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Skew Interface Conditions in 2-D Finite-Element
Machine Models

Herbert De Gersem, Kay Hamey&enior Member, IEEEand Thomas Weiland&enior Member, IEEE

Abstract—in two-dimensional finite-element machine models, Il. 2-D FE MACHINE MODELS

the skewing of the stator or the rotor is commonly taken into ac- . N . .
count by considering several cross sections at different axial posi- 1 h€ behavior of many cylindrical electrical machines can be

tions, assembled by electrical circuit relations. Since the problem Simulated by 2-D magnetodynamic FE models coupled to elec-
size scales with the number of slices, the computational cost risestric circuits representing external excitations and loads. The me-
significantly. _In trlusbpaper, s_kew is mo?eledfmore acg_u_rateb/ and chanical motion is taken into account by computing the torque
more convenlenty Y Imposing spectra Interface conditions incor-

, : ; ; exerted on the rotor, e.g., by the Maxwell stress tensor method

orating skew factors at a circle or an arc in the air gap. . ! ' . . '
P g o gap and solving the motion equation. In this paper, for convenience,
. Index Tem;S—COUmed pf0b|eft?_57 flnlti-e@mem (FE) methods, the magnetodynamic formulation with skew interface condi-
ourier transforms, rotating machines, skewing. tions is developed for the time-harmonic case. The transient and
multiharmonic formulations are completely analogous. The 2-D
|. INTRODUCTION magnetodynamic partial differential equation in term of the
. L component4, of the magnetic vector potential is discretized
KEW I.SAPPLIED to electrical machlnes n ordertc_J reduc%n a triangulation of a cross sectifi. of the machine with an
ndesirable effects such as cogging torques, higher-har- ; o . .

o . . 4 . ; z—y plane. For convenience, the formulation is written in terms
monic air-gap fields, torque ripple, vibrations, and noise. Thoef a flux potentiaky = £, A. with £, the length of the device or
squirrel cage of an induction machine is skewed as to filter oL[;]t i : s s

. 2 ) ) . the considered slice
the first significant field harmonics due to the slotting of the
machine. In permanent magnet synchronous machines, com9_ V3_£ 0 Va_f + o
monly, cogging torques are reduced by skewing the stator slotsdz \  Jx dy \' Oy =
The skewing of a cylindrical machine induces an electrical field — SAV ' I 1
in the azimuthal direction. This can lead to additional currents, = 0A 01 T S, @)
e.g., if the rotor bars of an induction machine are not sufficient| . - . L
insulated with respect to the lamination. \Mherey is the reluctivity,s is the conductivityw is the pulsa-

The skewing destroys the typical translatory symmetry lPenhAr%Ezrli?:er\rg;tagZ?;ch?ézggszstggga?c;r;ggcwgﬂ !2
a cylindrical machine. Commonly, multiple slices, each g u u str | . ahg, |

them represented by a two-dimensional (2-D) finite-eleme e current applied to a stranded conductor. Underlined symbols

(FE) model, are connected in series in order to account 1J&dicate phasor quantities. The discretization of (1) by linear tri-

the skewing. This approach substantially increases the Coﬁq_gular FE shape function¥;(z, ) yields

putational cost of FE machine simulations. In this paper, the Ku=f )
skew of the machine is modeled by an interface condition T

incorporating analytical skew factors at a circle in the air gapith »; the FE degrees of freedom fer

The method alleviates thg need for multiple slices in linear FE ON, ON; ON, ON.
machine models. In nonlinear FE models, the method resultsy;; = v L +v——2L 4 jwoN;N; | dQ
in a substantial reduction of the number of slices necessary to J Qe dx O dy 9y

achigye a presgribed accuracy. The method with skew interface fi = / Neirls N, QI + / oNidQAV . 3)
conditions applies to all cylindrical machines types, both stator Jog, Sstr Qre ‘

or rotor skewing and both time-harmonic and transient models, voltage dropAV__, and currents._.. are considered as un-

