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Abstract—A field-circuit coupling method is presented, whose
basic idea is to extract from the FE model, on basis of energy
balance considerations, a temporary lumped parameter repre-
sentation of the electrical machines, to be used in the circuit
simulator model of the power electronic supply. The dynamic
coupled model of the complete drive obtained this way can
be iterated over a limited period of time, with a time step
adapted to the high frequency of electronic commutations. When
the temporary representation of the machine has come, or is
expected to have come under a given accuracy threshold, a new
FE simulation is performed in order to generate an updated
set of lumped parameters, and the process is repeated. This
method allows decoupling the time constants of the field problem
from that of the circuit problem, which is typically one or two
orders of magnitude smaller. This yields a considerable saving
of computation time with a controllable, at least a posteriori,
loss of accuracy. The method presented in this paper is also
characterized by the fact that only known quantities of the
nonlinear FE method are used in the identification process, which
can therefore be done systematically and in an automated way.

I. INTRODUCTION

HIS paper presents a method for coupling efficiently the
T computational time expensive 2D or 3D Finite Element
(FE) model of an electrical machine with the external power
electronics circuit describing the supply system.

Over the past decades various approaches have been de-
veloped to simulate such systems supplied through high
frequency switching components. Numerically strongly cou-
pled approaches, e.g. [1]- [3], ensure consistency but suffer
from long simulation times. Numerically weakly coupled
approaches on the other hand, e.g. [4]- [5], are able to make
benefit from the difference between the time constant of the
field problem and that of the power electronics circuit, which
can be of several orders of magnitude. Weak coupling allows
as well to work with two specialized software, with a great
benefit in flexibility and reliability.

The idea of the coupling is to extract from the FE model
of the machine a set of slowly varying lumped parameters
(inductances, resistances, electromotive forces) that represent
the machine seen from stator terminals, and to use them in
the circuit equations. The field problem is thus temporarily
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represented in the circuit simulator equation by a small set
of lumped parameters, and time-consuming finite element
simulations are done only from time to time to update this
set at a rate much slower than the rate of switching of
the electronic components in the supply system. The overall
computation time of the coupled problem is thus considerably
reduced. Additional lumped parameters for machines with
rotor terminals connected to an external circuit could be treated
the same way. This will however not be considered in this
paper.

The updating of the lumped parameters set, is done either
on a regularly basis (on the 20th circuit simulator iteration for
instance), or on basis of an error estimator that triggers the
generation of a new set of linearized data when the error of
the present set exceeds a given threshold.

The proposed model is applied to a transformer, a permanent
magnet synchronous machine (PMSM) and a three phase
claw-pole alternator. The simulation results are compared
with measurements and with numerical results obtained with
other software packages by numerically strongly coupled
approaches.

II. LUMPED PARAMETER EXTRACTION
A. Energy Balance in Magnetodynamics
The lumped parameters that represent an electrical machine
seen from its stator terminals are the phase voltages AU,.,

the phase resistances R,., the inductance matrix L,,, and the
electromotive forces E, induced in stator windings by the

rotation of the machine, » = 1,..., m, where m = 3 is the
number of phases. One has

AUr = err + at(Pr (1)

= R'r['r + Er + Lrsatlm (2)

where ¢, is the flux linkage in phase 7.

The method presented in this paper is characterized by the
fact that only known quantities of the nonlinear FE method are
used for the identification process, which can therefore be done
systematically and in an automated way. Those FE quatities
are : the FE system matrix M;;, the Jacobian matrix .J;; which
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represents the 1°¢ order linearization of the the nonlinear field
equations around the system state at time ¢, and finally the
computed torque 7'. All lumped parameters characterizing the
FE model, as it is seen by the external circuit at time ¢, can
be systematically extracted from them.

A relation between the field state variable (the vector
potential a) and the circuit state variables (the phase fluxes
¢r) is required for making this extraction. It is obtained on
basis of energy considerations. Multiplying (1) with I, and
summing over all phases gives

Zz, Oyor = — ZRJ? + ZITAUT. 3)

This equation has a counterpart in the field domain

52
/j-[lva:—/‘]——/jgradu, “)
Q Q0 Q

where L, a denotes the material derivative of a, i.e. a time
derivative accounting for movement [6]. Equations (4) and (3)
must be identifiable term by term to ensure that the energy
balance in the field domain and in the lumped parameter
domain are equivalent.

