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Abstract—This paper presents a simple and efficient
magnetic equivalent circuit (MEC) model for surface axial
flux permanent magnet synchronous machines. The MEC
model is used to solve all the electromagnetic properties
of the machine including the no load, full load voltages,
cogging torque, torque ripple and stator iron core losses.
Moreover, this approach can be extended for all surface
permanent magnet synchronous machines. The main nov-
elty of this approach is the development of a static sys-
tem, which accounts for the rotation. The model takes into
account the rotor rotation via time dependent permanent
magnet magnetization sources. The static system matrix
facilitates a very fast solving. In addition, to take into
account the 3D effect, a multi-slicing of the machine in the
radial direction is done. This boosts the simulation time to
only 60 seconds for 6 slices and 50 time steps including
the non-linear behaviour of the stator elements with a great
accuracy. Additionally, the number of elements in the MEC
can be adjusted to reduce the computational time. This
model is verified by means of 3D and 2D multi slice finite
element (FE) models. In addition, experimental validation S
are also provided at the end.

Index Terms—Analytical modeling, Axial flux perma-
nent magnet synchronous machines (AFPMSM), Cogging
torque, Magnetic equivalent circuit (MEC), Surface perma-
nent magnet synchronous machines (SPMSM), Torque rip-
ple.

I. INTRODUCTION

XIAL flux permanent magnet synchronous machineg,
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Fig. 1. Schematic representation of different configurations of the
AFPMSM [1].

be considered as a mature technology. Different AFPMSM
concepts with different topologies are described in Figs. 1
(@), (b), (c) and (d) [1]. These machines are (a) the yokeless
d segmented armature (YASA) machine, (b) the axial flux

~\ (AFPMSM) have been the subject of significant, worldg,achine with internal rotor (AFIR), (c) and (d) the toroial
wide research efforts for the past 20 years and can nQw, nd machine with internal stator, in two variants.
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Accurate and fast modeling techniques are indispensable fo
a complete design of electric machines. A multi-physical de
sign is mandatory.e. for involving thermal, electromagnetic,
and mechanical modelinThis pepel focuse on the electro-
macnetic moceling of the suiface peimenen macne (PM)
mechines The yokeless anc segmenter aimeture (YASA)
mechine is selectec as ar agplicetion for this study.

Several numerical and analytical techniques were devdlope
and used over last decades [2]-[4]. Although numerical-tech
nigues, such as 3D and 2D finite element (FE) analysis [5]—[7]
are the most accurate techniques to model electric macghines
they are not preferable in early design stages due to their
expensive computational burden.

Therefore, in the predesign, analytical tools are used to
predict the electromagnetic parameters. Generally spgaki
analytical tools can be classified into three main categorie
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[8], [9] for surface PMSMs. The authors in [8], [9] compareefficiently. A comparative study between different consegit
mainly between (1- the magnetic equivalent circuit (MECFourier based subdomain (SD) models and conformal mapping
model), (2- the Fourier based models), and (3- a combinggthniques for AFPMSM and radial flux permanent magnet
solution of MEC and Fourier based models.) The critersynchronous machines (RFPMSMSs) has been presented in [7],
of the selection are based on the simulation time, capgbil{tL4] respectively. For the calculation of the no load voéiag

to calculate mean torque, induced voltage, torque rippte athe result is satisfactory for all models. However, for togq
cogging torque. ripple and cogging torque calculation, the SD model is the

The MEC model is based on representing the electncost accurate technique to predict them. These SD models
machine with a magnetic reluctance network that depenassume infinite permeability for the stator and rotor iroreso
on machine geometrical parameters and non-linear magnetiéNew pure Fourier based models that include saturation in
material properties. In such a technique, the modelingracgu the iron core were presented in [15]. In addition, a hybrid
highly depends on the used discretization level. Additiigna Fourier based model and a MEC model was presented in [16].
it is important to model the air gap by reasonable reluctan@&is model is based on solving the Poisson equations firstly
paths, that change continuously with the rotation of thetdle assuming infinite permeability and imposing the solution to
machines. This means that at each rotor position, all raidr athe MEC model afterwardsin [17], the aLthors corrpared
stator nodes need to be aligned with the air gap nodes [1betweer a hybrid Fouriel baser mode anc a corvertiona re-

[11], which increases the complexity of the MEC. luctance nework. The hybrid mode is basei on moceling the

In [12], the MEC was developed for an interior radiarator, the peimenen magnets (PMs, anc the air gaf region
flux fractional slot permanent magnet synchronous machitby a Fouriel basel mode anc the stetor by a reluctance ne-
Although a huge reluctance network size was utilized, aoggiwork. The stron¢ coLpling betweer bott mocels is done by
torque and torque ripple results were not validated. equaizing the magnetic scala pctertial on the inteiface region

In order to simplify the air gap reluctance representatiobetweer the stetor anc air gag area They corcludec thai the
the alignment between the rotor and stator is divided inhybrid methot gives beter peiformanctin terms of CPLU time.
three states in [10]; a state when a little part of the magnetin all the aforementioned analytical models, the 2D multi-
contributes to the MMF in the stator, a state when a highdr paficing modeling technique is used. The authors in [16]
contributes and a state when it totally contributes. Howexe compared between the 2D multi-slicing modeling technique
very large matrix is obtained and the problem becomes maird the 3D FE model. Additionally, they obtained the optimum
complex. Additionally, this method does not ensure aceuraiumber of slices for different permanent magnet PM shapes.
computation of the cogging torque and torque ripple. Moreover, the authors in [2], [18] carried out a parametric

Other attempts have been made to simplify the air gapudy to analyze the end effects on the accuracy of the multi-
reluctance representation, such as the refined mesh approslicing modeling technique compared to the 3D FE model.
that was proposed in [11]. In the refined mesh approach, eachis demonstrated that the multi-slicing technique can be
magnet is subdivided into a high number of elements, advantageously used for design purposes.

15, which allows the demagnetization effect investigatiime  To obtain the benefits from the ability to model the non-
reluctances connecting a stator tooth and a rotor element ifiear behaviour of the material in the traditional MEC mbde
obtained by integrating the product of their window funoo and the ability to compute the cogging torque and torquéeipp
and the inverse of the air gap length function. Although thigom the Fourier based models, a simple and an efficient model
MEC accuracy is highly improved using this refined mesi developed to tackle this.

approach, the complexity dramatically increases. Thisehod |n this article, instead of rotating the reluctance between
is capable to predict all electromagnetic parameters. Wewe the rotor and the stator, the magnetization sources areedbta
with respect to complexity and computational time, the niodgherefore, the system matrix has to be created only once. For
is not efficient. all consecutive time steps, only a multiplication is regdiof

When AFPMSM are being modeled using the MEC modeke inverted matrix with the time dependent source vector.
the machine is divided into a number of radial slices, whemnherefore, the MEC model can be used to predict all the
the magnetic equivalent model is applied in each slice [d3].electromagnetic parameters of the machine including geka
[13], the developed MEC model of the AFPMSM was niCe|Ynean torque, torque r|pp|e and Cogging torque.
validated with FE model, but only for the mean value of the
torque and the terminal voltage. The cogging torque anditorq
ripple were not computed.

