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A Simple and Efficient Quasi-3D Magnetic
Equivalent Circuit for Surface Axial Flux
Permanent Magnet Synchronous Machines

Ahmed Hemeida, Antti Lehikoinen, Paavo Rasilo, Hendrik Vansompel, Anouar Belahcen, Antero Arkkio,
and Peter Sergeant

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 validations
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].
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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, worldmachine with internal rotor (AFIR), (c) and (d) the toroidally
wide research efforts for the past 20 years and can N nd machine with internal stator, in two variants.
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Accurate and fast modeling techniques are indispensable for
a complete design of electric machines. A multi-physical de-
sign is mandatory.e. for involving thermal, electromagnetic,
and mechanical modeling. This paper focuses on the electro-
magnetic modeling of the surface permanent magnet (PM)
machines. The yokeless and segmented armature (YASA)
machine is selected as an application for this study.

Several numerical and analytical techniques were developed
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 machines,
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 speaking,
analytical tools can be classified into three main categories



[8], [9] for surfacePMSMs.The authorsin [8], [9] compared
mainly between(1- the magneticequivalentcircuit (MEC)

model), (2- the Fourier basedmodels),and (3- a combined
solution of MEC and Fourier basedmodels.) The criteria
of the selectionare basedon the simulationtime, capability
to calculatemeantorque,inducedvoltage,torqueripple and
coggingtorque.

The MEC model is basedon representingthe electric
machinewith a magneticreluctancenetwork that depends
on machinegeometricalparametersand non-linearmagnetic
materialpropertiesin suchatechniquethemodelingaccuracy
highly dependson the useddiscretizationlevel. Additionally,
it is importantto modelthe air gap by reasonableeluctance
pathsthatchangecontinuouslywith therotationof theelectric
machinesThis meanghat at eachrotor position,all rotor and
statornodesneedto be alignedwith the air gap nodes[10],
[11], which increaseghe complexity of the MEC.

In [12], the MEC was developedfor an interior radial
flux fractional slot permanentmagnetsynchronousmachine.
Althougha hugereluctancenetworksizewasutilized, cogging
torqueandtorqueripple resultswere not validated.

In orderto simplify the air gap reluctancerepresentation,
the alignmentbetweenthe rotor and stator is divided into
threestatesin [10]; a statewhen a little part of the magnet
contributedo the MMF in the stator,a statewhena higherpart
contributesanda statewhenit totally contributesHowever,a
very large matrix is obtainedand the problembecomesmore
complex.Additionally, this methoddoesnot ensureaccurate
computationof the coggingtorqueandtorqueripple.

Other attemptshave been made to simplify the air gap
reluctancerepresentationsuchasthe refinedmeshapproach,
thatwasproposedn [11]. In therefinedmeshapproachgach
magnetis subdividedinto a high numberof elements,i.e.
15, which allowsthe demagnetizatioeffectinvestigationThe
reluctancesonnectinga statortooth and a rotor elementare
obtainedby integratingthe productof their window functions
and the inverseof the air gap length function. Although the
MEC accuracyis highly improved using this refined mesh
approachthe complexity dramaticallyincreasesThis model
is capableto predictall electromagnetiparameters-However,
with respecto complexityand computationatime, the model
is not efficient.

When AFPMSM are beingmodeledusingthe MEC model,
the machineis divided into a numberof radial slices,where
the magneticequivalentmodelis appliedin eachslice [13].In

[13], the developedMEC modelof the AFPMSM wasnicely
validatedwith FE model, but only for the meanvalue of the
torqueandtheterminalvoltage.Thecoggingtorqueandtorque
ripple were not computed.

It is clear that there are somedifficulties in the existing
MEC model regardingthe connectionbetween stator and
rotor reluctancesEachtime the rotor rotates,the reluctances
needto be alignedagain. Additionally, one needsvery high
discretizationto obtain the coggingtorque and torqueripple
and hencethe complexityincreases.

A secondapproachis to use the Fourier basedmodels.
These models can nicely predict the air gap flux density
and therefore predict the cogging torque and torque ripple

efficiently. A comparative study between different concepts of
Fourier based subdomain (SD) models and conformal mapping
techniques for AFPMSM and radial flux permanent magnet
synchronous machines (RFPMSMSs) has been presented in [7],
[14] respectively. For the calculation of the no load voltages,
the result is satisfactory for all models. However, for torque
ripple and cogging torque calculation, the SD model is the
most accurate technique to predict them. These SD models
assume infinite permeability for the stator and rotor iron cores.

New pure Fourier based models that include saturation in
the iron core were presented in [15]. In addition, a hybrid
Fourier based model and a MEC model was presented in [16].
This model is based on solving the Poisson equations firstly
assuming infinite permeability and imposing the solution to
the MEC model afterwards. In [17], the authors compared
between a hybrid Fourier based model and a conventional
reluctance network. The hybrid model is based on modeling
the rotor, the permanent magnets (PMs) and the air gap region
by a Fourier based model and the stator by a reluctance
network. The strong coupling between both models is done
by equalizing the magnetic scalar potential on the interface
region between the stator and air gap area. They concluded
that the hybrid method gives better performance in terms of
CPU time.

In all the aforementioned analytical models, the 2D multi-
slicing modeling technique is used. The authors in [16]
compared between the 2D multi-slicing modeling technique
and the 3D FE model. Additionally, they obtained the optimum
number of slices for different permanent magnet PM shapes.