The principle of the identification between field and circuit
variables follows now from the observation that the current
density in stranded conductors can be written

i=) L, ®)

where the auxiliary field w, can be regarded as the
shape functions of the phase currents [,.. In 2D, w, =
+e.Pyn, /(D" Srk), with Sy are the cross section areas of
all the slots carrying the current of phase 7, n, the number
of turns and P, the number of parallel paths. In 3D, w, is a
vector field whose field lines follow the threads of the stranded
coil, Fig. 1. This vector field can be computed beforehand by
an electric vector potential formulation, rott = j.

Figure 1.

Current shape function of a single stator phase.

Substituting (5) in (4) yields readily

RTI/O'71|WT‘2
Q

AU, = 7/ w,-gradu.  (6)
Q
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On the other hand, substituting (5) in

/ ik Lya= Z I'rat(pr- @)
Jao "

yields
at@r = / Wi LV a. (8)
JQ

If the current distribution functions w, are assumed not to
depend on time (which is exactly the case in stranded coils),
the sought mapping between a and ¢, is

O = / w, - a, )
Q

which, in a mesh, can be expressed by the rectangular matrix

or = Wya; with Wy = / W, oy (10)
Q

where «; are the shape functions of the a field, and a; the

corresponding coefficients.

B. Extraction of the inductance matrix

Let

M’I(a) aj = bi, (11)

with

bZ:/.]aZ:IT/W’V‘a’L:IT‘WZ’V‘ (12)
Q Q

be the nonlinear FE equations describing the electrical ma-
chine subjected to given phase and excitation currents.

Now, let I be the phase currents at time ¢, and b} = I'W;,.
the corresponding right-hand sides. Solving (11) with b; = b}
and a fixed rotor angular position 6© = 0 gives a} and a first
order linearization around this particular solution writes

Mij(aj + da;) = Mij(a})aj + Jij(a})da; = b + db; (13)

with the Jacobian matrix J;; = (Baj]V[ik(a;f)) ajy. Since
M;;(a})a} = b}, one has

Jw(aj) (5aj|6@:O = (5171 (14)

One can now repeatedly solve (14) with the right-hand sides
6b; = 01, W, obtained by perturbating one after the other m
phase currents 7,. and obtain m solution vectors for da;;q_-
Since (14) is linear, the magnitude of the perturbations 01,
is arbitrary. One can so define by inspection the tangent
inductance matrix L2 of the electrical machine seen from
terminals as

5rlsem0 = Wrj 0aj|50—0

= Wy J5; (a5)Wis 01, = LY, 61, (15)
with
LY, = Wy J35'(a5)Wis. (16)
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Similarly, one can identify the secant inductance matrix L,
and by solving (11) repeatedly with linearly independent phase
currents I, to obtain

Or = Wr'j a; = W”]Lf]_zl(a;)ww Is =L, I a7

with

Lys = Wy M3 (a3) Wi, (18)

It is practical for these identifications to use a solver capable
of efficiently dealing with multiple right-hand sides.

C. Extraction of the motion induced voltage

One can now complement (15) to account for the electro-
motive forces. One has

Spr = L2351, + Do tp, 60. (19)

The direct computation of the © derivative requires to slightly
shift the rotor, remesh, solve the FE problem, evaluate new
fluxes and calculate a finite difference. In order to avoid this
tedious process, one can again call on the energy principles.
One has

dopr = 0001, ¥y = 01,00¥y = 01, T (20)

where T is the torque and W), is the magnetic energy of the
system. During the identification process described above, it is
thus easy to calculate additionally the torque corresponding to
the perturbed solutions da;|;o_,. and to evaluate the motion
induced voltage

E, = 0oy, 0:0 20

of each phase as the variation of torque with the perturbation
of the corresponding phase current /..

Beware however that, as the torque is a nonlinear function
of the fields, the perturbations needs in this case be small.
Because of the linearity of (14), one may scale the perturbation
currents in (20) which yields:

T(a3) —T(a} + Maglse=0) lla}]|2
do oy = —1 g ! with A = k.
o o1, 16a;]]2
(22)

The scale factor is chosen between 0.01 < x < 0.05. Both
the direct calculation of the © derivative by finite differences
and the proposed energy-based approach (22) have been
implemented.

III. REALIZATION OF COUPLING

The numerically independent solution process of the circuit
and the field problem requires a time stepping scheme synchro-
nizing the Modified Nodal Analysis (MNA) used by the circuit
simulator and the FE Analysis. A basic scheme consists in
holding the time step ATr g of the FE system constant. At the
beginning of the transient simulation, the initial values of the
tangent inductance matrix L29 and the induced voltages E? are
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calculated by a magnetostatic FE calculation, and incorporated
into the equation system of the circuit simulator. If the circuit
simulator reaches ¢t >= t';fEl + ATpp, a new set of phase
currents is imposed and the magnetostatic FE model is solved,
yielding an updated set of lumped parameters, L2* and EF.
This basic scheme is compatible with an adaptive time step-
ping circuit simulator. The latter can freely adapt the time step
to accurately account for topological changes occuring in the
circuit, caused by e.g. switching semi-conductor components.