It is clear that there are some difficulties in the existing In the 3D and 2D multi-slice FE models, described in Figs.
MEC model regarding the connection between stator a@da) and (c) respectively, only half of the machine is modele
rotor reluctances. Each time the rotor rotates, the refeetm and a symmetry boundary condition is imposed at half of the
need to be aligned again. Additionally, one needs very higboth.
discretization to obtain the cogging torque and torqueleipp The idea of the multi-slice 2D FE model is to stretch the
and hence the complexity increases. machine over the radial length of the machinegaslices [16].

A second approach is to use the Fourier based modefsch slice has an average radiusRif, and a radial length
These models can nicely predict the air gap flux density,. The 3D to 2D transformation is shown in Fig. 2 (b). In
and therefore predict the cogging torque and torque rippd the 2D FE models, the radial component of the magnetic

Il. MODELING PRINCIPLE
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flux density is neglected. Each slice represents a 2D FE mode| , Stator tooth

shown in Fig. 2 (c). The axis definition in Fig. 2 (b) i% for ™ 7

the radial direction, and,, for circumferential direction. The @ i ¥ @ Ye1 Y,

x,y-axes in Fig. 2 (c) present the circumferential and axia Yo Yo T K
direction. oty - T >

The 3D and 2D multi-slice FE models are used as the
reference solution to evaluate the accuracy of MEC model
Comsol software is used to conduct the FE simulations. Th
novelty of the MEC model is illustrated in next subsection.

<
<

A. Operation Principle

The MEC is based on the representation of the major flux
sources and lumped reluctance elements. The flux sources are
the magneto-motive force (MMF) sources, which represemt th
injected electric currents in the windings. On the otherdhan
the PM is usually modeled by a magneto-motive force in series
to a self reluctance. The lumped reluctance elements dafsis
linear and non-linear reluctances of the stator and rotogsco
They are dependent on the relative permeability of the used
material. The stator core relative permeability is a functof (b)
the flux passing through the element itself. The PM and aify. 3. MEC model at a radial slice number i with the PM magnetization.
gap permeability in this case are constant. (a) AFPMSM geometry. (b) PM magnetization.

The MEC model is solved in a similar way to the 2D FE
model described in Fig. 2 (c). The machine is stretched atTherefore, the PMs are modeled by equivalent Fourier based
different slicesi in the radial direction? described in Fig. 2 sources that are shown in Fig. 3 (a) and (b). Fig. 3 (a) shows
(b). Each slicei has an average radiug’, and radial length the i stretched slice with all geometrical quantities of tooth
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It is possible to obtain any quantity like torque, inducés,, air gap lengthy, PM axial lengthY;,, PM pole pitchr,,
voltage,etc. by summation of all slices values. and the PM pole arc ratia,. The currents are described by

As previously outlined, a novel approach is proposed th in different slot regions.
avoid the alignment between the rotor and stator relucance Assuming one PM with a remanent magnetic flux density
In this technique, regardless of the rotating rotor, the Rks of (B,,) is operating with a negative field intensity ofH,
assumed to have varying flux sources that are rotating irespand a total magnetic flux density oBB(,). The constitutive
according to the angle of rotation. Accordingly, the refunctes relation in one PM can be described as:
of these PMs are constant.

Bm = Brem - MOMer- (1)

Rotor Core/” The relationship described in (1) is extended to the entire
' inding PM region. Therefore, it becomes function of the timand
the circumferential distance = R’ 6,,. It converts to:

Bm(x, t) = ,UONrMy(Ia t) - ,LLO;Ler(x, t)- (2)

where M, (z,t) is the Fourier-series expansion of the magne-
tization vector shown in Fig. 3 (b) at any time instanas a
function of the circumferential distance = R! 6,, and can
be obtained as [16]:

f“-‘llﬁﬂ.'
B o]
o

(a) 3D FE Model

My (z,t) = i M, cos <mT (I — Ry f Qu (1) dt)) )

) Winding - Tpi
ZIZIZ 7 n=1,3,5
i ®)
XD NN i ; : ;
"/ % Wheren is the harmonic ordei,, is the mechanical speed
\@) | PMs Rotor in rad/s,,, is the pole pitch at a slice numbérThe number

of harmonic orders taken in the simulations are 50. The

c) 2D FE Model . . . . .
© amplitudes of the fourier series expansion are described as

(4)

Fig. 2. 3D and 2D FE models. (1) Neumann boundary condition. (2) 4Brem . NI,
Dirichlet boundary condition. (3) Periodic boundary condition [19]. Mn; = Sin ( ) )

T Lo fr 2
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where o, is the PM angle ratio of PM width to the polesolution is obtained for different slices and the total solu
pitch, B,em IS the remanent PM flux density,, is the free is then obtained.
air permeability, andl, is the relative permeability of the PM

which equals 1.05. C. Matrices Assembly

In the developed MEC the t90th IS _d|scret|zed to many In this part, the matrix assembly is demonstrated. The mesh
nodes. In each node, it is required to input a value for trbe

. . . ased MEC configuration is used in this article. It is proved
magnetomotive force,,, in the PM region. Therefore, thethat this type of solution gives faster result than the nodal
average value of the MM_F can be used. o based configuration [20].

. Let us assgme two p0|nt§1 and Tz shown in Fig. 3 (b). In this article, the number of loops and branchesrarand
Isnh(t)r\;\?nsirp:?:ﬁg 'g (t[?)z P&iﬁgmﬁeezfﬁhlH/T?eg?or;h |$|I\§r§:r”b respectively [21]. The vecto® depicts the flux in each

) 9 : . ; : i
portion between the two points exists in one of the PMs, trll%Op' The size ofb s [ x1]. It can be determined by [21];
average MMF is not zero. Therefore, integration between the
two points is done to obtain the average MMF. r=LT (Raiy + Riron @ 1) L® — (Fe + Fp),  (7)