Moreover, the authors in [2], [18] carried out a parametric
study to analyze the end effects on the accuracy of the multi-
slicing modeling technique compared to the 3D FE model.
It is demonstrated that the multi-slicing technique can be
advantageously used for design purposes.

To obtain the benefits from the ability to model the non-
linear behaviour of the material in the traditional MEC model
and the ability to compute the cogging torque and torque ripple
from the Fourier based models, a simple and an efficient model
is developed to tackle this.

In this article, instead of rotating the reluctance between
the rotor and the stator, the magnetization sources are rotated.
Therefore, the system matrix has to be created only once. For
all consecutive time steps, only a multiplication is required of
the inverted matrix with the time dependent source vector.
Therefore, the MEC model can be used to predict all the
electromagnetic parameters of the machine including voltages,
mean torque, torque ripple and cogging torque.

Il. MODELING PRINCIPLE

In the 3D and 2D multi-slice FE models, described in Figs.
2 (a) and (c) respectively, only half of the machine is modeled
and a symmetry boundary condition is imposed at half of the
tooth.

The idea of the multi-slice 2D FE model is to stretch the
machine over the radial length of the machinejslices [16].
Each slice has an average radiusiyf, and a radial length
tep. The 3D to 2D transformation is shown in Fig. 2 (b). In



all the 2D FE models,the radial componenif the magnetic v A Stator tooth
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shownin Fig. 2 (c). The axis definitionin Fig. 2 (b) is R for
the radial direction,andé,,, for circumferentialdirection.The
x,y-axesin Fig. 2 (c) presentthe circumferentialand axial

v s
direction. -
The 3D and 2D multi-slice FE models are used as the : ’{} {} {} {} {} I Yo
P
Comsolsoftwareis usedto conductthe FE simulations.The - : '
I
I
I
I
|
I
I

referencesolution to evaluatethe accuracyof MEC model. [ :
g . : |

novelty of the MEC modelis illustratedin next subsection. /)
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A. Operation Principle

The MEC is based on the representation of the major flu Brem/tolts

sources and lumped reluctance elements. The flux sources
the magneto-motive force (MMF) sources, which represent the
injected electric currents in the windings. On the other hand,
the PM is usually modeled by a magneto-motive force in series

to a self reluctance. The lumped reluctance elements consist of
linear and non-linear reluctances of the stator and rotor cores. (b)
They are dependent on the relative permeability of the used o o o
material. The stator core relative permeability is a function 59. 3. MEC model at a radial slice number 7 with the PM magnetization.

. - a) AFPMSM geometry. (b) PM magnetization.
the flux passing through the element itself. The PM and air

gap permeability in Fh's case are cgns_tant. according to the angle of rotation. Accordingly, the reluctances
The MEC model is solved in a similar way to the 2D FESf these PMs are constant
”?Ode' des_cnbgq In Fig. 2 (C?' The machmg IS §tret_ched atTherefore,the PMs are modeled by equivalent Fourier based
different slicesi in the radial dlrecuonR‘descnbed 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
tep- . . . o . axial length ., Y.1, Yeo, Yes), slot width bs, slot opening
It is possible to obtain any quantity like torque, mducgsm air gap lengthy, PM axial lengthY,,, PM pole pitchr,,

voltage, etc. by summation of all slices values. and the PM pole arc ratio,,. The currents are described by
As previously outlined, a novel approach is proposed tﬁ in different slot regions.

avoiq the alignment between the rotor and stator reluctancesAssuming one PM with a remanent magnetic flux density

In this technique, reggrdless of the rotating rotor, the P_Ms 3B (B, is operating with a negative field intensity off{,

assumed to have varying flux sources that are rotating in spagg| 3 total magnetic flux density of3(,). The constitutive
relation in one PM can be described as:

v

Ty

Bm - Brcm - NoNer- (1)

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

Bm(xa t) = ﬂoMrMy(xa t) - ﬂoﬂer(xa t)- (2)
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o

(a) 3D FE Model
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whereM, (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]:

)

MY(‘T’ t) = Z o,

7 7 77 %7 B ¥z x n:173.’57““ i
\(2) ‘ PMs Rotor (3)
(c) 2D FE Model wheren is the harmonic order,, is the mechanical speed
in rad/s,,, is the pole pitch at a slice numbérThe number
Fig. 2. 3D and 2D FE models. (1) Neumann boundary condition. (2) ~Of harmonic orders taken in the simulations are 50. The
Dirichlet boundary condition. (3) Periodic boundary condition [19]. amplitudes of the fourier series expansion are described as:

MniCOS <TL7T (:E — Rav f Qm (t) dt)



by a magnetomotive forcé,. The PMs can be modeled by
_ ABrem Sm(”mpi), (4) (6). The value of (6) should be divided by the number of
VT o fhr 2 divisions in the PMs regiomys. As described before, the
where «, is the PM angle ratio of PM width to the polesolution is obtained for different slices and the total solution
pitch, B.om is the remanent PM flux density,, is the free is then obtained.
air permeability, and, is the relative permeability of the PM

which equals 1.05. C. Matrices Assembly

In the developed MEC the tpoth 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 forcd,, in the PM region. Therefore, thethat this type of solution gives faster result than the nodal
average value of the MMF can be used.

