling effect in the d- and ginductances is not
significant. This iz because the special tooth structure of the
model In order to reduce the cogging torgque, THD of
Bacl-ENF and corelosses, the tooth tip iz raised referring to the
chamber of stator. The much increased effective airgap hence
results into a high reluctance in hoth d- and g-az:is so that the
fhaz linlzage is not sensitive to the curent.

It alzo can be seen that there are distinguishable differences
between the resultz of each two methods The inductances
calculated by the FPM hawe the largest walue, while those
calculated by the DFW are the lowest Besides the
approzmation of each method, the different land of the
calculated inductance in each method is the essential reason. As
lenown, the inductance can be classified into three kinds. They
are effective inductance, apparent inductance and differential
mnductance [1], [7]. As shown in Fig 7, the effective inductance



16 F e —§—§—
| = | | | | |
R=R—R—3 R %
et B=—4—3—-79—%—0%—3%
=
Eizf
Q@ —#r— G4 (Experiment method)
% 1.0 F —&—OA (Experiment method)
B oz | —O—6GA (Frozen perme abilities method)
g —m—94 (Frozen pearme abilities method)
E 06 —o—GA (Wector control method)
FS —%—0f (Wector control method
B 04 o )
= —a—GA (Differential flux link age method)
0.2 —&—0A (Differantial flux link age method)
|:||:| 1 1 n 1 n 1 " 1 " 1 " 1 1 1 n 1 1
] 10 20 a0 40 A0 1] To 20 an

cumrent vector angle(DEG)
()

—o—GA(Experiment method)
—w—OA (Experiment method)

—o—GA (Frozen perme abilties method)
—m— 94 (Frozen perme abilties method)

] —I-Iﬂ;;ﬂizl:!

a=f=f=f=t=2=—1—3

0.8 -

06 -

d-axis inductance {mH)

—e—GA (Wector contral metho d)
04 —#— 08 (Wector control metho d)
—a—GA (Differential flux linkage method)
0.z —&— 04 (Differential flux linkage metho d)
o.o PR RS [ SR [ T [ TR SR S SR R
1] 10 20 a0 40 a0 i]1] To 20 an

curent vector angle (DEG)
(k]
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methods, (b)) d-axis inductances calmlated inthe three methods

is defined as the area of the stored energy at operating point
divided by the applied current It iz easy to find that this
defirition iz same to the principle of the FPIW The apparent
inductance iz defined as its name, the quotient of the present
apparent flux linkage divided by the applied current. The VCRI
eszentially is derived from thiz definition. [t also uses the
steady-state flux lnkage and current And the differential
inductance is the slope of fluzx linlage at the operating point. It
can be expressed in (5), which iz the calculation equation of
DFMLL

It iz ewident that the linearized apparent flusx linkage is larger
than the nonlinear stored fleld energy. Therefore, the apparent
inductance should be not lower than the effective inductance
Howrewer, it iz contrary in the previous calculated results of
which the inductances calculated by the FPM are the largest.
Thiz iz hecause that the FPIW gives only a mumber of stored field
energy in every step, but not a waveformn The menber cannot be
filtered by FFT, ie the contained hartnonics cannot be
eliminated; while the waveforms calculated by the VCIW have
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Fiz. 7 Classification of mductance m fhoe Imkage and currerd reference frane

not this problem. The filtered fundamental mductance in the
WCI must be lower than the total inductance in the FPIL But
for the both fundamental inductances, the difference between
the mductances of the WVCM and DFMW accords with their
definitions. The elitminated harmonic components in the FPRLI
alzo can explain why the inductances calculated by 6 A current
and 9 A curent are almost the same,

&3 the abowve definitions, it is also known that both the
calculated inductances in the FPIW and VCIW are the steady-state
inductance, while those caleulated by the DFIW are the transient
inductance The steady-state inductance can beused to caleulate
the steady-state characteristics, such as the torque ws speed
waveform, efficiency map and so on. The transient inductance is
produced when the current is warying The dynamic analysis
with PWD, program in the DEP of motor drive, and the other
conditions with varying current are preferred to use the transient
inductance.

IV,  EXPERIMENT WERIFICATION

According to the presious calculation principles and electric
circuit theory, some experiment methods for measuring the
inductance of [PRISW and verifying the analysis results are

detived.

A Fector Contral Method in Experivaent
It iz itmpossible to obtain the fhus linkage in both no-load and

load condition directly. However, the flux linlage can be
calculated by Back-FIWEF with lnown speed. The flux linkage in
the nio-load condition 15 measwed in zero d-asxs cutrent cottrol,
and calculated by (6)

ay, = Vq[l 3 quﬂ l:ﬁ:l
where vy i3 the g-axis voltage generated by PI controller in
steady state, fgpis the measured g-ax=is current. And the d- and
g-axtis inductances are calculated by (7)

I - v, - Rl -y,

i,
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where vgpis the d-axis voltage in no-load condition. Thevg, vay
supply the energy losing in the mechanical losses under no-load
cotudition. That iz why they do not exist in theory equations.