The MMF at any pointz; in the space in the PM region
can be obtained by multiplying the magnetization vector (#I
at a pointz; and a certain time instartby the axial length
of the PMsY,,:

herer is the residual functiorl. is a loop matrix determining
e relation between each branch and the loops associated wi
it. The size ofL is [ny, x n1]. Rair, Riron are the diagonal air
and iron reluctance matrices describing the reluctanceegal
Fom, = Y M (21, 1). (5) at each branch without considering the relative permegbili
part. The sizes oR.i;, Riron are o, x np). v, is the relative
To obtain the average MMF between the two pointsand reluctivity matrix associated with each reluctance in thuni
x2, shown in Fig. 3 (b), integration of (5) between the tweeluctance matriR.,..,. It has the same dimension &s,,.
pointsz; andx, is done. The output is divided by the lengttR,,,, e v, is an element-wise product of the iron reluctance
between the two pointstf — x1). This is given by: and reluctivity matricesF., andF,, are the magnetomotive
For each time step, the result of the integration in (6) ferce (MMF) vectors for the currents and the PMs respedgtivel
used as sources for the MEC. In next subsection, the pricigisting in each loop. All matrices are handled as sparse
of MEC operation is illustrated. matrices. This saves lots of memory and calculation times.
The loop matrixL entries are based on the direction of

Yo T2 the loop flux corresponding to the branch flux. This can be
Fomyy = —— / My (z,t)dx illustrated as follows:
T2 — 1 Joy

Y, = .
= - —mx Z %]\/jni (6) 1 loop j goes forward in branch 4

2 L n=135,.... Li; = —1 loop j goes backward in branch ¢ . (8)
[ ) (mr (2o + xs)) . (mr (x1 + xh))} 0 otherwise
smy—— | —sim|{ —— .

Tpi Tpi

The non-linear solution can be solved using Newton-
However, it is possible to present the PMs as rectanguRaphson technique. The loop fldk in (7) at iterationk + 1

shape as presented in Fig. 3 (b). Afterwards, it is possible ¢an be obtained as:

rotate the PMs in space for each rotor position according to

the time instant. A numerical integration could be done at th

end to obtain the average MMF between the two points Tl Tl T3 e
and x4 for this rectangular function. ”"i ””” }f ””” T 7**{ *********
| l | 1
|
B. Sub-Division Principle g ; Fjl | % et
The MEC is programmed so as to allow the choice of i 3 ‘ Fe 3 i J Tooth
the number of divisions. Fig. 4 shows one tooth with the--+--3--f-4—sr-----1----- <] —d--q--f--4-- Reglon
H | ! | | I Nyo
corresponding area of the PMs and the rotor. B T ST S iy B s
Each tooth in the machine is divided in the circumferential ! } : ; : nys
direction to2n. +2ny2+nys elements. In the axial direction, =~~~ T 7 T 3 U
the number of elements arg + 1y +nys +nys +ny5+nye. :L J | i L } nj.4 Air Gap
Fig. 4 shows the case with minimal refineme® n., = "7, +£ "% | & = 7;;777 ,,,,,,,,,,
Nxy = Nyxg =+ = L. ; ! : ! . : nys PMs
There are two different sources in the circuit as described ifomi 1 ] - | T T |
Fig. 4. The currents imposed in the winding can be repredenﬁe ! I : LI I J Rotor
L L 1 | | R D

by a magnetomotive forcé,.. The PMs can be modeled by
(6). The value of (6) should be divided by the number of
divisions in the PMs regiomys. As described before, theFig. 4. MEC sub-division principle.
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PFH = &8 — J(®F)'r(@"), 9) ] . .
D e ) *
where®X is the loop flux at iteratiort. J(®") is the Jacobian r" )
matrix at iteration. r(®") is the residual function at iteration =18 e L. .
k. @ ) 1o P
The Jacobian matrix is divided into two parts. One pa 8‘6) '
is the reluctance matrix ter® = LT (R.i; + Riron @ v1) L. 0.5 ogyf nee Pont
The second one describes the change of the reluctance t O 500 1000 1500 2000
with respect to the loop flux. The Jacobian matrix can 0 1 ) 3 4 5 6 7
H [A/m] x10°

described as follows:
Fig. 5. B-H curve of the M600-50A in the studied models.
J=RALT (Riron ® Auren ® 1r,..) ( (L&,U) o L), (10)

whereA ... is a diagonal matrix ofif;, x n,] elements. Each D, 0 O 0
entry in the A, is the inverse of the area of each branch o 0 0
in the reluctance element of the iron part. Similauly, . is D= o oD o | (13)

a diagonal matrix. Each diagonal entry is the derivative of o 0o 0 D
the relative reluctivity with respect to its associated meti ts

flux density and can be described by.,, = ggee_ ®, is a The solution of all radial slices can be obtained simultane-

diagonal matrix of the loop flux in each lo@p. U is a [nixn] ously. _ o o
matrix describing connections between different loop fluxe To consider the eddy currents effect inside the laminations

The elements of it can be described as: on the total field distribution, it is possible to account it b
presenting the magnetic field strength due to eddy currents
1 Ifi=j as a function of the time derivative of the magnetic flux
Uj=4 1 If & — 3 = &y, (branch fluy . (11) density as described in [23], [24]. Then the total magnetic
0 otherwise field strength can be obtained by summation of both the

) ) . ) effects of the non-linear magnetic characteristics andethay
The Jacobian matrix can be calculated easily without therents Afterwards, the total reluctivity is availabledacan

need to use any for loops in MATLAB. The norm of the,s g pstituted in (7) and (10) to obtain the residual fumctio
percentage error in the flux loops vector is setl@o®. An r and the Jaccobian matrik respectively.

example illustrating the use of (7)-(11) is provided in the gyin effect can be accounted for by expressing the flux

appendix. . o _ density distribution in the lamination thickness as a serie
The single valued non-linear constitutive relation of thé s using a set of skin-effect basis functions as described @]. [2
magnetic material is modelled by three material dependentyy take into account the effect of end winding on the volt-
parameterddy, By and Ny [22]. age, an additional term can be added to the voltage equation t
The expression for the relative magnetic reluctivity of theypress the rate of change of the currents multiplied by tide e
soft magnetic material, as a function of the magnetic fluxinding inductances. The end winding inductances formulas

density 53 is given by: can be obtained from [25]. the authors in this article defive
Ny—1 a general equation for the concentrated winding.
o (1+(£)™)
n(B) = 5 ; (12) D. Stator Iron Loss Computation

The flux densities are recorded in all models at differert gri
ints. These flux densities are usedatposteriori calculate

e iron losses. For the 3D FE model, the three coordinages ar
recorded to calculate the losses; for the 2D FE model and the

. - . MEC model, only thez-y flux densities are recorded. Here,
The B— H curve is shown in Fig. 5. Machines are normall¥ principle of loss separation is used [26]

. . h
designed to operate around the knee point. For the matena?rhetow stator core 108y, at each grid point is recorded.
M600-50A, the knee point in th&8 — H curve exists at almost Then a summation of the losses at all grid points done to

1.45T. ) i - obtain the total losses.
To account for the radial slices shown in Fig. 2 (b), all

matrices are constructed and placed in the diagonal of a new T

matrix D. This includes all the matrices described in (7)-(11). - 1

The winding MMF vectorF., described in (7), is repeated Pre = Z Pry, + T /PC‘i (t) + Pexe, (t)dt p . (14)
equivalently for all slices. However, the PM magnetization ! 0

vectorF ., is calculated for each slice independently accoravhereP, ., P, (1), Pexc, (t) are the hysteresis, time dependent
ing to (6). D can be written as: classical, and time dependent excess losses at each gnd poi

wherey, is the free space permeability. The material used |
the simulations in both the FE and the MEC models is M60(}-
50A. The fitted parameter#ly, By, and N, are 237.5A/m,
1.458T, and 20.18.