Let i ints: and h in Fia. 3 (b based configuration [20].
_ L€t us assume two points andxz, Shown In =1g. (b), In this article, the number of loops and branchesrgrand
in the space in the PM region:; exists in the north PM as

shown in Fig. 3 (b)xs exists in the south PM region. If Iargernb respectively [21]. The vecto® depicts the flux in each

portion between the two points exists in one of the PMs, trll%OD' The size of s [n x 1]. 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 (#l

at a pointz; and a certain time instartby the axial length

of the PMsY,,:

nj

herer is the residual functiorl. is a loop matrix determining
e relation between each branch and the loops associated with
it. The size ofL is [ny, x n1]. Rair, Riron are the diagonal air
and iron reluctance matrices describing the reluctance values
Fomy, = Y My (21, 1). (5) at each branch without considering the relative permeability
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 the iron
x2, shown in Fig. 3 (b), integration of (5) between the tweeluctance matrixR;,.,. It has the same dimension &s,.,.
pointsz; andx, is done. The output is divided by the lengtiR;,,, e 1, is an element-wise product of the iron reluctance
between the two pointse¢ — z1). This is given by: and reluctivity matricesF., andF,,, are the magnetomotive
For each time step, the result of the integration in (6) #rce (MMF) vectors for the currents and the PMs respectively
used as sources for the MEC. In next subsection, the princiggisting 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 2 the loop flux corresponding to the branch flux. This can be
Fom = M. (.T,t)d.%’ : A
pmz,1 — y illustrated as follows:
T2 —T1 Jgy
Y, s Ty
== —mx Z n_l;]\/[ni (6) 1 loop j goes forward in branch 4
2 L n=135,.... Li;= —1 loop j goes backward in branch ¢ . (8)
{ . <n7r (@2 + xs)) . <n7r (1 + xs))] 0 otherwise
sin| ——— | —sin | ————= | | .
Tpi Tpi

However, it is possible to present the PMs as rectangular
shape as presented in Fig. 3 (b). Afterwards, it is possible to r—t—r—"-— s e

| |
rotate the PMs in space for each rotor position according to™ | | T B T’"T ””””””
the time instant. A numerical integration could be done at the | i i !
end to obtain the average MMF between the two points :‘ : I ” i 3 Nyt
andz- for this rectangular function. ! ! ﬁlc JR |
: } } } Tooth
[N N Y NN AN E o _d__L__i__ Region
B. Sub-Division Principle ! : } i\ 1 | 2
B R R G e s SR PRl S —_——e— -
The MEC is programmed so as to allow the choice of | } : T} "y
e . . . | I |
the number of divisions. Fig. 4 shows one tooth with th'e”’wf""; T ; ;****T"T **********
corresponding area of the PMs and the rotor. ! ! ; ! T | "T“ Air Gap
Each tooth in the machine is divided in the circumferentiak;,, & 175 1" E7 77 i";;’;“’;;;";’j ”””””
direction to2n,1 +2nyo +ny3 €lements. In the axial direction, } } : ] Y : nys PMs
the number of elements arg +ny2 +nys +nya+nys+ny.  Feml T oo + F
Fig. 4 shows the case with minimal refinemer n,; = E }T :L Tl E { o J Rotor
1 L 1 -l 1 S D

nx2:nx3:"':1-
There are two different sources in the circuit as described in
Fig. 4. The currents imposed in the winding can be represenfegl 4. MEC sub-division principle.



The non-linear solution can be solved using Newton-

Raphsortechnique.The loop flux ® in (7) atiterationk + 1 . . .
canbe obtainedas: 20 e et
;
_ 5 1.8
@k-&—l _ (I>k _J((I>k) 1r(@k), (9) El.o s . .

. . . . . Q 1.2
where®¥ is the loop flux at iteratiotk. J(@k) is the Jacobian ! 0.9
matrix at iterationk. r(«I)k) is the residual function at iteration 05 82 Knee Point
k. . o o ) Y 500 1000 1500 2000

The Jacobian matrix is divided into two parts. One pa 0 i ‘ : i : : ;

is the reluctance matrix ter® = LT (R.;; + Rion @ v1) L. H [A/m] x10°

The second one describes the change of the reluctance term _ .
. . . Fig. 5. B-H curve of the M600-50A in the studied models.
with respect to the loop flux. The Jacobian matrix can be

described as follows:
vectorF,,,,, is calculated for each slice independently accord-

J =R4LT (Riron ® Aurca ® 1., ((L<I>dU) o L), (10) ing to (6). D can be written as:

whereA ... is a diagonal matrix ofif;, x n,] elements. Each D, 0 0 0

entry in the A, is the inverse of the area of each branch D— o . o0 0 . (13)

in the reluctance element of the iron part. Similadly,_ . is 0 0 D; 0

a diagonal matrix. Each diagonal entry is the derivative of 0 0 0 D,

the relative reluctivity with respect to its associated magnetic h luti ¢ all radial sli be obtained simultane-
flux density and can be described by, — % B, is a The solution of all radial slices can be obtained simultane

diagonal matrix of the loop flux in each lo@. U is a [n; x ni] ously.

