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39. Interface Preconditioners for Splitting Interface
Conditions in Air Gaps of Electrical Machine Models

H. De Gersem!'?, S. Vandewalle®, M. Clemens®, T. Weiland®

1. Introduction. Electrical machine design is typically based on finite element (FE)
simulations of steady-state working conditions. Motional eddy current effects are commonly
resolved by transient simulation, which may be too expensive if only steady-state behaviour
has to be simulated. This paper offers a time-harmonic FE approach for machines operating
at steady-state, incorporating motional eddy current effects. The formulation incorporates
interface conditions connecting the boundary of one stator model to the boundaries of several
rotor models based on Fast Fourier Transforms and restriction operations. The matrix-
free discretisation of the interface conditions excludes the use of algebraic iterative solution
techniques. Instead, techniques related to iterative substructuring are proposed to solve the
model.

2. Finite element machine models. Two common approaches for simulating
electrical machines are the transient approach and the time-harmonic approach. The tran-
sient approach accounts for motional eddy currents by the Lagrange technique: between two
successive time steps, the previous solution is azimuthally moved together with the rotor
part. Accordingly, the interface conditions between stator and rotor are updated. The rela-
tive motion of both motor parts can be modelled by a moving band technique [5], a hybrid
FE, boundary-element approach [8], discontinuous finite elements [1] or a sliding surface tech-
nique, possibly resolved by mortar finite elements [2]. Transient methods are however too
expensive when only stationary operations have to be simulated.

For electrical machines excited by alternating current sources and rotating at constant
velocities, formulations in frequency domain are preferred. The simplest case is when only
one frequency f is present in the excitating voltages. Then, one can adopt the time-harmonic
formulation

V x vV X A) + jwocA = —oVV (2.1)
with the phasor A related to the magnetic vector potential A by

A(z,y,z,t) = Re {A(w, v, Z)ej“t} : (2.2)

v the reluctivity, o the conductivity, V the phasor of the voltage and w = 27 f the pulsation.
Time-harmonic simulations are remarkably accurate and extremely efficient for the steady-
state simulation of devices supplied with alternating currents. Unfortunately, accounting for
motional effects in such simulations is not straightforward.

For many machines, a 2D FE model of the cross-section of the machine, extended with
an equivalent circuit modelling the electric connections at the front and rear machine ends,
achieves a sufficient accuracy [12]. Then, the vectorial PDE (2.1) simplifies to a scalar PDE
in terms of the z-component A, of A:

0 0A, 0 0A, o
- —= | — — — jwoA, = —AV 2.3
oz (” o ) ay (” oy ) TIwoA. = A% (2:3)
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Figure 3.1: Slip transformation technique, illustrated for a simplified machine model.

with £, the device length and AV the voltage drop between the machine’s front and back
side. The discretisation of (2.3) by linear triangular FE shape functions N;(z,y) yields the
system of equations

Ku+g=f (2.4)
with u containing the degrees of freedom for A4,
ON; ON; ON; ON;
K;; = = ' =2 1 jwoN;N; | dQ 2.
J /Q (l/ 63}' 833 +v By ay +JWO' J) ’ ( 5)
fo= / T AV N;dQ , (2.6)
i o l,
= an an

and 9/0n the normal derivative outward to 2.

3. Slip transformation. Only in a very particular case, i.e., if the air gap field is a
rotating wave, it is possible to account for motional eddy currents while keeping the classical
time-harmonic formulation (2.3). Consider the simplified machine model of Fig. 3.1. Suppose
the field at a circular interface between stator and rotor equals the rotating wave

A.(6,1) = Re {g)\ej(“)t_)‘e)} (3.1)

with the phasor ¢,, the pole pair number X\ and the azimuthal coordinate 6 along the interface.
An observer attached to the stator experiences the wave as a cosine rotating at the velocity
w/ X\ along the interface. Consider a second observer attached to the rotor and hence inheriting
its rotation at a constant mechanical velocity wy,,. The corresponding azimuthal coordinate
0" along the interface is related to 6 by