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

respectively [26], [27]. The total excess and classicasdss TABLE |
are the tlme averages Of the |osses over a tlme p@ndﬂje GEOMETRICAL PARAMETERS OF THE STUDIED MACHINE [19]
to varying flux densityB at time instant. The hysteresis loss Pw—— Symbo e
depends only on the peak value of the flux density, at each Rated power - T
harmonic orderm at a certain grid point. The total hysteresis Number of pole pairs p=Nm/2 8
losses can be obtained b tion of all h ic ord Rumber of stator slots e ~
ined by summation of all harmonic orders Rated speed n 2500 rpm
i i . Rated torque Tem 19.1 Nm
in the flux density. Each component equals: Rated torave £ 19
Inner diameter D; 100 mm
L Axial length core element 2(Ye1 + Yoo + Yes) 60 mm
— Fe,2 g Axial length slot 2Ye 48 mm
Phy, kFe’lBPm fVi, Slot width bSI 12 mm
2 Slot opening width bso 3 mm
dB
P, (t) =kpe,3 <— pVi
‘ T\ de ’ (15)
dB dB flux density response on the voltage, torque and coggingiéorq
Pexe; (t) =kpea | |1+ kpe,s rr TG profiles is illustrated in next subsections for differerading

and geometrical conditions.
where f is the frequency corresponding with the fundamental
component. The flux densities used to excite the loss equati®. Terminal Voltage and Torque Comparisons

in (15) depend on the circumferential and axial components. 1, voltage and torque are calculated at no load and rated

kre,1-kre,; are fitting parameters for the losses for thg,,ing conditions. Fig. 8 shows the phase voltage at no
selected iron materia is the iron material density Which o4 ang rated load conditions. The voltage curves show a
equals 8760 kg/m The material used in the simulations ig;;04 ¢orrespondence between the results of the FEs and

MGOO'SOAd' Thgbiré)q losses coefficientsre 1-kre.s OF the o MEC model. This figure clearly shows that the MEC
M600-50 described in (15) are 35.3e-3, 1.7890, 9.264708fqe| can predict the voltage of the 3D FE model with

006, 1.875634e-002, 2.093533€-004 respectively. a maximum percentage of difference of %.&or the rated
loading condition.
[Il. SIMULATION RESULTS Table Il depicts the root mean square (rms) values for the

In order to validate the MEC model, an AFPMSM with 16/0ltage for different loading and geometrical conditiobe
poles and 15 tooth coil windings is studied. The geometric@frors between both 3D FE, 2D FE model and MEC model are

and electromagnetic properties of the machine are descritserved. The maximum percentage error between the MEC

in Table I. and the 3D FE model is 178 This proves a great accuracy
In all subsequent simulations, six radial slices are taken for the MEC model.

both the 2D FE model and the MEC model. In the MEC Figure 9 compares different models for torque computations

model, the number of discretizations shown in Fig. 4 equal rated loading condition. This is done using 2D and 3D FE
10 ny1 = 8, Nya = 8, Mg = 8, Ny1 = 3, Nya = 3, Ny3 = 3, models. The MEC model can track the same shape of the

Nya = 3, nys = 4, andnyg = 3. torque of the 2D and 3D FE models.

Comsol software is used to conduct the FE simulations. TheTable Il summarizes the deviation of the mean torque
3D FE model has a 100000 tetrahedral with a quadratic shayween different models. The torque ripple percentager err
functions. In the 2D FE model, 8000 triangles are used with computed with respect to the 3D FE mean torque. The
quadratic shape functions are used to model the machine. Maximum percentage of mean torque error with respect to

The validation scenario of the MEC model is conductedfe 3D model mean torque is ¥l The MEC model gives
with respective to different parameters. The comparisoas &€'y accurate result for the mean and torque ripple values.
done with respect to the 3D and 2D multi-slice FE models.
This includes the air gap flux densities, the terminal vatag |,

A 3D FE Model|

0.5 H

and torque, the cogging torque, the flux density and lo« | . & & & | 5D FE Mool
distributions, and the CPU time comparison between differe ! Q fx 5 é é A + MEC Model
models used. Different loading and geometrical configareti 4 i : t AR 4 : 2
. . . . 0.5 s i i A A P i A A 8 3 0z % )
are studied. In addition, a comparison between the trawitio Y U A s
MEC and the new MEC is conducted to verify the robustnes= f i i % i m
of the new MEC model. = i i 2 : B g
PO A A @ i i T
N Y A & A A

A. Air Gap Flux Density Comparison sl

-200 -150 -100 -50 0 50 100 150 200

The curves of the MEC and FE models in Figs. 6 and O [°]
show good correspondence for the normal and circumfetentia
components of the air gap flux densities when loading th®y. 6. Axial flux densities comparisons for different models at rated
machine with the rated curreit..q. The total effect of the loading condition.
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..... 2D FE Model RMS VALUES FOR THE VOLTAGE FOR DIFFERENT LOADING AND
« MEC Model GEOMETRICAL CONDITIONS.

0.2 ! * bso 1 Parameter 3D FE Model 2D FE Model MEC Model
= 'y 0 Vems [V] 230 232 232
E 0 3mm Errory,,.. [%] - 0.9 0.9
I Vims [V] 247 242 243
-0.2 rated  Brrory,  [%) - 2 1.6
o4 i 0 Vims V] 221 225 225
: Zmm Errory,,.. [%] - 1.8 1.8
06— . I Vims [V] 234 231 231
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D. Flux Density and Loss Distribution Comparisons
Fig. 8. \Voltage waveform for different models at different loading

conditions. The flux density distribution at the rated loading condition
between the 3D FE, 2D FE and MEC models at a certain
position are shown in Figs. 12 (a), (b) and (c) respectivghg
labels R, 0., y) depict the cylindrical co-ordinates shown in
Figs. 2 (b) and (c). For the 2D FE and the MEC models, the
flux density in each pointa, v in Fig. 2 (c)) of the plane is
The 15 poles and 16 slots combination gives very lo@veraged over the number of slices taken. In the MEC model,
values of cogging torque because of the high value of the lefiere are some space in the figure at the end of the teeth and in
common multiple of the poles and slots [28]. To make a bettfte rotor. This is due to the computation of the flux densities
presentation for the cogging torque, a machine of 70 polds df grid points. In each grid point the flux is assumed to be
60 slots is used in this subsection only. In this machiney onfonstant.
1 over 10 of the machine can be simulated. The details ofln conclusions, in addition to the accurate computations of
this machine can be found in [7]. This machine has a high¢gltages and torque shown in previous figures, the conalusio
cogging torque amplitude. from Figs. 12 (a), (b) and (c) is that the MEC achieves aceurat
Figure 10 shows the difference between the 2D, 3D pttx density prediction in all points in the stator, airgapdan
models and the MEC model for cogging torque computatidRtor-
at 5 mm slot opening. The horizontal axis in Fig. 10 indicates The iron loss distribution inside the teeth in [Wihat
the rotor positions while rotating¢.,). It is clear that the
MEC model is capable of predicting the cogging torque profile