> _sol 2str
knowns in an electric circuit model, which includes the external
sources and impedances. The field-circuit coupling scheme adds
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Fig. 1. FE machine models of a cylindrical machine with skewed rotor with 0

multiple slices distributed equidistantly or according to Gauss points. & Cet A Crt
overcome these problem have been reported in literature. Th 0 0

most popular method is the multislice technique originally devel-

Oped by Piriouand Razek[ll] The machinewith axial |e[ﬂgtb Fig. 2. Scheme of the method with skew interface conditions.

cutintong slicesoflengtl; = £ /ng;,eachofthembeingrepre-

sented by a conventional 2-D FE model. The currents through tkassembled. Itwould also be possible, albeitinefficient, toiterate
statorwindings and the rotor bars are forced to be the same in ebetween two FE models, one for the stator and one for the rotor,
ofthe slices by the field-circuit coupling scheme [Fig. 1(b)]. Corwhile applying skew interface conditionsin orderto propagate the
sidering several slices can be done for the skewed partonly [11kirgap field between both FE model parts.

forthe entire device [7],[14], [15]. In[7], ithas been shownthata The stator and rotor model parts are disconnected at a circle
distribution of the slices according to a Gauss point distributioar, in case of partial machine models, an Btg = I';; in the

as depicted in Fig. 1(c), offers a better convergence of the skaiwgap. At this interface, two independent vectors of FE degrees
discretization error comparedtothe classical equidistantdistritnf-freedomu,, andu,, are defined. The remaining FE degrees
tion. Skewed rotor bars ininduction machines give rise to interbair freedom in both stator and rotor, are gathered in A 2-D
currentswhich are nottakeninto accountbythe multislice modé#& machine model is constructed as described in Section Il
sofar. They are considered in the electrical network by additioridbte that this FE system consists of two noncoupled blocks of
resistors putin between the individual slices [8]. The skewing efjuations. The vector of degrees of freedom are

one of the motor parts also causes the magnetic vector potential T

notto be aligned with the axis ofthe machine asisassumed by 2-D u=[uy Uy U] (4)

FE machine models. This effect is commonly neglected in 2-D

multislice models. In [5], the possibility of explicitly assigningand contain superfluous degrees of freedom. The FE procedure

the direction in which the magnetic vector potential is assum a far, assumes homogeneous Neumann boundary conditions at

to be invariant, along the axis or along the skewed conductorg'ré andl’;;. The skewing of the rotor with respect to the stator

studied. Dependentonthe operation mode ofthe machine (loc&%@troduced as an interface condition betwégpandl ... The

rotor, no-load, load), a 2-D, a 2-D—three—dimensional (3-D), g;agnetic field af",; is obtained by averaging the field Bf;.

a full 3-D model can be chosen. All multislice techniques have€ continuouskew interface conditionead

in common that the computation time increases, in the optimal 1 o+ Abkew /2
case, linearly with the number of slices considered in the model. Pt (6) = Al /
Acombination of FE models with an analytical model accounting skew

for the skew is proposed in [15]. The approach solves the mylhereAd,.., is the skew angle. This expression is discretized

taken into account by appropriately combining the coupled igﬁtd NSJUS restricted td,, andTy,, respectively,
ductance matrices extracted from the FE solutions. In this paper, i

o (O +¢)dy  (5)

—st

—Abew /2

fully coupled FE machine models are considered. The number 0. = Zym ¢ Net g (0) (6)
of slices required to achieve a sufficiently accurate description of - P ’
the skewingis reduced by a particular kind of interface conditions P, =D UstwNstw(0). (7
applied to a circle in the air gap. st LT ’
V. SKEW INTERFACE CONDITIONS The skew interface condition (5) is weighted by the shape func-