0 =0 —wnt . (3.2)
The rotating observer experiences the field at the interface as
A.(0,1) = Re {lej((w—mm)t—w’)} (3.3)

which is also a rotating wave with the same phasor and pole pair number, but with a different
pulsation ws x» = w — Awm, called the slip pulsation. Hence, phenomena at the stator side
induce phenomena at the rotor side at slip pulsation. Motional eddy currents are easily
incorporated in (2.3) by replacing the pulsation w by the slip pulsation ws x for the rotating
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Figure 4.1: Scheme of the air gap flux decomposition approach illustrating the splitting
of the total stator flux ¢q into three parts ¢1, ¢2 and ¢3.

model parts. This procedure is called slip transformation. The assumption of a rotating
wave form as field distribution in the air gap is approximately true for three-phase induction
machines. Then, time-harmonic steady-state simulation with slip transformation commonly
gives reliable results [4]. Other alternating current machines, e.g. single-phase induction
machines, do not feature this property. Hence, time-harmonic simulation is at first glance
not applicable.

4. Decomposition of the air gap field. The slip transformation technique is ex-
tendable to cases with more general air gap field distributions. The key point is to decompose
the arbitrary air gap field into rotating field components and distribute these components
towards distinct rotor models such that slip transformations can be defined for each rotating
component independently [3]. Consider a model consisting of one stator model Qo and n
rotor domains Qp, p = 1,...,n (see Fig. 4.1 for an example with n = 3). The stator and
rotor models share a circular interface I', in the middle of the air gap. For each rotor do-
main, the slip pulsation w, = w — Apwn, is selected according to one of the field component
present at €2, i.e., the component with pole pair number \,. Because the stator windings
do not experience eddy currents, wo is set to zero. For each submodel independently, a FE
subsystem is set up:

Kp aa Kp ab gp 0 ip
, ’ N = @ =0,... 4.1
[ Kpva Kppp } { Uy + g f , D RN O (4.1)

p,b ~p,b

where the subscripts a and b distinguish between degrees of freedom associated with inner
nodes and degrees of freedom associated with nodes at I'y. Since in general wy, # wp,, the
FE stiffness matrices for the rotor domains are different although they feature the same FE
mesh and reluctivities. The subsystems are collected in the block diagonal matrices Kqq,
Kab, Kpa and Ky, the vectors of unknowns u, and u,, the boundary terms g, and the load
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vectors f and f For convenience, assume all submodels have equidistant and matching
grids at Pb An approprlate selection of rotating field components is performed by interface
conditions applied at I'p:

Fﬂp,b_RPFyo,bzoa b= 15"'777' (42)

with F denoting the discrete Fourier transform and R, a set of restriction operators such
that >37_, Ry = I. The interface conditions (4.2) take the distribution of A, at the stator
side of I'y (ug,), transform this into harmonic components (Fy,,), next restrict these to
a particular subset (R,Fu,,) and finally equal this subset of harmonics to the harmonic
components of the distribution of A, at one of the rotor sides of I'y (F'w, ;). The choices of
the sets {R,} and {w,} are motivated by technical considerations [3]. For many electrical
machines, only a few harmonics are responsible for the major machine behaviour whereas the
remaining harmonics only have a marginal influence. Therefore, an important rotating field
component A, is assigned to an individual rotor model €2, equipped with the corresponding
slip pulsation w, = w — Apwm,. The remaining harmonics are arbitrarily propagated to one
of the already existing rotor models. Eddy current phenomena due to these harmonics are
only approximately taken into account. The constraints (4.2) are added to the FE system
(4.1). The boundary integral terms g,, are resolved in terms of a set of Lagrange multipliers

&, e, g, = BHf The FE model including air gap flux decomposition corresponds to the
saddle-pomt problem

Kaa, Kab 0 U, i ia
Ko Ky BY w | =1 f, (4.3)
0 B 0 £ L O
with
—-RiF F ]
B = . (4.4)
—R,F F |

Although the FE system part is complex symmetry, this property is not maintained in the
system (4.3).

