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Abstract— Simulation of the operational behavior of electrical - - .
. . . . . .. . Operational Simpl Geometry
machines is of high interest for design and optimization purposes. State Huplorer Material
Various approaches have been presented relying either on system- System Simulation
simulation or on numerical models. In general, system simula- glﬂ{f’SE‘mﬁj
tions are utilized to consider the macrostructural environment, i

FE Sunulation

such as machine and accordant rectifier, power supply and Self- / Mutual Doty
1stribution
iMOOSE.posttsa3d /

Phase Currents
Problem Definition

. . . Inductances
load. System simulations also allow for regarding load changes
and duty cycles. Due to their structure, system simulations Computation of
are not capable to independently take magetic saturation into Ioductances
account. These circumstances require the provision of saturation-
dependent inductances determined for a discretized machine Fig. 1. Structure of the Simulation Process.
model by numerical computation approaches. Basing on the
applicable excitational state, flux-density contributions of all
excited windings need to be separated for the determination of
accordant self- and mutual inductances. Therefore, the method to be chosen arbitrarily but reasonably for the very first loop
of fro;en permeabiliti.es is utilizeq, coqsidering the discretized Cyc|e_ Resumng phase currents define the app|icab|e excita-
machine model as grid of magnetic resistances. tional state used for injection into accordant windings of the
dicretized Finite Element Model. The flux-density distribution
thus determined is utilized to compute corresponding self- and

) ] . . mutual inductances of the arrangement in subsequent post-
SYSTEM simulations are utilized to determine the opprgcessing steps. These refined and updated inductances are

Jerational behavior of electrical machines and accordafeny runtime-dynamically read by the system simulation, stat-
environment such as rectifier and control, power supply afgh the origin for a second cycle of the process loop for further
load. This approach is based on a set of differential equatigagrease of the accuracy of simulation results. Other than for
considering the electromagnetic behavior and motion of t&iation approaches previously used, the presented method

machine at its terminals. Due to the structure of this methad, 5pplicable on arbitrary numbers of polyphase windings and
circuit-based system simulations are not capable to 'ndep%ﬂ}hchronous machine designs.

dently regard saturation-dependent inductances. Finite Elé-
ment simulations offer the opportunity to determine self- and

mutual inductances of windings, even for complex arrange-
ments but they require external provision of the excitational As the description of the system simulation approach is to
state. Therefore, an interactive coupling of system simulati®& considered in the full paper, focus is exclusively put on the
and Finite Element (FE) simulation is first-time utilized for théumerical computation approach herein.

determination and provision of required parameters, described

in this paper. Required methods for the determination @f Numerical Simulation

inductances as exchange parameters are introduced such %s ‘ : idal ‘ f the ph ‘
accordant machine models used. ue to a non-sinusoidal waveform of the phase currents

and the distinctive three-dimensional design of the considered
claw-pole machine design, a transient 3D Finite Element
solver is used [1] for computation.

The entire iterative simulation process to appear as clos&édliscretized symmetry cut out of the considered electrically
loop as of Fig. 1 consists of macrostructural and microstruexcited synchronous machine with regular three-phase winding
tural computation approaches. The excitational state due tisaused for the computation of the flux-density distribution
preselected and defined operational state is to be compute@ to the pre-determined excitational state. The resulting
in a system simulation of electrical machine and accordaihix-density distribution for any element covers collective
supply and load environment. Inductances therefore used eomtributions of all windings participating in the excitation.