matrix describing connections between different loop quxes.T?hCOtnf'?ef.r tlgede(iq)k/) iyrrer?tts_ effect !E?'dte the Iamltn?tlgns
The elements of it can be described as: on the lotal neld distribution, 1t 1S possibie 1o account it by

presenting the magnetic field strength due to eddy currents
1 Ifi=j as a function of the time derivative of the magnetic flux
Uj=1{ 1 Ifd;— &y = dy, (branch fluy . (11) density as described in [23], [24]. Then the total magnetic
field strength can be obtained by summation of both the
) ) ) _ effects of the non-linear magnetic characteristics and the eddy
The Jacobian matrix can be calculated easily without theyrents. Afterwards, the total reluctivity is available and can
need to use any for loops in MATLAB. The norm of theye supstituted in (7) and (10) to obtain the residual function
percentage error in the flux loops vector is setl”. An . 5nd 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 series
The single valued non-linear constitutive relation of the soﬂsing a set of skin-effect basis functions as described in [23].
magnetic material is modelled by three material dependentyy take into account the effect of end winding on the volt-
parameterddy, By and V, [22]. _ o age, an additional term can be added to the voltage equation to
The expression for the relative magnetic reluctivity of thgyress the rate of change of the currents multiplied by the end
soft magnetic material, as a function of the magnetic fluxyinding inductances. The end winding inductances formulas

0 otherwise

density B is given by: can be obtained from [25]. the authors in this article derived
5\ Nl a general equation for the concentrated winding.
Hopio <1 + (B_o) >
n(B) = B, ’ (12) D. Stator Iron Loss Computation

wherey, is the free space permeability. The material used in The flux densities are recorded in all models at different grid
the simulations in both the FE and the MEC models is M60@oints. These flux densities are usedatposteriori calculate
50A. The fitted parameter&l,, B, and N, are 237.5A/m, theiron losses. For the 3D FE model, the three coordinates are
1.458T, and 20.18. recorded to calculate the losses; for the 2D FE model and the
The B— H curve is shown in Fig. 5. Machines are normalfyMEC model, only thez-y flux densities are recorded. Here,
designed to operate around the knee point. For the matetl principle of loss separation is used [26].
M600-50A, the knee point in th8 — H curve exists at almost ~ The total stator core losBy. at each grid point is recorded.
1.45T. Then a summation of the losses at all grid points done to
To account for the radial slices shown in Fig. 2 (b), apbtain the total losses.
matrices are constructed and placed in the diagonal of a new
matrix D. This includes all the matrices described in (7)-(11). n T
The winding MMF vectorF., described in (7), is repeated  p, — Z Phy, +%/pdi (t) + Py, (t)dt p . (14)

equivalently for all slices. However, the PM magnetization )



wherePyy , Pe, (t), Pexc, (t) arethehysteresistime dependent done with respect to the 3D and 2D multi-slice FE models.

classical,andtime dependenexcesdossesat eachgrid point

respectively [26], [27]. The total excessand classicallosses
arethe time average®f the lossesover a time periodT" due

to varyingflux density B at time instantt. The hysteresigoss

depend®nly onthe peakvalueof theflux densityB,,, ateach
harmonicorderm at a certaingrid point. The total hysteresis
lossescan be obtainedby summationof all harmonicorders
in the flux density.Eachcomponenequals:

Phy, =kre1Bire? fpVi,

dB
P, (t) /€Fo3< ) Vi,

dt (15)

chci (t) :kFc.A < 1+ kFc ,5

where f is the frequency corresponding with the fundament

This includes the air gap flux densities, the terminal voltage
and torque, the cogging torque, the flux density and loss
distributions, and the CPU time comparison between different
models used. Different loading and geometrical configurations
are studied. In addition, a comparison between the traditional
MEC and the new MEC is conducted to verify the robustness
of the new MEC model.

A. Air Gap Flux Density Comparison

The curves of the MEC and FE models in Figs. 6 and 7
show good correspondence for the normal and circumferential
components of the air gap flux densities when loading the
machine with the rated curreit,.q. The total effect of the
flux density response on the voltage, torque and cogging torque
profiles is illustrated in next subsections for different loading
pd geometrical conditions.

component. The flux densities used to excite the loss equations
in (15) depend on the circumferential and axial componentB. Terminal Voltage and Torque Comparisons

kre,1-kre5 are fitting parameters for the losses for the Tne yoltage and torque are calculated at no load and rated
selected iron materialp is the iron material density which loading conditions. Fig. 8 shows the phase voltage at no
equals 8760 kg/th The material used in the simulations i§5aq and rated load conditions. The voltage curves show a

M600-50A. The iron losses coefficientse.,i-kre,s Of the go0d correspondence between the results of the FEs and
M600-50 described in (15) are 35.3e-3, 1.7890, 9.2647068z MEC model. This figure clearly shows that the MEC

006, 1.875634e-002, 2.093533e-004 respectively. model can predict the voltage of the 3D FE model with
a maximum percentage of difference of %.&or the rated
IIl. SIMULATION RESULTS loading condition.

In order to validate the MEC model, an AFPMSM with 16 Table Il depicts the root mean square (rms) values for the
poles and 15 tooth coil windings is studied. The geometricepltage for different loading and geometrical conditions. The
and electromagnetic properties of the machine are descrits#tprs between both 3D FE, 2D FE model and MEC model are
in Table 1. observed. The maximum percentage error between the MEC

and the 3D FE model is 198. This proves a great accuracy
for the MEC model.
In all subsequent simulations, six radial slices are taken in bothFigure 9 compares different models for torque computations
the 2D FE model and the MEC model. In the MEC model, that rated loading condition. This is done using 2D and 3D FE

number of discretizations shown in Fig. 4 equahtg = 8,
Nx2 = 8, Nx3 = 8, Ny1 = 3, Ny2 = 3, Ny3 = 3, Ny4 = 3,
Nys = 4, andnyg = 3.

models. The MEC model can track the same shape of the
torque of the 2D and 3D FE models.
Table 1l summarizes the deviation of the mean torque

Comsol software is used to conduct the FE simulations. Thetween different models. The torque ripple percentage error
3D FE model has a 100000 tetrahedral with a quadratic shapecomputed with respect to the 3D FE mean torque. The
functions. In the 2D FE model, 8000 triangles are used with
guadratic shape functions are used to model the machine.