It is possible to eliminate the inner degrees of freedom u, , with respect to the degrees
of freedom w,, , at I'y for each submodel independently. The Schur complement subsystems
Dpu,, = a, with stiffness matrices D), = Kp b — Kp pa K, 2oKp.ap and load vectors q, =

f

fon— Kp,baK;,tlzaip . are collected in Dw, = g. The system with interface conditions reads

D BY w, | | q
FESIFEE &
Two other reductions can be considered: one eliminating all u and hence left with the La-

grange multipliers only:
S¢=BD 'q (4.6)

with § = BD™ !B and one eliminating all §and u,,, p=1,...,n and hence left with an
independent set of degrees of freedom for the magnetlc vector potentlal

I I I P E A R

Q"=[1 F'R\F .-~ F"R,F | (4.8)

with F = F~! the inverse discrete Fourier transform. The operator Q assigns a particular
set of rotating field components generated by the stator winding at I', to each of the rotor
sides of T'p.
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5. Solution of the coupled system. For computational efficiency, the operators
F, FH, R, and B are not constructed as matrices. Instead, we apply Fast Fourier Transforms
(FFTs) for F and F¥ and explicit restrictions for R,. This excludes the usage of direct
solution and algebraic preconditioning techniques. The coupled systems (4.3), (4.5), (4.6)
and (4.7) are neither Hermitian nor complex symmetric and are solved by a preconditioned Bi-
Conjugate Gradient Stabilised (BiCGStab) method [10]. An appropriate algebraic multigrid
preconditioner Kawc is available for the FE matrix part with circuit equations [9]. The block
corresponding to the Lagrange multipliers has to be preconditioned by an approximation to
system S [11, 13].

The constraint equation Bu, = 0 enforces flux continuity whereas the relation g, = =BH 3
ensures the correct distribution of the magnetic field strength. The Lagrange multlphers
represent the Fourier coefficients of the boundary integral terms g9, of the individual rotor
domains. This physical interpretation indicates a possible problem based preconditioning
technique. A preconditioner is constructed based on a classical analytical model for cylin-
drical induction machines which neglects the stator and rotor slotting and the saturation of
the ferromagnetic materials. The approximate model consists of a set of concentric rings,
each with equivalent homogeneous material properties [7]. Here, the stator and the rotor are
represented by a single homogeneous domain: the stator domain Qo with equivalent reluctiv-
ity st and the rotor domains Qp with equivalent reluctivities 7y, equivalent conductivities
oyt and the slip pulsations w, (Fig. 3.1). The analytical relations for the Fourier coefficients
ﬁp,b,)\ of the magnetic field strength at the stator and rotor sides of I', with respect to the
Fourier coefficients a,,;, , of A, at I'y are

- AN
ﬁo,b,x = Zstﬁ AN X 20.b,\ (5.1)
7 ~ ﬁpI/A (Bprs) ~
bp,b,)\ = —Vy I)\ (ﬁprb) Qp,b,)\ (52)

with the factor 8, = \/jwport/vrt, I the modified Bessel function of order A, v = ry/7s the
stator form factor, r, the radius of I', and 7, the outer radius of the stator. Weighting (5.1)
and (5.2) by the FE shape functions and integration along I'y yields an approximate relation
between @, , , and the weighted magnetic field strengths gp’ bx they exert at the stator and

rotor sides of I'y:

Y
~ 7 +v 7.
Jopr = A(”’"V‘ — Q0,b, (5.3)
. _ ﬁpr[A (Bprs) -
ppn = Ty A0k I (Bpms) Gpb.x (54)
with k) = % and A6 the angle between two successive FE nodes at I'y. Expressions

(5.3) and (5.4) are gathered in the matrix systems gp y = § further collected in g, =

ng’b,
Ha,, combined into a preconditioner for D and inserted in an approximation to S:

D = diag(FHﬁORFH.ﬁIlF,...,FHﬁpF), (5.5)

Sayn = BD'BY

diag (FI;I CRUATY,.HT Rnﬁo_l) (5.6)

where the factors R, introduce appropriate weights in order to account for the flux splitting
at I'y. A similar approximation Sstat is built based on a static analytical model with wp =0
for all rotor models. Since all matrices in (5.6) are diagonal, the cost of applying Sd_yln or

551 to a vector is negligible. The systems (4.3), (4.5) and (4.6) can be solved by BiCGStab
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Table 6.1: Number of iteration of BICGStab with a block Jacobi preconditioner applied
to a small motor model.