I. INTRODUCTION

Ill. SIMULATION APPROACHES

Il. STRUCTURE OF THESIMULATION PROCESS
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B. Method of Frozen Permeabilities as in equation (1) with/ derived from.J = rot T. Both
The appliance of the Method of Frozen Permeabilitiedptions are subject to detailed introduction in the full paper.
(MFP) allows for the required separation of each flux IV. RESULTS

contributions excited by corresponding windings [2]. This . ]
method is based on considering the discretized machine moder®mputation results for the simple test arrangement as of

as grid of magnetic resistances. In fact, the permeabilitiEd- 2. using both analytical and MFP approaches maitch
of each element, ensuing from the FE simulation withyith very satisfying accuracy. The extension of the method

total excitation are stored ("frozen”) for further processingqescr'bed onto the considered arrangement of an electrically

Subsequent FE simulations with independent excitatiGiCitéd synchronous machine leads to the inductance char-
of windings separately considered are processed ﬁqtensucs for the simulated range. As qf F|g. 3 the muFuaI
permeabilities as stored for the state of total excitatidjductancelsy of two stator-phase windings is exemplarily
previously. Therefore the magnetic behavior is linear wi own for a simulated range of two pole pitches, due to
applied currents due to frozen permeabilities. The appliance%immetry of the geometry.

MFP is validated and verified using the simple and well-known ‘ |

arrangement of a ring core with air gap as of Fig. 2. Both iron 100 - 7
sections of different permeability feature a coil with different 80 - /r\\\ f _

number of windings, fed with different exciting currents each. 6 L5t mas
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Fig. 3. Mutal Inductances between two selected Stator Phases.

The system simulation approach uses time- or position depen-
Fig. 2. Test arrangement for validation of the MFP. dent descriptions of the inductances to appear as terms within
the characteristical set of differential equations. Therefore,
inductances are modeled as sinusoidal oscillations, solely
requiring information of amplitude and offsetL{w iin.
C. Formulation LsH maz» ALsy as of Fig. 3) of computed characteristics
to be exchanged between simulation approaches described.
Computation results of inductances thus determined and fur-
thermore processed for system simulations of phase currents
f/fl - JodV match measured currents very well.
\4

The mutual flux linkage [3] through a coil regidh solely
excited by a currenf; through coill is defined as of

Wy = — L @ V. CONCLUSION

Applying the method of Frozen Permeabilities requifesand The Method of Frozen Permeabilities is introduced as a
accordant/, to equal zero for exclusive regard of the mutuaneans to determine self- and mutual inductances of electri-
influence of the excited coil. This condition ends up i,; cal machines for dynamic parameter exchange with system
equal zero due to equation (1). The appliance of either of thgnulations and first-time integrated into a combined system
two opportunities allows for a workaround of the zero curreimulation and FE simulation process. The method is validated

condition: and verified on a simple ring core test arrangement and
« extrapolation of sample points, furthermore successfully applied on winding arrangements
« injection of auxiliary current. of arbitrary complexity. Results determined for the machine

As the first option is based on assuming linear magnetic ben&pPlication match measurements with satisfying accuracy.

ior due to frozen permeabilities, the flux linkage is computed
for two different non-zero currents and extrapolated towards | b - o | ¢ Kachler C. Sch cand G. H o

. o HH . van riesen, C. Monzel, C. Kaenler, C. Schiensok an . Aenneberger,
Wy (12)' The s_e_cond o_ptlon u_tlllzes_ a known aUXIIIar_y (_:urr_e'{tl “imoose - an open-source environment for finite element calculations,”
I, # 0 to be injected into coil 2 with subsequent elimination |EEE Transactions on Magneticsol. 40, no. 2, pp. 1009-1020, 2004.

of its influence. It recursively computes the nominator if?] J. Walker, G. Dorell and C. Cossar, “Flux-linkage calculation in
expression permanent-magnet motors using the frozen permeability methBEE
p Transactions on Magneticsol. 41, no. 10, Oct 2005.
7 T 3y [3] O. Biro, “Computation of the flux linkage of windings from magnetic
_ f J(Izsé())A(h#O) dv _ f J2 A, dV 2 scalar potential finite element solution$EEE Transactions on Proc.-
f J(Igyéo) dr f Jo dF Sci. Meas. Technglvol. 149, no. 5, Sep 2002.
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