C. Cogging Torque Comparison

" TABLE Il
Slm”arly to the FE models. MEAN VALUES FOR THE TORQUE FOR DIFFERENT LOADING AND
To ensure the highest accuracy of the MEC model, the slot GEOMETRICAL CONDITIONS.
opening is swapped around certain values. Fig. 11 depiets th
. . bso I Parameter 3D FE Model 2D FE Model MEC Model
peak-to-peak value of the cogging torque as a function of the

. . .. . Tmean [NM] 18.46 18.54 18.66

slot opening over the tooth pitch at minimum radius. The MEC,,,,, , Brrorr,, ., U] o 043 1
. . rate Th— . . .

model is very accurate to predict the shape of the peak value Tp,pmm‘f/i,[eﬂ,)m %] 18 14 16

for cogging torque for any slot opening.

Tinean [NM] 17.96 18.11 18.14
Errorr,,., [%] - 0.84 1
mm - Laged Tp—p [NM] 0.19 0.16 0.23

Tp—prroder / Tmeansppg [%0] 11 0.9 13
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Fig. 10. Cogging torque profile for different models as a function of the
rotor position in mechanical degrees.
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rated loading condition between the 3D FE, 2D FE and MEQb) 2D FE model average flux density distribution for differeadial

models are shown in Figs. 13 (a), (b) and (c) respectively:

slices.

The loss distribution for the 2D FE and the MEC models are NIRRT
averaged over the number of slices taken. As a conclusion AAAAARNAAAAARDS

from these figures, the MEC model can accurately predict the **” [TTTILITITLTLTL1]1 3
loss distribution of the AFPMSM machine. '

Table IV summarizes the stator core iron losses inside thez **° i
machine. It shows that the MEC model can accurately predict> " o3
the total iron losses accurately. The comparison is done for **" e
different loading and geometrical conditions. The maximum  ** 04
difference compared to the 3D FE model {%.6 0025 N
0.03 ‘
E. CPU Time Comparison 3 2 o D 2 3 0

Table V summarizes the CPU time for each of the tested (c) MEC model average flux density distribution for diffeteadial slices.
models. All calculations are done on a PC operating a 64-bit

TABLE IV
STATOR IRON LOSSES COMPARISON FOR DIFFERENT LOADING AND
GEOMETRICAL CONDITIONS.

bso 1 Parameter 3D FE Model 2D FE Model MEC Model
0 Erﬁ?m [W][(y] 18_1.7 %858 1383.8
3mm Piron L7 : :
ated Piron [W] 201.4 200.8 202
rate Errorp, . [%] - 0.3 0.7
e 4’ ss
7mm Piron 0 ' :
Trated Piron [W] 175.6 177.1 179
rate Errorp  [%] - 0.85 1.9

xxxxxx

Fig. 12. Flux density distribution in T for different models at rated loading
conditions.

version of Windows 7, the PC has a core i7 processor, and a
memory of 16 GB. Both the 2D FE and MEC model divide
the machine in six slices. All models were computed for 50
positions of the rotor, equally divided over one cycle. Coms
3.5 software is used to model the 2D and Comsol 5.3a for the
3D FE models. The 3D FE model has a 100000 tetrahedral
with a quadratic shape functions. In the 2D FE model, 8000
triangles are used with quadratic shape function are used to
model the machine.
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(a) 3D FE Model volumetric iron loss density distribution.

TABLE V
COMPARISON OF THE CPU TIME BETWEEN THE FE AND MEC
MODELS.
Model Type CPU Time
3D FE Model 15 hrs
Non-Linear models 2D FE Model 5.5 hrs
MEC Model 55s
3D FE Model 10 hrs
Linear models 2D FE Model 1 hrs
MEC Model 1.8s

very superior to the information that can be obtained within
1 second regarding the flux density distributions, terminal

voltage and torque profile.

F. MEC Model Parameters Optimization and Compara-

tive Study With Conventional MEC
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(b) 2D FE Model volumetric iron loss density distributioneazged over

number of radial slices taken.
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(c) MEC model volumetric iron loss density distribution eaged over

number of radial slices taken.

Fig. 13. Volumetric iron loss density distribution in W/m3 for different

models at rated loading conditions.

In the developed MEC, the circumferential discretization
(nx =nx1 = nx2 = nx3) and the axial discretizatiom({ =
Nyl = Ny2 = Ny3 = Nya = Ny5 = Nye) Shown in Fig. 4
can be optimized to keep a good balance between the CPU
time and the accuracy of the electromagnetic parametehs wit
respect to the 3D FE model.

Therefore, Fig. 14 shows the effect of variations on the
percentage errors of the MEC rms voltad&s:c, mean torque
Tmeanyrc, torque rippleTy, , . and iron 10SSesonypc
compared to the 3D FE model rms voltagés rg, mean
torque Treanspre, tOrque ripple7;, ., and iron losses
Pironspre respectively. Theny is varied in steps from 1 till
8 and the CPU time is noticed for each discretization. In this
caseny equals to 3. This test is performed at rated current
and a slot opening of 3mm.

To achieve a percentage error of less thénfér all electro-
magnetic parameters, a minimum choice of two discretinatio
in the circumferential directiom, is mandatory. In this case,
the CPU time is reduced to 10s. The same test is done for
different geometrical and loading conditions and the same
conclusions are obtained.

Moreover,n, plays an important role in the accuracy of
the results and the CPU time. Therefore, the percentageserro
of all electromagnetic parameters described before aieatbt
with respect to the variations of,. n, is fixed at 2 in this
case. The results of this experiment can be noted from Fig.
15. A choice of 2 axial discretization, would keep the error
below 5% for all electromagnetic parameters. The CPU time
in this case is reduced to 5.4s.