) ) tions of one of both sides, e.g., B ,(¢), yielding
Analytical machine models are constructed based on rotating ’

field theory (Fig. 2). The magnetic field generated by the stator Mu,, = Su,, (8)
windings in the air gap is written as a sum of rotating waves. The

skewing of e.g., the rotor is taken into account by skew factors ajith

plied to the rotating-field coefficients [10]. The skew factors act o

as afiltertothe air-gap field. The application of such skew factors M, = Nyt p(0) Ny g (0) df

in a post-processing step to an FE solution does not account for 0

stator-slot aliasing effects [15]. Here, the skew factors are intro- o _ /2” /+MS“”/2 Nt p(0)Not (0 + 1)) dpdd. (9)
duced inthe FE modelitself. Afully coupled system of equations "7/, . N Ak )
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The discretrized interface conditions serve as additional equa-
tions for the FE degrees of freedofiy = 0, with

G=[0 § —M] (10)

and are inserted as constraint equations in a saddle-point mode

[K GT} [u} _ {f} (11) Fig. 3. Three-slice model of an induction machine.

G 0 v 0

. . V. SKEW DISCRETIZATION ERROR
with v a set of Lagrange multipliers. The ter@< v represent
the tangential magnetic field strengths weighted by the FE shapd herelative skew discretization erroege defined by the rel-
functionsN,; ,(¢) atT,; andT. ative differences between the discrete skew factors introduced
The construction of the matriced and.S may be cumber- by the multislice model and the exact skew factors. In [7], it
some if the FE meshes &, andI'y; do not match, are not was shown that distributing the slices according to a Gaussian
equidistant or do not add up to the skew andlé,.... Here, integration scheme results in a better relative skew discretiza-
instead, the skew interface conditions are discretized by a spen error compared to the case where the slices are distributed
tral technique. The magnetic fieldslag; andT',; are related to equidistantly. The skew discretization errors for the skew inter-
the Fourier coefficients face conditions developed here, do not depend on the number
of slices. They are only determined by the FFTs and, hence, by
Cp =Fug, (12) the number of points at the skew interface.
(13) The skew discretization errors as defined previously, how-
ever, are only indications of the error introduced by multislice

whereF is the discrete Fourier transformation (Fig. 2). In théechniques. A better qualitative comparison of skew modeling

Spectra' domain, the skew interface conditions (5) rgag — teChniqueS is described in the fO”OWing. Tak|ng multlple slices
Agkew.ax Cop» With ’ corresponds to discretizing the model in thelirection. The

classical multislice technique considers equidistantly dis-
. (meskew) tributed slices, each of them neglecting the skew, which corre-
Sin — . .
Ao ax = (14) sponds tong; constant FEs along the axis of the device. The
SR '\M% distribution ofn,; slices following a Gauss distribution corre-
sponds to the use of a spectral discretization technique with the
theskew factoffor the component with harmonic ord&ranal- Legendre polynomials up to degree; acting as shape func-
ogous to the rotating field theory. The skew interface conditiotisns [6]. It is known that for spectral elements, the discretiza-

Cr¢ =F Uy

are represented by the constraint equatian= 0 with tion error decays at exponential rather than at polynomial rate
in case of smooth excitations and geometries. The geometry and
B=[0 Agewl" —F] (15) excitation of a typical electrical machine indeed vary smoothly

_ _ with respect to the direction. The technique with skew inter-
and constitute, together with the FE model, the saddle-pofate conditions is also a spectral element technique, but with

problem trigonometric shape functions. For linear models, it is exact up
. to the FFT discretization error. A single-slice FE model with

[K B } [@} = [i} (16) skew interface conditions obviously does not account for axial

B0 £ 0 variations of the ferromagnetic saturation. Skew interface con-

where¢ is a vector of Lagrange multipliers ditions can be applied in combination with the multislice ap-
> -agrang P ' . Eroach. Then, FE models with skew interface conditions are ex-
Solving (11) or (16) is more expensive than solvinga 2-D F .
. . . . .~ . pected to achieve at least the same accuracy as the approach
model without skew interface conditions which is the main d|§-.