The validation scenario of the MEC model is conducte
with respective to different parameters. The comparisons ¢ | é é

H A

A 3D FE Model
----- 2D FE Model
+« MEC Model

3
05§ i ioi { i 4L i S
TABLE | - f m
GEOMETRICAL PARAMETERS OF THE STUDIED MACHINE [19]. =0
) IR |
Parameter Symbol Value 0.5 - § ‘ 4 ‘ A A 2 i § ; H
Rated power Py 5 kW U % d
Number of pole pairs p=Nm/2 8 -1
Number of stator slots Ng 15
Rated speed nr 2500 rpm sk
Rated torque Tem 19.1 Nm oS . B} 0
Outer diameter D, 148 mm 200 130 100 0 [,)] 200
Inner diameter D; 100 mm "

Axial length core element 2(Yc¢1 + Yoz + Yes) 60 mm
Axial length slot 2Yc1 48 mm
Slot width bs 12 mm Fig. 6. Axial flux densities comparisons for different models at rated
Slot opening width bso 3 mm

loading condition.
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4 3D FE Mode]]
..... 2D FE Modell RMS VALUES FOR THE VOLTAGE FOR DIFFERENT LOADING AND
« MEC Model GEOMETRICAL CONDITIONS.
L3
f bso 1 Paameter 3D FE Model 2D FE Model MEC Model
H 0 Vims [V] 230 232 232
3mm Errory,,.. [%] - 0.9 0.9
¢ I Vims [V] 247 242 243
rated  Brrory,,,. [%] - 2 1.6
H 0 Vims [V] 221 225 225
’ 7mm Errory,,.. [%] - 1.8 1.8
' . I Vimns V] 234 231 231
200 -150 -100 -50 0 50 100 150 200 rated  Fppory (%) . 1.2 1.2
O 7] -
. . . . . . 18.9/ E |
Fig. 7. Circumferential flux densities comparisons for different models A ;g gg Ilt;wiei
at rated loading condition. 18.8 " MEG Mol
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Fig. 8. \Voltage waveform for different models at different loading D- Flux Density and Loss Distribution Comparisons

conditions. The flux density distribution at the rated loading condition

between the 3D FE, 2D FE and MEC models at a certain
maximum percentage of mean torque error with respect position are shown in Figs. 12 (a), (b) and (c) respectively. The
the 3D model mean torque is %1 The MEC model gives labels @, .., ) depict the cylindrical co-ordinates shown in
very accurate result for the mean and torque ripple values.Figs. 2 (b) and (c). For the 2D FE and the MEC models, the
. . flux density in each pointa, vy in Fig. 2 (c)) of the plane is
C. Cogging Torque Comparison averaged over the number of slices taken. In the MEC model,
The 15 poles and 16 slots combination gives very loyhere are some space in the figure at the end of the teeth and in
values of cogging torque because of the high value of the le@sé rotor. This is due to the computation of the flux densities
common multiple of the poles and slots [28]. To make a bettg{ grid points. In each grid point the flux is assumed to be
presentation for the cogging torque, a machine of 70 poles agshstant.
60 slots is used in this subsection only. In this machine, only |, conclusions, in addition to the accurate computations of
1 over 10 of the machine can be simulated. The details @jtages and torque shown in previous figures, the conclusion
this machine can be found in [7]. This machine has a highgpm Figs. 12 (a), (b) and (c) is that the MEC achieves accurate
cogging torque amplitude. flux density prediction in all points in the stator, airgap and
Figure 10 shows the difference between the 2D, 3D Ffgiqr.
models and the MEC model for cogging torque computation The iron loss distribution inside the teeth in [Wimat
at 5 mm slot opening. The horizontal axis in Fig. 10 indicates
the rotor positions while rotatinge.,). It is clear that the

MEC model is capable of predicting the cogging torque profile TABLE IIl
similarly 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 depicts thg, Ey—— 3D FE Model 2D FE Model  MEC Model
peak-to-peak value of the cogging torque as a function of the Tncan [NM] 18.46 1854 18.66
slot opening over the tooth pitch at minimum radius. The MECsmm 7. B 03 g e
model is very accurate to predict the shape of the peak value To-paroaer /Tmeangore (7] 18 14 16
for cogging torque for any slot opening. Tmean [NM] 17.96 18.11 1814

MM Laged Errorr,, .. [%] - 0.84 1

rate Tp—p [Nm] 0.19 0.16 0.23

TP*PModcl/Tmeanxl)b’E [%] 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 differeatlial

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 **” [TTTILITTT 111 f—?—f_‘ IM
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 differentied 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 Paameter 3D FE Model 2D FE Model MEC Model
e I 35 50’
3mm Piron L7 : :
ated Piron [W] 201.4 200.8 202
rate Errorp, . [%] - 0.3 0.7
R e
7mm Piron © : :
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. Comsol
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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(c) MEC model volumetric iron loss density distribution averdgover
number of radial slices taken.

Fig. 13. Volumetric iron loss density distribution in W/m? for different
models at rated loading conditions.