In addition, the change of radial slices, noted in Fig. 2

The comparison is done with a linear and a non-line@), affects the results accuracy and the CPU time. Thezgfor
permeability. For the non-linear case, the comparison showie number of slices is varied from 2 till 8 with a step of 2.
that the 3D FE model is very time consuming compared to tfiéie circumferential,, and axialn, discretization are kept
other models. The comparison also shows the superiority t6f be 2 and 2 respectively. Fig. 16 shows the variation of
the MEC model compared to the FE models. The MEC modgle percentage error of the electromagnetic parametets wit
takes 55 secs with the non-linear permeability. This is &botespect ton,. It shows that an optimum selection of 4 radial
900 times faster than the 3D FE model and 600 times fastgices keeps the error withirfs The CPU time is reduced to

than the 2D FE model.

3.2s. It is clear from the above optimizations that an aaura

For the linear case, all time steps can be computed at ongEthe electromagnetic parameters dk an be achievable
This reduces the computational time to only 1.5 secs. Thisvisth a CPU time of only 3.2s including the non-linear behavio
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TABLE VI
RMS VALUES FOR THE VOLTAGE AND TORQUE PROFILE FOR RATED
LOADING CURRENT AND 3MM SLOT OPENING COMPARISON BETWEEN
THE 3D FE MODEL, CONVENTIONAL MEC MODEL, AND THE NEW MEC

mo—Va
&L\m‘r/ Vipre %

FE

T;

e MEC 07
3DFE

MODEL.
20 ,E.,P Prongprg % 30
N Brongp =
Parameter 3D FE  Conventional New MEC = <~ CPU Time das'e
Model ~ MEC Model Model s o e
Vims [V] 247 277.6 244 & 202
Errory,,, . [%] - 12.4 12 -
Tmean [NM] 18.46 21.1 19.36 10 s
Errorg,, .. [%] - 14.3 4.9
bop INM] 0.34 2.24 0.43
18 121 2.3

To—prtoger / Tmeansppg [%]
CPU Time

15hrs 2.7s

3.2s

of the electromagnetic material. In addition, to make advett
assessment of the developed MEC model, a comparison V\#IS' 14. The percentage error of the machine electromagnetic pa-
the conventional one is done. The conventional MEC is basetheters (Voltage, mean torque, ripple torque, and iron losses) of the
on the inter connection between stator and rotor reIucEané@F’]EC model compared to the 3D FE model results on the left scale.
. . " . The CPU time is on the right scale. The horizontal axis represents the
as shown in Fig. 17. For each rotor position, the air gap,
reluctance between toothand PMk depicted as; . has to
be recalculated according to the window function of thefioot - M
and the PM described in [21], [29]. This poses some errc >~
delay, and complexity in the matrices construction for eac ’ ViV
rotor position. However, in the new developed MEC presente c
in this article, there is no need to interconnect any rotor ¢ |«
stator relcuctances together. The only moving elementds t=* |-
MMF sources of the PMs. :
Table VI summarizes the percentage error in voltage ar
torque between the 3D FE, conventional MEC and the ne :
MEC models. It also shows the CPU time between bot
models. The discretization used in the new MEC are tt
optimized ones 1(,=2, ny=2, andns=4). Table VI depicts
that the conventional MEC can predict the electromagnet ' p
parameters with a maximum percentage error of %4if
all parameters within a CPU time of 2.7s. While, the newg 15 The percentage error of the machine electromagnetic param-
MEC can predict the same electromagnetic parameters witltes (Voltage, mean torque, ripple torque, and iron losses) of the MEC
maximum percentage error of 49in almost the same CPU Model compared to the 3D FE model results on the left scale. The
. " PU time is on the right scale. The horizontal axis represents the axial
time. In addition, the model does not need to rearrange tﬁgcretizaﬂon,
reluctance in the airgap while running the dynamic simalati
which is very suitable for surface PM machines, neitheraiadi
flux or axial flux machine.

This show: the high accuracy of the results oktainec from

mferential discretization.

Powsprs o7
P R—

- CPU Time pd b

CPU Time [s

Error

= 3

1207

IV. EXPERIMENTAL VALIDATIONS

The stator core of the YASA machine consists of thin
the developec MEC mode conrparet to the corvertiona one |aminated grain oriented material. The lamination thidee
within the sam« CPL time. is 0.23mm. The iron losses coefficients for the GO mate-
In addition, to make a fair comparison with the conventionaial kg, ;-kr. ¢ described in (15) are 7.4e-3, 2, 1.02686e-
MEC model, only one radial slice is taken into account in thgs, 1.407179e-02, 8.35812e-05 respectively. Here:-kre 6
new MEC model. The model only takes one sec to obtaie fitted based on quasi-static measurements on an Epstein
the solution. The rms value of the phase voltage equals ftame. The excess loss coefficient is fitted based on measured
252V with a percentage error with the 3D FE model 6§.2 hysteresis loops with amplitudes up to 1.8 T and frequencies
In addition, the mean torque output equals 19.9Nm with getween 10Hz and 700 Hz, causing a good correspondence
percentage error of 778. The torque ripple output is INm. of predicted and measured losses up to frequencies above the
This results in a percentage error to the mean torque of the @lded operating frequency of the motor 333 Hz. The values
FE model of 5.%. This proves out that even if one radial slicéor The fitted parameter&l,, By and N, for the v,(B) curve
is considered, the result is still better than the convesatio described in (12) are 41.4A/m, 1.6T, and 33.2 respectilédig.
MEC approach. However, many authors use complex PMEC model is adjusted to these parameters while performing
shapes [30] to reduce the torque ripple and cogging torquee experimental analysis. The windings are placed around
In this case additional radial slices are required. the stator core. A plastic end plate is placed between the
end-winding and the stator core. A stator housing is made
of laminated aluminum sheets to reduce the eddy currents
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Fig. 16. The percentage error of the machine electromagnetic param-
eters (Voltage, mean torque, ripple torque, and iron losses) of the MEC
model compared to the 3D FE model results on the left scale. The
CPU time is on the right scale. The horizontal axis represents the radial
number of slices ns.
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Fig. 17. The conventional MEC sub-division principle.

TABLE VI
RMS PHASE VOLTAGE COMPARISON BETWEEN MEC MODEL AND
EXPERIMENTAL RESULTS.

I Experiment [V] MEC Model [V]  Error J&]
No Load ( = 0) 127.5 128 0.4
Full Load (I = 9.95A) 101.2 106.4 5.1

For sake of validations, the load resistances are varied
experimentally over a wide range from Qaill 200€2. The
terminal rms voltages, currents and the output from theu®rq
transducer are measured. Theand ¢ axis currents fg, 1)
inputs to the MEC model are adjusted according to the no
load voltage measurements, AFPMSM inductance, AFPMSM
resistance and load resistance. Thand ¢ axis currents are
determined by:

Nm

2000
1 (16)

((Rl + Rm) +j27TfLm),

Iy + 5Ia =V2Vago0

where V,,, —2000 IS the no load voltage¢(The electromctive
force (EMF)) measurement at 2000rpm which equals 127.5V
denoted in Table Vlln,, is the rotational speed in rpnk),

Ry, are the load and motor resistances respectively. The motor
resistance equals 0.97 f is the operating frequency in Hz.
L,, is the motor inductance which equals 4.3mH.