. . . - h i Iso f li Is. | i h
advantage of this formulation. If the FE mesh is equidistant \év%t Gauss points, also for nonlinear models. In practice, the

L m r is alr ined with ntially smaller
T andl}, itis recommended not to construBtand B¥ , but same accuracy is already obtained with a substantially smalle

to apply (inverse) fast Fourier transforms (FFTs) and explicri]tumber of slices than for the other approaches.

scaling operations fof', F', and A ... Based on such ma-

trix-free techniques, powerful domain—decomposition-type it-
erative solution approaches are proposed in [1]. The increas@he 2-D formulations with multiple slices and with skew in-

of the simulation time is typically only 10%. This additionalterface conditions are applied to a time-harmonic induction ma-
complexity is acceptable since skew interface conditions are &kkine model (Fig. 3). The four-pole 45-kW machine has 48
pected to reduce the number of slices required to obtain a pstator slots and 36 rotor slots. The machine is simulated at full
scribed simulation accuracy. This technique with skew interfatead and at its nominal speed of 1472.7 r/min. Three formu-
conditions can easily be combined with analytical air-gap elltions are compared: 1) the classical technique with multiple
ment techniques [12], [9], air-gap flux-splitting approaches [3}lices equidistantly distributed along the machine’s axis; 2) the
[2], and sliding surface methods [13]. improved multislice technique distributing slices according to

VI. APPLICATION
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5 x107* i . . ready accounts for skewing when only one slice is considered.
The additional computational cost due to the FFTs in the formu-
£l lation is justified by the substantial decrease of slices required
*f or 1 to attain the prescribed accuracy.
<
g S5t VIl. CONCLUSION
fg Skew can be taken into account in 2-D FE machine models
2 -107 by interface conditions with skew factors applied at a circle in
;ﬁ the air gap. The new method offers reduced computation times
§o 15t and increased modeling flexibility.
g
, , , , ACKNOWLEDGMENT
205 20 40 60 80 100

air gap angular coordinate

Fig. 4. Magnetic vector potential distribution at the stator Sice(oscillating

The authors are grateful to Dr. J. Harger of Schorch GmbH,
Monchengladbach, Germany, for providing the necessary data
of the studied induction machine, and Dr. R. Mertens for pro-

line) and the rotor sid&,, (smooth line) of the skew interface contour in the aividing the multislice FE models.

gap.
107!
[1]
3
g
2 [2]
8
S0
E 3]
o
=
:g [4]
[5]
_3 1 1 i 1
10 0 2 4 6 8 10
number of slices
[6]

Fig. 5. Convergence of the error on the torque for the classical multislice
technique¢), the multislice technique with slices distributed according to Gauss 7]
points () and the multislice technique combined with skew interface conditions
(+).

(8]
Gauss points; and 3) the new technique applying skew factors
at an interface in the air gap. The machine has closed rotokg
slots at which substantial ferromagnetic saturation is observed.
The stator end-windings, the rotor rings, and the three-phase
voltage source are modeled by an external electrical circuit. Th%o]
field-circuit coupling scheme is also used to define the approp1]
priate connections between the stator windings and rotor bars
of different slices. The magnetic field distributions at the statog; 5,
sideT'y; and the rotor sidd’,; of the skew interface contour
are shown in Fig. 4. The convergence of the error is compared
for the torque (Fig. 5). The distribution of the slices according[13]
to Gauss points offers a better convergence compared to the
equidistant distribution. Since a single slice FE machine model|
equipped with skew interface conditions does not account fo[r14]
the axial variation of the ferromagnetic saturation, the skew in-
terface method is also applied to multislice models. The apt5]
proach with skew interface conditions provides the best conver-
gence with respect to the number of considered slices and al-
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