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Abstract— The utilization of nodal based — generalized equivalent magnetic circuit method (EMCM) in
the modeling of a double excitation synchronous machine (DESM) is presented in this paper. Nonlinear
magnetization characteristic is taken into consideration. This method shows a distinguishing advantage
over the finite element method (FEM) in term of computation time. The validity of the EMC results are
examined by comparisons with 3D FEM.

| Introduction

A Double Excitation Synchronous Motor (DESM) proposes additional windings in a Permanent
Magnet Synchronous Motor (PMSM) [1]. Such kind of structure combines advantages of PMSMs
with high power density and high efficiency and ones from wound field synchronous motor with
capability of regulating flux in the air-gap. Several papers have been presented focusing on DESM
[1- 4].

In the motor design phase, an enormous number of evaluations are usually iteratively taken, for
example an optimization process. Therefore a model with acceptable accuracy but fast to evaluate
is obviously prioritized to mitigate the burden on computation time. Finite element method (FEM)

is traditionally chosen as a high fidelity model; however, the inherent disadvantage of this method
is time consuming especially with three dimensional modeling. In contrast to FEM, equivalent
magnetic circuit method (EMCM) provides a noticeable compromise between computation time
and accuracy. This method with a concept of flux tube transforms the motor into a magnetic circuit
presented by nodes, reluctance and magneto-motive force (MMF).

This paper aims to presents the EMC method in 3D configuration to handle the modeling of a
DESM. The EMCM discussed in this paper is based on nodal formulation i.e. the Kirchhoff's
voltage law is used to establish the equations system [5]. Also, the model will be divided into a
mesh of reluctances characterized by number of columns and rows (generalization), the sizes of
elements are flexibly controlled. By doing this, it is able to explore local information of the motor.
The validity of the analysis results are verified by comparisons with 3D FEM ones.
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I Double Excitation Synchronous Motor

A number of motor prototypes using double principve been realized with regard to different
criteria. Concerning the localization of the extitia flux sources, both sources could be placed in
the stator, rotor or mixed. According to the tygdlax combination, a DESM could be classified
as series or parallel. Fig. 1 shows the referermaetrof DESM used in this paper [3].
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Fig. 1 Studied DESM model

This reference belongs to parallel type which isvpd to be advantageous over a series
configuration with respect to controlling open aitcflux [6]. The main reason deciding on this
parallel type is due to the main flux path genetaty field winding does not pass through
permanent magnets (PMs) that helps the model &oentdemagnetization. In this prototype, two
toroidal field windings are placed on the statalesitherefore, sliding contacts are avoided. Feerrit
PMs are located in the rotor using flux concenragrinciple to increase air-gap flux. Details of
the studied model are given in Table 1. One shbaldoted that, in this prototype, the motor flux
lines are truly three dimensional as in [3], sd 8@wid core material are advised in some regidns o
the motor marked in Fig. 1.

TABLE 1: CONFIGURATION OF STUDIED MODEL

Parameters Value
Number of phases 3
Number of turns per phase 33
Number of turns per DC winding 150
Number of poles 12
Motor length 115 mm
Outer stator diameter 92 mm
Inner stator diameter 57.5mm
Number of slots 36
Air-gap length 0.5 mm
PM residual flux density 0.4 T (ferrite PM)
Based speed 2000 rpm
3 kw

Rated power




Il Generalized EMCM with DESM model

EMCM has long been proven as an effective alteraedatiol for motor analysis with a much shorter
computation time while maintaining close resultmpared to FEM [7 - 11]. Using EMCM is also
advantageous over FEM when there is a need to eomph other analyses such as thermal or
acoustic ones [12]. In EMCM, two important circlaivs guiding equation system formulation
namely Kirchhoff's current and Kirchhoff's voltagaws. These lead to nodal based and mesh
based equations, respectively [5]. This paper eyspKirchhoff's current law which is the most
common method due to the ease of establishing areta@ing equation system compared to the
latter one.

Regarding the reluctance mesh formulation, twormédtiives are proposed: lumped parameter
model as in [13, 10, 14] and generalized model-[15]. Basically, a lumped parameter model

requires a prior knowledge of critical flux pathstiee machine. A small number of reluctances are
presented based on main pre-assumed flux pathsh&aoontrary, by mean of generalization as
will be demonstrated in this paper, each part ef tfotor is divided into a mesh of elements
characterized by a number of rows and columns. rEhetance network establishment will be

detailed in this section.

Electromagnetic concept of EMCM

Conventionally, two methods could be used with EM@M tooth contour [18] and flux tubes
[19]. In this research, flux tubes method whiclhis most popular implementation of EMCM will

be employed. The flux is considered to be consibaside the tube. A basic expression for
reluctance and permeance calculations of the @b fare given by (1) and (2) respectively.
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where L is length of the tube S is cross section of the tube at positiony, is the relative
permeability of the tube material anglig the permeability of the air.

A permanent magnet can be modeled by a reluctasmogected in series with an equivalent MMF
as (3):

M =B
Hol;
whereh,, andB, are magnet thickness and residual magnetic flasiterespectively.

3)

Phase MMFs are put in the stator teeth with natevid given by (4):

M phase: Nt (Il _iz) (4)
Where N; is number of phase turng; and i, are phase currents flowing in the winding
accommodated in the slot. (4) is based on an aggamtpati; andi, are axially going in the same
direction.