The comparison is done with a linear and a non-line:

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
2D FE Model 1 hrs
MEC Model 1.8s

Linear models

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

In the developed MEC, the circumferential discretization
(nx =nx1 = nx2 = nx3) and the axial discretizatiom( =
Nyl = TNy2 = Ny3 = Tyqg = Ny5 = nyﬁ) shown in Flg 4
can be optimized to keep a good balance between the CPU
time and the accuracy of the electromagnetic parameters with
respect to the 3D FE model.

Therefore, Fig. 14 shows the effect of variations on the
percentage errors of the MEC rms voltadg&s:c, mean torque
Teanurc, torque rippleTy, ., and iron losseson .
compared to the 3D FE model rms voltagéshrg, mean
torque Thneansprs, torque ripple7, . . and iron losses
Pironspre respectively. Then, 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 discretization
in the circumferential directiom, is mandatory. In this case,
the CPU time is reduced to 10s. The same test is done for

Ve —Vapre o7 — —40
PEIY 3DFE -
254 T, N

e 27:‘7 PMEC O //Q“/

'3DFE
MEC

J

Error [%]
\
CPU Time [s]

permeability. For the non-linear case, the comparison sho
that the 3D FE model is very time consuming compared to tt
other models. The comparison also shows the superiority
the MEC model compared to the FE models. The MEC mod

takes 55 secs with the non-linear permeability. This is about

900 times faster than the 3D FE model and 600 times fastﬁt!. 14. The percentage error of the machine electromagnetic pa-

than the 2D FE model.
For the linear case, all time steps can be computed at o

This reduces the computational time to only 1.5 secs. Thisdgumferential discretization.

rameters (Voltage, mean torque, ripple torque, and iron losses) of the
MEC model compared to the 3D FE model results on the left scale.
NEfe CPU time is on the right scale. The horizontal axis represents the



different geometricaland loading conditions and the same ~ **».__
conclusionsare obtained.

Moreover,n, plays an importantrole in the accuracyof 45
theresultsandthe CPU time. Therefore the percentagerrors
of all electromagnetiparameterslescribedeforearenoticed
with respectto the variationsof ny. ny is fixed at 2 in this
case.The resultsof this experimentcan be notedfrom Fig.
15. A choiceof 2 axial discretization:, would keepthe error
below 5% for all electromagnetiparametersThe CPU time 2 ,
in this caseis reducedto 5.4s. 15

In addition, the changeof radial slicesng, notedin Fig. 2 I
(b), affectsthe resultsaccuracyandthe CPU time. Therefore,  ;
the numberof slicesis variedfrom 2 till 8 with a stepof 2. ’
The circumferentialn, and axial n, discretizationare kept
to be 2 and 2 respectively.Fig. 16 showsthe variation of
the percentageerror of the electromagnetiparameterswith
respectto ng. It showsthat an optimum selectionof 4 radial
sliceskeepsthe errorwithin 5%. The CPU time is reducedo
3.2s.1t is clearfrom the aboveoptimizationsthat an accuracy
of the electromagnetiparameterf 5% can be achievable

Thanper. g7
—

R PMEC . O

CPU Time

Number of Slices (ng)

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.

with a CPUtime of only 3.2sincludingthenon-lineatbehavior Tooth j Tooth j + 1
of the electromagnetienaterial. 1 !

In addition,to makea better assessmentf the developed 3 4 i I | ! Tooth
MEC model, a comparisonwith the conventionalone is '@ F F, F. oo [fesion
done.The conventionaMEC is basedon the inter connection | {
betweenstatorandrotor reluctancesas shownin Fig. 17. For | e ;
eachrotor pos_|t|on, the air gap reluctancebetweentooth_ j i R%’“/ — " An G
and PM £ depictedas R;  hasto be recalculatedaccording i x = : e o
to the window function of the tooth andthe PM describedn 1 ™1 & R T ,  PMs

t v Rotor

[21], [29]. This posessomeerror, delay, and complexity in
the matricesconstructionfor eachrotor position.However,in
the new developedVIEC presentedn this article, thereis no
needto interconnectny rotor or statorrelcuctancesogether.
The only moving elementis the MMF sourcesof the PMs.

Fig. 17. The conventional MEC sub-division principle.

MEC models. It also shows the CPU time between both
models. The discretization used in the new MEC are the
optimized ones (=2, ny=2, andn=4). Table VI depicts
that the conventional MEC can predict the electromagnetic
parameters with a maximum percentage error of %4i8
all parameters within a CPU time of 2.7s. While, the new
! M MEC can predict the same electromagnetic parameters with a
™ maximum percentage error of 49in almost the same CPU
’ time. In addition, the model does not need to rearrange the
reluctance in the airgap while running the dynamic simulation,
which is very suitable for surface PM machines, neither radial

Table VI summarizeghe percentageerror in voltage and
torque betweenthe 3D FE, conventionalMEC and the new

< lo i : )

’ f— O A
PoPMEC O 4

% % &

S
= D!
2 |+ CPU Time pd
5 )

\
i
CPU Time

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

MODEL.
0 2
! 15 2 25 3 35 4 Parameter 3D FE Conventional New MEC
my Modd  MEC Model Model
Vims [V] 247 277.6 244
. . . Errory, [%] - 12.4 12
Fig. 15. The percentage error of the machine electromagnetic param- Tonean TNM] 18.46 211 19.36
: : mean . . .
eters (Voltage, mean torque, ripple torque, and iron losses) of the MEC Errory, . [%] B 14.3 4.9
model compared to the 3D FE model results on the left scale. The Tp—p [Nm] 0.34 2.24 0.43
CPU time is on the right scale. The horizontal axis represents the axial To-prtoqe/ Tmeangpps [%] - 1.8 121 23
CPU Time 15hrs 2.7s 3.2s

discretization.




flux or axial flux machine.This showsthe high accuracyof
theresults obtaineffom the developedV EC modelcompared
to the conventionalone within the sameCPU time.