Any circuit simulator in combination with a magnetostatic
FE-solver can be used provided both packages have proper
interface capabilities. In this paper, the circuit simulator
Simplorer [7] and the in-house FE library :MOOSE [8] have
been used. Simplorer provides a C-Interface, giving access
to state variable information at different stages of the time
stepping scheme.

For the field and circuit simulators run on different oper-
ating systems, and in order to avoid tedious and error-prone
data exchange via files, a network based data exchange has
been implemented. To reduce the implementation effort to a
minimum while preserving maximum flexibility, the communi-
cation is based on the free implementation omniORB [9] of the
CORBA standard. All communication is done via the standard
network. The CORBA standard defines a platform independent
interface definition language, by which remote procedure calls
are made transparent to the program designer, who need thus
not worry about the implementation of a complete network
stack [10].

IV. APPLICATION EXAMPLES
A. Transformer

The poposed method is first validated on a 2D single phase
transformer model. The primary side (1,,; = 900 turns) of the
transformer is fed by the voltage source E = 325V cos(27 -
%) while the secondary side (ns.. = 50 turns) is connected
to the load resistance Ry = 3.

The simulation is carried out with a fixed time step At. =
5-1075s for the circuit simulator and different time steps
Atpp for the field domain resulting in 38, 95, 356 or 670 FE
time steps, for a total simulation time of 27" = 40 ms.

For the sake of comparison, the system is also solved by
applying a numerically strong coupling with the 2D transient
FE solver of the iMOOSE package [8]. The relative errors
er = (Irey —I)/ max(I,.s) between numerically weakly and
strongly coupled approaches on the primary and secondary
currents are shown in Fig. 2 and Fig. 3 respectively. Both
figures reveal an error accumulation over time at a rate
depending on Atpg: the smaller Atpg, the smaller the rate
of amplification of the error.

The ripple observed in Fig. 3 can be ascribed to the step-
wise approximation of the inductances, Fig. 4. By decreasing
At g, the variation in time of the inductances is smoothened,
which yields a more accurate result.
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Figure 2. Relative error on the primary side current Ip;.

In summary, the proposed method gives results comparables
to those obtained by the strong coupling approach. Choosing
an appropriate time step Atpp is however crucial to obtain
accurate results.

B. Permanent Magnet Generator

The method has also been applied to a three phase syn-
chronous permanent magnet generator connected via B6-
bridge rectifier to the DC voltage source E1. The coupled
problem has been simulated with both Maxwell [7] and the
1MOOSE /Simplorer coupling described above. The topology
of the system is shown in Fig. 5. The block IMOOSECon-
nector_3 in Fig. 5 contains the lumped parameters L2, and
FE,.. All circuit parameters except those lumped parameters are
held constant throughout the simulation.

The comparison of the simulation results are shown in Fig. 6
and Fig. 7. The currents in phase u and the total current I;,;
can be seen in Fig. 6. They are in good accordance, except at
the beginning of the simulation. Having a closer look at the
terminal voltage depicted in Fig. 7, one recognizes however
overshoots at the peak values as well as around the singular
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E
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] 9
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_7.0e-04 U L L 1 f I I I
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time [s]
Figure 3. Relative error the secondary side current Isec.

2008 13" International Power Electronics and Motion Control Conference (EPE-PEMC 2008)

20

ivity of coil label #5 [H]|

R L

= weak coupling, 38 FEA steps
% weak coupling, 95 FEA steps

weak coupling, 356 FEA steps
weak cqupling, ) 670 F]‘EA steps i

0 0.005 0.01 0.015 0.02 0.025 0.03
time [s]

5

0.035  0.04

Figure 4. Linearised self inductivity of coil label #5.
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Figure 5. Generator connected to a b6 rectifier working connected to a DC
voltage source.

switching points of the diodes in the calculation results of
Maxwell. This behaviour indicates an inaccurate zero crossing
detection in the the diodes of the bridge. The simulation results
of the proposed lumped parameter coupled method are in
good accordance with the simulation results of Maxwell with
a significant time saving of approximately 25%.