1 rotor domain 6 rotor domains 12 rotor domains
conductivity o in S/m | 50 500 5000 | 50 500 5000 | 50 500 5000
K S 3 3 3 3 3 3 3 3 3
Kavc S 6 6 6 7 6 6 7 6 6
Kiuvoy S 51 46 24 | 125 109 57 | 173 145 57
K Stru (o) 21 19 13 | 200 184 98 | 198 195 100
Koy Swuo) 43 43 24| 59 71 50 | 61 101 50
K Sstat 5 5 7 5 5 7 5 5 5
Kamc  Sstat 6 14 20| 12 24 53 | 12 24 55
Kiuo) Sstat 51 52 44 | 110 167 200 | 150 192 198
K Sayn 3 3 3 3 3 3 3 3 3
Kamc  Sdyn 7 6 6 7 6 6 7 6 6
Kiuo) Sdyn 78 49 34 | 125 109 57 | 173 145 57

using as a preconditioner~diz~aug(f(7 S), diag(D, S) and S respectively. We prefer to solve (4.3),
preconditioned by diag(K, S).

6. Numerical experiments. The performance of the preconditioner is tested for a
small technical induction machine model (Table 6.1). The system (4.3) is solved by BiCGStab
and preconditioned by a block Jacobi preconditioner of which the diagonal blocks are indi-
cated in the table. The dependence of the number of iterations is checked with respect to the
number of rotor domains and the importance of the eddy current effects, characterised by
the conductivity. The system (4.3) preconditioned by diag(XK, S) has three eigenvalues and,
hence, converges in 3 steps [6]. Replacing the exact solution of the FE system part by the
AMG preconditioner Kanc causes only a small increase of the number of iterations. The
next numerical test with the Incomplete LU-preconditioner without fill-in (ILU(0)) IZ'ILU(O)
indicates that, for this problem, the choice of a good preconditioner for the FE part is more
critical than the choice of the preconditioner for the Lagrange multiplier space. Notice that
the construction of a Schur complement preconditioner using the preconditioner for the FE
part, e.g. S'ILU(O) = Bf(ﬁjj(o)BH7 is in practice too expensive. The number of iterations with
the ILU(0) preconditioner may decrease with respect to increasing conductivity since then,
the FE system becomes more diagonally dominant which explains the better performance of
ILU(0). The last two numerical experiments demonstrate the performance of the precondi-
tioners S'Smt and S'dy,, based on a static and dynamic analytical model respectively. For the
static Schur complement preconditioner S’stat, the number of iterations increases significantly
with the conductivity due to the fact that eddy current effects are neglected in the Schur
complement preconditioner. The more sophisticated analytical model from which S'dyn is
constructed, leads to an iteration number independent from the conductivity. Because of the
factors R, in the Schur complement preconditioners, the number of iterations is not affected
by the number of rotor domains.

7. Capacitor motor. The air gap flux decomposition technique is applied to a ca-
pacitor motor (Fig. 7.1). The fundamental forward and backward rotating air gap flux com-
ponents, i.e., those with pole pair numbers 1 and —1, produce the most important torque
components. Two rotor models are considered: € for all components with positive pole pair
numbers and Q2 for all components with negative pole pair numbers (Fig. 7.2). At Qp, the
slip pulsation w1 = w — wx, is applied whereas at €22, the slip pulsation we = w + wy,, is used.
Hence, only motional eddy current effects with respect to the fundamental rotating air gap
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Figure 7.1: (a) Stator
and (b) rotor of the  Figure 7.2: Plot of the magnetic flux lines at ¢y and ¢; of a
capacitor motor. capacitor motor operating at 1500 rotations per minute.

field components are correctly taken into account. The flux patterns plotted at two instants
of time shifted over a quarter of a period, show the true alternating true rotor field ¢o and
the rotating forward and backward field components ¢: and ¢2.

8. Conclusions. Motional eddy currents are considered within time-harmonic FE
machine models by decomposing the air gap flux into rotating components and distributing
these to independent rotor models. An appropriate solution scheme for the FE system incor-
porating interface conditions based on FFTs, consists of the BiCGStab algorithm and block
preconditioning based on AMG for the FE part and an approximation for the interface Schur
complement matrix based on approximate analytical machine models.
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