B Differenticl Flux Livkeage Method m Experiment

In WCI, the flux linkage under no-load condition is obtained
by woltage and current. Howeser, 1t 15 impossible to obtain the
fhaz linktage under load condition in the same method, dueto the
Baclk-ENF. Thiz problemn has been solved by a locked-rotor
method propozed in [3]. The brief procedure of this method for
measuring L, is:

1. lock therotorat 0 position,

2. apply a stepwise voltage vy and control iz to constant,

3. measure the i, and record the t,

4. According to(8), the ¥, (+)can he calculated.

w,® = [, [n®- Ri(o ke

3. According to (5, the g-axis inductance is calculated.
The d-axis inductance can be measwed and calculated in the
SAITIE WAY.

O A Stemdstil] Method

Another experiment method named AC standstill method iz
mentioned in [8]. Unlike the presious two method, this method
measures the phase self and mutial inductance, and hence the
tested motor should have a neutral line. It alzo locks therotorat a
still position. And then apply an AC woltage with specific
frequency between one phase terminal and the neutral terminal,
meanwhile, tmeasure the phase cument and another phase
voltage. After obtain the zelf- and mutual-inductance, the least
square method and FFT are used to find the findamental walue
and calculate the d- and g-asis inductances.

(&

D Experiment Setting and Devices

In the differential flux linkage experiment method, the extra
lock dewice and stepwise woltage controller mmake the
experiment not ordinary. And it iz evident that there iz not
cutrent vector vatiation in the AC standstill method, ie this
method can not present the cross-coupling effect. Due to these
litnitations, this paper adopts the wector control experitnent
method to werify the calculated inductance results The
exzperiment setting and devices areshown in Fig. & The motor iz
connected to a dynamometer, and operated at a specific speed
Thiz speed iz depending on the iron losses distribution. Because
the analysis does not consider the cirrent drop in the iron-loss
resistance, the lower iron losses, the bhetter results may be
ohtained. Before experiment, a reference d- and g-axis currents
tahle for different current and current wector angle is calculated.
Then, fixz the g-amis current, and adjust the load torque until the
d-axiz current reaches the reference walue The experiment
results measured in this way are shown as the star-lines in Fig. 4.
It should be carefinl that it 15 not the corresponding experitnent
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Fig. & Experiment setting and devices

resultz of the WVCWI Because the PWI currert regulation, it
cotresponds to the transient inductance, 1 e theresults of DFL
Unfortunately, the experiment results and the caleulated results
are not well matched. The main reason is the experiment speed
Thehighest efficiency operating point of this spindle-type motor
15 at 26000 rptr But the used motor drive in this paper only can
drive the motor untidl 4000 rpm

The inductances calculated by the WCLI are not measured
directly, because there iz not absolute steady-state current. In
thiz paper, an indirect tmethod is adopted to werify the
inductances. According to [9], a characteristic analysiz is
processed, the steady-state characteristics, such as torque ws
speed, d- and g-azmis currents ws. speed, etc. can be obtained. In
the experiment, specific a series of output torgques and speeds,
measure the magnitude of the corresponding d- and g-asds
voltages and currents when the motor is in steady state. And then,
cotnpare the d- and g-asis voltages and currents respectively
ohtained from the characteristic analysis and experiment at the
satne torque v, speed points. Fig 9 (a) shows the comparison
points, and (b d) show the comparisons in voltage, current,
efficiency, and losses. All comparizon points in (b) and (c) are
almost superposed Thecalculated inductances by the VCIV, 1 e
the steady-state inductances are valid.

In Fig 9(d), it can be seen that the efficiency and losses have
seriously  differences bhetween the analysis results and
exzperiment results. This is the reason why the VCIV experiment
is fafled to weify the inductances of the DFW But in the
characteristic analysis, the iron-losses resistance is talen
account. Although it 15 not absolutely same to the real one, the
influence can be reduced wery much That iz why the
cotrparisons it the characteristics are good working,

W CONCLUEION

Thiz paper inwestigated the detail procedures of three major
FEA inductance calculation methods for IPRISI, and analyzed
the adwantages and disadwantages of them The computation
titne, complestaty, and final results of these methods are
cotnpared and shown in Table [I According to the clazsification
and definitions of inductance, the differences between the
calculated inductances of any two methods are analyzed and
explained. The inductances calculated by the FPL and VCI are
regarded as the steady-state inductances, and they are preferred



to be used in the characteristic analysiz. Those calculated by the
DFI are the transient inductance, hence suitable for the
dynarnic analysis. Finally, the results of the VCh and DFM are
verified by the comesponding experiment methods. Due to the
influence of the iron-loss resistance, the ditect measurement is
difficult and inaccurate. The paper proposed and used an
indirect wverification method, and successfully werified the
validity of the VCIL
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