C. Claw pole generator

The proposed coupling method is finally validated on a three
phase claw-pole alternator which is connected via a B6-bridge
D1-D6 to the constant voltage source E1 representing the
battery in series with the resistance R4, Fig. 10. Due to its
irreducible 3D flux path structure and the connected bridge
rectifier, the claw pole generator is a challenging field-circuit
coupled system. The winding resistances are labelled R1 to
R3. The excitation current is assumed to be constant in this
simulation, and concerns thus only the FE system.

The inverter topology is given Fig. 10. The coupled model is
simulated with the electromotive forces calculated both by fi-
nite differences and by the energy-based approach (Sec. II-C).
Additionally, the software package JMAG [11] is used for the
sake of comparison, see Tab. I.

The alternator is analysed at different rotation speeds. Tab. II
shows the mean output currents of the alternator. Due to
license issues, the simulation with JMAG at 6000 rpm could
not be carried out. The simulated and measured output currents
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are shown in Fig. 8. While implementation a) performs well
at low rotation speeds, the simulated current for the highest
speed clearly exceeds the measurements. Implementation b)
appears to have a small offset compared to the measurement.
The implementation c) performs worst at low rotation speeds
but simulates the output current very accurately at medium
rotation speeds. The relative error is shown in Tab. III as well
as in Fig. 9.

The induced voltages calculated by implementation a) are
very sensitive to the chosen shift of the rotor. The offset
of the implementation b) might stem from the calculation
of the torque by the Maxwell stress tensor. A verification
and comparison with different approaches of the calculation
of the torque will provide useful additional information. All
simulations deliver an output current larger than the measured

Table I
OVERVIEW OF THE NUMERICAL APPROACHES CHOSEN TO SIMULATE THE
CLAW POLE ALTERNATOR.

Comment

The induced voltages are calculated by finite
differences similar to postprocessing.

The induced voltages are calculated by the
variational approach as proposed in II-C.
Commercial software package. Implementa-
tion and exact approach unknown.

Simulation approach

a) iMOOSE dg¢r

b) iMOOSE 8;, M

¢ IMAG

Table IT
COMPARISON OF THE MEAN OUTPUT CURRENTS OF THE CLAW POLE
ALTERNATOR AT DIFFERENT ROTOR SPEEDS.

rotation measured iMOOSE iMOOSE IMAG
speed e pr Or, M
1500 rpm 4573 A 58.80 A 65.03 A 80.04 A
1800 rpm 79.09 A 8430 A 97.79A  105.78 A
3000 rpm 128.76 A 145.18 A 139.12A  131.80A
6000 rpm 149.01 A 19493 A 156.95 A n.a.
Table III

RELATIVE ERROR OF THE OUTPUT CURRENT.

rotation :{MOOSE :MOOSE IMAG
speed Oo pr or, M
1500 rpm 29 % 2% 75 %
1800 rpm 7% 24 % 34 %
3000 rpm 13% 8% 2%
6000 rpm 31% 5% n.a.

one.

The phase and the output current waveforms simulated by
implementation b) are depicted in Fig. 11. The flux density of
the modeled claws is illustrated in Fig. 12.

V. DISCUSSION

The proposed field-circuit coupling method is applicable to
simulate complex problems, 2D or 3D, with or without motion.
Two approaches to calculate the motion induced voltages
have been implemented. Despite the good agreement obtained
between simulated and measured currents, the energy based
approach is numerically stable. Though the calculation of the
torque is crucial for this approach, it appears to be more
reliable than the calculation of the electromotive forces by
finite differences. Further investigations on the calculation of
the torque are expected to give more information about the
offset in the simulated mean output current.

The communication between Simplorer and iMOOSE via
network avoids error prone file locking mechanisms necessary
for synchronizing the solution process and additionally bridges
the different operating systems.

150

00

=—a measurement

& - -4 a) IMOOSE 0,
+---4 b) IMOOSE 9, M
vv ¢) JMAG

output current (A) —

2000 3000 4000 5000 6000
rotation speed (min~') —

Figure 8. Comparison of the mean output currents of the claw pole alternator.
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Figure 10. Application of the proposed coupling: three phase claw pole alternator connected to a rectifier working on a constant voltage source.
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Figure 9. Relative deviation of output current through the battery E1.

Furthermore, the weak coupling reduces the computation
time compared to numerically strongly coupled approaches,
still providing good and accurate results. During a standard
simulation cycle the circuit simulator performs 10 times more
transient steps before a new FE extraction is calculated. Thus,
compared to numerically strongly coupled approaches, a great
saving of time is achieved.
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