In addition,to makea fair comparisorwith the conventional
MEC model,only oneradial slice is takeninto accountin the
new MEC model. The model only takesone secto obtain
the solution. The rms value of the phasevoltage equalsto
252V with a percentagerror with the 3D FE model of 2%.
In addition, the meantorque output equals19.9Nm with a
percentageerror of 7.8%. The torqueripple outputis 1Nm.
This resultsin a percentagerrorto the meantorqueof the 3D
FE modelof 5.7%. This provesoutthatevenif oneradialslice
is consideredthe resultis still betterthan the conventional
MEC approach.However, many authors use complex PM
shapes[30] to reducethe torqueripple and coggingtorque.
In this caseadditionalradial slicesarerequired.

IV. EXPERIMENTAL VALIDATIONS

The stator core of the YASA machine consistsof thin
laminatedgrain oriented material. The lamination thickness
is 0.23mm. The iron lossescoefficientsfor the GO mate-
rial kpe,1-kre,c describedin (15) are 7.4e-3,2, 1.02686e-
06, 1.407179e-023.35812e-05espectivelyHere, kre, 1-kre,6
are fitted basedon quasi-staticmeasurementsn an Epstein
frame.The excesdoss coefficientis fitted basedon measured
hysteresidoopswith amplitudesup to 1.8 T andfrequencies

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

I Expaiment [V] MEC Model [V]  Error [%]
No Load ( = 0) 127.5 128 0.4
Full Load (I = 9.95A) 101.2 106.4 51

in Table VII. It shows a maximum error of 3. between both
results.

For sake of validations, the load resistances are varied
experimentally over a wide range from QQill 20092. The
terminal rms voltages, currents and the output from the torque
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
I+ i1 =V2Vi o000 —22
a+ila =V, 2000 5000rpm

1 (16)
((Ry+ Ry) + 527 f L)’

between10Hz and 700 Hz, causinga good correspondence where Va..—2000 is the no load voltage (the electromotive

of predictedand measuredossesup to frequenciesabovethe
rated operatingfrequencyof the motor 333 Hz. The values
for Thefitted parameterdi,, By and N, for the v, (B) curve
describedn (12) are41.4A/m,1.6T,and33.2respectivelyThe
MEC modelis adjustedto theseparametersvhile performing
the experimentalanalysis. The windings are placed around
the stator core. A plastic end plate is placed betweenthe
end-windingand the stator core. A stator housingis made
of laminatedaluminum sheetsto reducethe eddy currents
inducedin them. Epoxy potting is usedto get the different
statorpartsbondedinto a single solid statorstructure.

To perform measurementsthe AFPMSM prototype is
placedinto a test set-up of which an overview is given in
Fig. 18. In this test set-up,an asynchronou.5 kW, 3000
rpm motor is usedas a prime-moverand is poweredby a
commercialdrive. Set-pointsto this drive for the speed(or
torque)aregivenby a dSPACE 1104 platform.The AFPMSM
is usedas a generatorconnectedo the fully-programmable
three-phasdoad.

A. Terminal Voltage and Torque Comparisons

The experiment is done at a speed of 2000 rpm. The loa
of the AFPMSM is a resistive load of ¥ The output rms
current of the AFPMSM is 9.95A which corresponds to an.

force) measurement at 2000rpm which equals 127.5V denoted
in Table VII. ny, is the rotational speed in rpnk;, R, are the

load and motor resistances respectively. The motor resistance
equals 0.2%. f is the operating frequency in HZ, 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
current) leads to a reduced voltage which is known by the
field weakening operation. The figure shows that the MEC
model gives higher amplitudes than the experimental setup.
This is a consequence of the lesser inductance anticipated by
the model.

Induction Machine

electromagnetic torque of 14.9Nm. The no load rms voltagt = =

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

Figure 19 shows good agreements between the MEC mo.
and experimental results for the no load and the full load phase

8 18. Axial-flux PM machine test set-up. From left to right: load

voltage. In addition, rms values for the voltage Compariso(&ynchronous)_ machine, torque sensor with couplings, axial flux PM
between the MEC and the experimental results are compapedotype 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  Fig. 22. The torque for different load resistances (R;) at two different
MEC model. speeds (1000rpm and 2000rpm) for the experiment and the MEC model.

Hov_vever, Fig. 21 shows the percentage error between thel’he method used is based on the least square nonlinear
experiments and the MEC model for the two different spee@e

for th inal vol It sh hat th : ATLAB function Isgnonlin) fitting method. The inputs to
or the terminal voltage. It shows that the maximum percentage, ., qe|s are the experimental measured temperatures for the

error is about % from the _expenmental measurements. . ding, core and rotor. The outputs are the winding, core,
Figure 22 shows the difference between the experimen

Same response as the experimental setup. analysis. These models were experimentally validated.
Figure 23 depicts the percentage error between the experis

. The thermal experiment is conducted at no load an@ 10
ments and the MEC model. It shows that the maximum P9Gad resistance at 2000rpm. The Isgnonlin tries to fit the loss

centage error is aboutbfrom the experimental measurements . .
omponents to obtain the same experimental temperatures.