Figure 20 shows the difference between the experimental
setup measurements and the MEC model results for the rms
terminal voltage at two different speeds of 1000rpm and
2000rpm. Due to the resistive load, the machine operates
with a negatived axis current. A smaller resistance (larger

induced in them. Epoxy potting is used to get the differeR{,rrent) leads to a reduced voltage which is known by the

stator parts bonded into a single solid stator structure.
To perform measurements, the AFPMSM prototype

field weakening operation. The figure shows that the MEC

_iﬁlodel gives higher amplitudes than the experimental setup.

placed into a test set-up of which an overview is given ifh;s js a consequence of the lesser inductance anticipated b

Fig. 18. In this test set-up, an asynchronous 7.5 kW, 3090,

model.

rpm motor is used as a prime-mover and is powered by & ever, Fig. 21 shows the percentage error between the
commercial drive. Set-points to this drive for the speed (%rxperiments and the MEC model for the two different speeds

torque) are given by a dSPACE 1104 platform. The AFPMSM

r the terminal voltage. It shows that the maximum percgaita

is used as a generator connected to the fully-programmagie, is anout % from the experimental measurements.

three-phase load.

A. Terminal Voltage and Torque Comparisons

The experiment is done at a speed of 2000 rpm. The Io

of the AFPMSM is a resistive load of €0 The output rms

current of the AFPMSM is 9.95A which corresponds to a
electromagnetic torque of 14.9Nm. The no load rms voltag

is 127.5V. The output full load rms voltage is 101.2V.

Figure 19 shows good agreements between the MEC mod
and experimental results for the no load and the full loacdspha =
voltage. In addition, rms values for the voltage comparsson ‘ -
between the MEC and the experimental results are compar( . O\rs_l

in Table VII. It shows a maximum error of 37 between both
results.

- N |
Induction Machine

gt

Fig. 18. Axial-flux PM machine test set-up. From left to right: load
(asynchronous) machine, torque sensor with couplings, axial flux PM
prototype machine.
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Fig. 21. Percentage error difference between the experiment and the
MEC model for the rms terminal voltages for different load resistances
(R;) at two different speeds (1000rpm and 2000rpm).

Fig. 19. Comparison of no load and full load phase voltages for the
experiment and the MEC model.
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Fig. 20. The rms terminal voltages for different load resistances (R;) at
two different speeds (1000rpm and 2000rpm) for the experiment and the ) ) ) )
MEC model. Fig. 22. The torque for different load resistances (R,;) at two different

speeds (1000rpm and 2000rpm) for the experiment and the MEC model.

Figure 22 shows the difference between the experimental
setup measurements and the MEC model results for the in Hh rotor losses. The thermal models used were presented in
torque at two different speeds of 1000rpm and 2000rpm. T ’ P

figure shows clearly that the MEC model can easily track tq 3, [34]. They are based on 3D FE and lumped param_eter
. ermal networks (LPTN) for the machine. The convection
same response as the experimental setup.

) . coefficients used are based on computational fluid dynamics
Figure 23 depicts the percentage error between the eXp%rr'\éIysis These models were experimentally validated

ments and the MEC model. It shows that the maximum per- ' '
centage error is about&from the experimental measurements The thermal experiment is conducted at no load ang 10

at high loads (low load resistance). However, at lower lpadgad resistance at 2000rpm. The Isgnonlin tries to fit the los
the percentage error increases t&23 his is a consequencecomponents to obtain the same experimental temperatures.
of the increased effect of the bearing and windage lossesFi@s. 24 and 25 show the thermal FE winding, core and PM
low loads. Therefore, noticeable difference would be oker temperatures with the experimental ones at no load astl 10

at low loads. load resistance respectively. They show that the thermalmo
els are capable to track the same response as the expelimenta

. setup.
B. Loss Comparison

. ) Figures 26 (a), (b) show the temperature distributions for
The iron loss presents a major part of the total losses Raftor and the PMs at steady state at no load and tHe 10

the YASA machine. Therefore, it i; mandatory to verify th‘f'oad resistance. In addition, Figures 26 (c), (d) are degict
robustnes_s _Of th_e_MEC model with respec_t to the Ioss%r the stator. Table VIII depicts the core, winding and roto
However, it is a difficult task to segregate _th_e Iron lossesnfr losses from the output of the Isgnonlin and the MEC model at
the total measured losses. Therefore, a similar inversentie o o1 died loading conditions. The table shows that the MEC

modeling to [31], [32] is used. _ model is capable of predicting the iron losses with a maximum
The method used is based on the least square non"nﬁ@rrcentage error of 26.94

(MATLAB function Isgnonlin) fitting method. The inputs to
the models are the experimental measured temperaturdsefor t
winding, core and rotor. The outputs are the winding, core,
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Fig. 23. Percentage error difference between the experiment and the . o o )
MEC model for the torque for different load resistances (R;) at two  Fig. 25. Winding, core, and PM temperature in (°C) for the experimental
different speeds (1000rpm and 2000rpm). and FE model at 1052 load resistance at 2000rpm.
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Fig. 24. Winding, core, and PM temperature in (°C) for the experimental ~

and FE model at no load at 2000rpm.

V. CONCLUSIONS

This paper presents a fast and a simple semi analytical
model based on magnetic equivalent circuit (MEC) model
for axial flux permanent magnet synchronous machines (AF-
PMSM). This model can be extended for all surface permanent
magnet machines. The main novelty of the model is the static
reluctance network elements despite rotation. The permane
magnets (PMs) are modeled by an equivalent Fourier series
based model. This Fourier series is a time dependent. This
simplifies the region of the PMs to only time dependent
sources with fixed reluctances. Consequently, the stator, a
gap, PM, _and rotor reIUCte_mceS _are Kept ConSta_nt In_ _a” tlrf-‘%. 26. Temperature distribution of the rotor and stator in (°C) at no
steps. This boosts the simulation time and simplifies th&id and 109 load resistance at 2000rpm for the FE model.
solution in the linear case and simplifies the solution in the
non-linear case. Moreover, to account for the 3D effect, a
multi-slicing in the radial direction is done. On each radiaThe comparisons show the superiority of the MEC model.
slice, the solution is computed individually. All radiaic#s The cogging torque for different geometrical parameters is
are computed within the same matrix. compared with the FE models. A distinguished performance

The performance of the MEC model is validated at severaf the MEC model is observed in terms of computation time
loading and geometrical conditions. The model is compargdrsus accuracy. Although, sinusoidal current supply &dus
with 3D and 2D multi-slicing FE models. The comparison this case, the model can work directly with different euntr
show a maximum error deviation of ¥@8 1.1%, 1.6%, 6% waveforms depending on the supply type. The ability of the
for the rms value of the voltage, the mean torque, the torgpest-processing loss models to predict the losses at @dtor
ripple, and the loss computations. Moreover, the iron loflsix waveforms depends on the applied loss model. This is
distributions in the MEC are compared with both FE modelsalid also for FE solvers also, if a post-processing model is

Vavay,

Ay,

/-

. Wl
) /o
<,

TAVAvay,y,

(c) Stator temperature at no  (d) Stator temperature at Q0
load. load resistance.
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where By, Bay,, Bs, are the flux densities for each branch.