Network formulation for DESM

With the generalized EMCM, flux paths are limitedanly tangential and radial directions making
the basic bi-directional element consists of 4atelnces in 2 directions as shown in Fig. 2.
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Fig. 2 Generalized reluctance mesh

Flux paths of the prototype analyzed in this wark tuly 3D; therefore, additional reluctances in
the axial direction must be provided. To handls formulation, the model is disassembled into 5
parts as shown in Fig. 2a, in which parts 1 andebadmost identical (symmetric over the X-Y
plane), this similar symmetry is applied the saorepfarts 2 and 4. In order to be less complicated,
reluctance network formulation is based on an apomthat flux in parts 1, 3 and 5 are 2D (in X
and Y directions). Whereas flux in parts 2 andelassumed in axial direction (Z). In other word,
parts 2 and 4 function as a flux bridge to conpect 3 with the pair parts 1 and 5; therefore parts
and 4 will be represented by a number of uni-dioaet reluctances. This assumption is acceptable
due to the fact that flux in part 1, 2, 4 and 5a&reost solely DC flux from side PMs (PMs in red)
and DC field windings.

The mesh in part 3 is more complicated due to aptexnand different geometries appeared as in
Fig. 2b for a visualization purpose. Stator anadrgart contains a number of layers (columns),



each layer is a row of bi-directional elements. &dmg the detail property of regions, 1 layer is
dedicated to the stator tooth tip. In all otheihggfor example tooth parts, yoke, PMs etc.), numbe
of layers is flexible controlled to ensure a gehgrade such that being closer to the air-gap, the
mesh should be denser. Mesh generation must migcteet boundaries with material boundaries
(cores, PMs and air). The mesh building principlefarts 1 and 5 are quite the same as one of part
3 except they are much simpler.

The air-gap mesh is rather different compared atostand rotor meshes. It is still based on bi-
directional element, however, the creation is detifrom stator and rotor meshes in a manner that:
every edge of elements of stator and rotor (contiguvith the air-gap) define edges of air-gap’s
elements as shown in Fig. 2b. Air-gap mesh wilkddefined for a new rotor position i.e. taking
into account motor’s rotation.

With the aim to reduce computation time, the arislysll be performed for only one pole pair. To
this end, the periodic condition is applied by diyngonnecting the nodes at first angular position
with ones corresponding to one pole pair (60 meichhdegree in this case).

After mesh creation process is finished, the nauagnetic potentials are obtained by solving (5):

B R .hy |U | |4
.. .= (5)
PNl PN2 "'PNN UN ﬂ\l
Where N is number of nodes, is the sum of flux sewronnected to nodé’;' U; is the magnetic
potential of nodei® and [P] is the permeance matrix defined by (6)

- ifi#]
R = L 6

J Zszl,kti P ifi=] ( )
with p; is permeance connection between nadlarid node |”.

Based on solved magnetic potentials, non-lineapgny could be achieved by iteratively updating
permeabilities based on B-H magnetization curvgoAthm block diagram is illustrated in Fig. 3
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Fig. 3 Algorithm diagram for non-linearity solving



IV Results and verification with FEM

In order to verify the EMCM results (implemented MATLAB), comparisons with 3D FEM are
conducted. The tangential and radial componentsrajap flux density distribution for one pole
pair at aligned position, no-load and field windraye not excited are displayed in Fig. 4.

0.9 031
—— B EMCM ——B, EMCM
06} —B,FEM 0.2t ——B,FEM
0.3 0.1
0

011

Flux density [T]
¢ o
Flux density [T]

-061 -0.2¢

| | | | | 03 | | I | |
4] 10 20 30 40 50 60 0 10 20 30 40 50 60
Mechanical angle [Deg] Mechanical angle [Deg]

a) Radial component b) Tangential component
Fig. 4 Air-gap flux density distribution (@ no-loagh-excited, aligned position)

A good comparison agreement is seen for radiagaxflux density; however, bigger difference is
seen with tangential components, this could beagxetl as tangential flux density is very prone to
the mesh around air-gap region. The FEM analysi®tSM in this research is 3D so that a very
fine mesh is especially constrained by computersmory. For this air-gap flux density
calculation, the FEM analysis uses around 1610@énehts while the number of elements for
EMCM is 1100 i.e. 150 times less. As observed o B, the radial flux density is asymmetric
between first half and second half of one pole.@diis happens owing to the homopolar topology
of the studied DESM [3] in which when field currgrare set to zero, air-gap flux densities in the
concentrated area are reported to be higher them ohe.

Electromagnetic torque is calculated based onalinvork principle which uses energy variation

stored in the area closed by the flux and MMF [20, given by (7). This method utilizes phase

fluxes and currents which are global quantitieseiad of local one (used in Maxwell stress tensor
method) that usually requires a denser mesh antkhefonger computation time.

T= mpE (7)

wherem is the number of phasgsjs the number of pole pairs adlV is the co-energy converted
per phase over an electrical period.

Torque generation at zero load angle and diffdiead conditions (full-load at phase current of 10
A) are displayed in Fig. 5a.

As aforementioned, a distinguishing feature of DESMux control capability either reducing or
enhancing air-gap flux. The flux is; therefore,igaraccording to changes in field currents. Fig. 5b
represents maximum flux per phase per turn asifumaof field current. It should be noted that due
to thermal limit, maximum field current of 6 A igpplied. For computations in Fig. 5, element
numbers for FEM and EMCM are about 58000 and 53feeively. The one point computation
time for FEM and EMCM are 72 s and 0.16 s. A goocbadance can be seen in the comparisons
confirm the accuracy of the proposed EMCM.
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V  Conclusion

A generalized EMCM has been applied to 3D configoneof a DESM with the algorithm to solve
nodal magnetic potentials. The proposed methodstake account the nonlinear behavior of the
materials and also the rotor rotation. The EMCMrisved to be useful with accurate results while
keeping a much shorter computation time compare®EM analysis. This promises a good
application in the design stage of the motor, f@meple, an optimization process.
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