at high loads (low load resistance). However, at lower Ioac%l,gs. 24 and 25 show the thermal FE winding, core and PM

the percentage error increases to2his is a consequencet%mperatures with the experimental ones at no load atl 10

of the increased effect of the bearing and windage IossesIo d resistance respectively. They show that the thermal mod-
low loads. Therefore, noticeable difference would be observefg P Y- y

€ls are capable to track the same response as the experimental
at low loads.
setup.
_ Figures 26 (a), (b) show the temperature distributions for
B. Loss Comparison rotor and the PMs at steady state at no load and the 10

The iron loss presents a major part of the total losses l6fd resistance. In addition, Figures 26 (c), (d) are depicted
the YASA machine. Therefore, it is mandatory to verify théor the stator. Table VIII depicts the core, winding and rotor
robustness of the MEC model with respect to the lossdasses from the output of the Isgnonlin and the MEC model at
However, it is a difficult task to segregate the iron losses frotie studied loading conditions. The table shows that the MEC
the total measured losses. Therefore, a similar inverse therf@del is capable of predicting the iron losses with a maximum
modeling to [31], [32] is used. percentage error of 26.34
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Fig. 23. Percentage error difference between the experiment and the

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 permanent
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, air
gap, PM, and rotor reluctances are kept constant in all tirﬂ%. 26. Temperature distribution of the rotor and stator in (°C) at no
steps. This boosts the simulation time and simplifies thed and 10Q 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 radialrhe comparisons show the superiority of the MEC model.
slice, the solution is computed individually. All radial slicesThe 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 is used
with 3D and 2D multi-slicing FE models. The comparisons this case, the model can work directly with different current
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 distorted
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,

TAVAvay,y,

/-

. Wl
) /o
<,

(c) Stator temperature at no  (d) Stator temperature at Q0
load resistance.



where B1y,, Bay,, Bsy, 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(Ryer,)L® - F,=R® —F,
Load type Loss type Experimental Setup  MEC model Err@][ B Rler(Blb) + R2b v (BQb) _R2b v (BQb)
Core Losses (W) 25.1 19 24.3% =
No Load ( =0) Winding Losses (W) 0 - - —RQer (B2b) RBer (BBb) + RQer(BQb)
Rotor Losses (W) 7.5 - -
Py E
Core Losses (W) 20.5 15.1 26.34 - 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
Reaarding the simulation time, the MEC model only takege 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 -

1
seconds. In non-linear case, it is 900 times faster than the 3D - Aéb i 8 U— {1 1}
FE model and 600 times faster than the 2D FE model. Lastly,” ™" — A 7 11
the model is verified by a 4kW AFPMSM test setup. The MEC - 0 Asb
model proves also a very good performance in comparison Ulger 0 0 o 0
with the experimental setup results. In conclusions, the MEC vy, = 0 Vt24er 0 |, ®q= { 011 P ] ;
model can be used to obtain all the electromagnetic parameters | 0 0 Vr3ger 2
of the machine for different geometrical and loading condi- (19)
tions. where A;1,, Agp, Asp, are the areas of each braneh,, =
%ﬁb) is the first derivative of the relative reluctivity (12)

with respect to the flux density at a value Bf,,. Besides,

Vro,. 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 ho(’iO) 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 reluctanceR, ,Rop ,R3,. These o

APPENDIX

reluctances are multiplied afterwards by the relative non-linear R“},Viide" 0 0

reluctivity of v,(Bip), v:(Bab), 1:(Bsp) that are dependent LT 0 % 0 ((chdu) .L),
on each branch flux densitieB,},, B, and Bs, in [T] 0 6'“ Rypins,,,

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

branch fluxes®,,, ®5,, 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:

Ribvrig,, Robriay,,
of branchesu, = 3. The magnetomotive-force vect®, in J—R+ ye g’“’f o (P — 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] — Bg)) 4 A Dy,
Agb A3b
To obtain the Jacobian matrik by the conventional way, it
Ry, 0 0 y y
F.= [E} ., Rai=| 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 -1f, erefore, the first entry aJ can be described as:
0 0 vy (Bspb) 0 1
17) g,y = 20D pq
(1,1) = =55~ = RO, 1)+
Ovy(Biy) Ovy(Bay)
R R Dq—
( 1 50y, "5 1 (22)
8Vr(BQb)
R )
I ( 2b 9%y, 21
The partial derivative termRQb%ff") is resolved as
follows:

Fig. 27. A simple reluctance network.



El

Ovy(Bap) Ovy(Bay,) 0Bay, 092y,
0P OB, 0D, 0Py’

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 arealg;,) of this reluctance%‘g2b
de’otes the direction of loop flux with respect to the brandai]
flux. If they are on the same direction, it is one. Otherwise, it

is -1. This simplifies the solution to:

Roy, (23)

2b

Ovy(Bab)

[12]
Ovy(Bay) 1 Ropra,,
2 = Ropiyg, ——1 = 2 2der
9, 2bM2ae Agyy
Therefore, the entries of the Jacobian matdixcan be
obtained as:

Roy, (24)

[13]

J(1,1) =R(1,1) + gl‘j{f;d“ + Rz‘;gjder) ) — 2 s oy [14]
J(1,2) =R(1,2) - 20 @y 4 20
J(2,1) =R(2,1) — %@ L+ M@ ol [15]
J(2,2) =R(2,2) + Rﬁfi;fdw@u

+ (— Rovttges | Bovresye ) 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 folt8l
loops. The use of sparse matrices alow the fast computation

of the Jacobian matrix.
[19]
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