TABLE VIII The residual functiomr in this case equals:
LOSS DIFFERENCE BETWEEN THE EXPERIMENTAL SETUP AND THE
MEC MODEL. T
r=LT(Rye1,)L® - F.=R® —F,
Load type Loss type Experimental Setup MEC model Er?é)] [ B Rler(Blb) + R2b v (B2b) _R2b v (B2b)
Core Losses (W) 25.1 19 243 =
No Load ( = 0) Winding Losses (W) 0 - - —RQer (BQb) Rgbl/r (ng) + RQer(BQb)
Rotor Losses (W) 7.5 - -
Py E
Core Losses (W) 20.5 15.1 2634 - 5
Rj=10Q Winding Losses (W) 80 - - (1)21 0
Rotor Losses (W) 10 - - (18)

where the reluctance matrR equalsLT (Rq e ;) L.
To obtain the Jacobian matrix in (10), the matric®g,..

used. _ o in [1/m?], U, v,,.., and®, in [Wb] described in (10) need to
Regarding the simulation time, the MEC model only takgge evaluated.

about 1.5 seconds with a constant permeability for 6 radial
slices and 50 time steps. In the non-linear case, it takes 55 -

. L . = 0 0
seconds. In non-linear case, it is 900 times faster than fthe 3 - Aéb ) u- |t 1
FE model and 600 times faster than the 2D FE model. Lastly,” ™" — 0 Az 11
the model is verified by a 4kW AFPMSM test setup. The MEC - Azp
model proves also a very good performance in comparison Vrlge, 0 0
. : . o 0
with the experimental setup results. In conclusions, theCME vy, = | 0 12,4, 0 |, ®a= 0 Byl
model can be used to obtain all the electromagnetic parasnete | 0 0 Vr3ger
of the machine for different geometrical and loading condi- (19)
tions where Ay, Aap,, Asp, are the areas of each braneh,, , =
' Oy (

%}1}‘)) is the first derivative of the relative reluctivity (12)
with respect to the flux density at a value Bf,,. Besides,

Vrogo Vr3g., Can be defined similarly.

Figure 27 shows an example of a simple reluctance network gy gy pstituting the matrices described in (17) and (19) into
This network is provided to give a better understanding of h0(10) the Jacobian matrix is obtained.

to use the equations (7)-(11).
This network consists of a magnetomotive-force sourcg _p
E in [A.turns] and three reluctanceRy, ,Rop, ,R3,. These o

APPENDIX

reluctances are multiplied afterwards by the relative lioear R“j:iide" 0 0

reluctivity of v,(B1y,), v:(Bap), v:(Bsp) that are dependent LT 0 RA 0 ((LQdU) .L)_
on each branch flux densitieB,},, B, and Bs, in [T] 0 Sb Rypins,,,

respectively. There are two flux loods;;, and &5 and three Asb (20)

branch fluxes®,,, ®,,, and ®3, to be solved using the
Newton-Raphson approach described in (7)-(11).
In this example, the number of loops = 2 and the number

The Jacobian matrix equals:

Rivrrig,, Robriay,,
of branchesu, = 3. The magnetomotive-force vect®, in J—R+ ye i’“’f o (Pu — Pa)
[A.turns], the diagonal reluctance matiX, in [A.turns/Wb], — e (B — Byy)
the loop flux® in [Wb], the relative reluctivity matrix,, and _ Rapuizg,, (@1 — o) (21)
the loop matrixLL described in (8) can be described as: Ron s Azp = R 2,3
e (O] — Bgp) 4 A Dy
Agb A3b
To obtain the Jacobian matrik by the conventional way, it
Ry, O 0 y Y
F.= [E} , Ri=| 0 Ry 0|, ®= F’ll] , was proven in [20] thad is divided into two parts. One part
0 0 0 R D21 is the reluctance matrix teriR. The second one describes the
change of the reluctance term with respect to the loop flux.
v(Bw) 0 0 Lo Therefore, the first entry of can be described as:
v = 0 ve(Bay) 0 CL=|1 -1, erefore, the first entry aJ can be described as:
0 0 vy (Bspb) 0 1
17) g,y = 20D pg sy
LD =58, (1, 1)+
Ovy(Biy) Ovy(Bay)
R R Dq—
( 1 5%y, "5 1 (22)
8Vr(BQb)
R )
I ( 2b 9y, 21
The partial derivative termRQb%ff") is resolved as
follows:

Fig. 27. A simple reluctance network.
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[9]
aVr(ng) o 61/r (ng) BB% (9(1)21)

00y " 9By, 00y, 00y

where = 19, Can be obtained by differentiating[10]
(12) with respect to the flux density at a valueRy;,. The term

gB% is the inverse of the areal(;,) of this reluctance%‘g2b
denotes the direction of loop flux with respect to the brandhil
flux. If they are on the same direction, it is one. Otherwise, i

is -1. This simplifies the solution to:

Ray, (23)

Ovy(Bab)

[12]
vy (Bap) 1 Ropvrag,
Ro,———= = Roplho,,, —1 = ———=. 24
2b 8‘1)11 2bVr240r A2b A2b ( )
Therefore, the entries of the Jacobian matfixcan be 13

obtained as:

J(1,1) =R(1,1) + gl‘j{f;d“ + Rz‘;gjder) By — L2 2er oy [14]
J(1,2) =R(1,2) - 20 gy 4 20
J(2,1) =R(2,1) — %cﬁ L+ M@ ol [15]
J(2,2) =R(2,2) + Rﬁfi;fdwcbu

+ (_ Rm)u;ider RS‘Z’;dex ) Dy. [16]

(25)

By comparing (21) and (25), the same solution is obtained
by the two methods. However, The traditional method &%’]
obtaining the Jacobian matrix is a heavy computational. task
Therefore, the method described in (10) provides a fast so-
lution for the Jacobian matrix without the need for any fotél
loops. The use of sparse matrices alow the fast computation

of the Jacobian matrix.
[19]
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