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Distributed Magnetic Equivalent Circuit
Modelling of Synchronous Machines

Oğuz Korman, Mauro Di Nardo, Jacopo Riccio, Mukhammed Murataliyev, Michele Degano, Chris Gerada

Abstract—This paper proposes a highly accurate and computa-
tionally efficient distributed magnetic equivalent circuit (DMEC)
model for synchronous electric machines. The model - based
on a two directional flux paths cell element - is derived in a
general fashion in order to easily define different geometries.
All the steps required for the DMEC definition and its non-
linear resolution are detailed including the rationals behind
the geometrical discretization, the setting of the excitations
and the boundary conditions implementation. A comprehensive
comparison between results obtained using DMEC and FEM is
provided for three different machine types, namely surface per-
manent magnet (SPM) machine, permanent magnet synchronous
reluctance machine (PMaSynRel) and a synchronous reluctance
(SynRel) machine in a wide range of operation points. The
computational advantage of proposed model is also investigated
as function of the level of discretization and so accuracy of the
estimated performance. The predictions of the proposed DMEC
model are fully experimentally validated with an extensive test
campaign on an off-the-shelf synchronous reluctance motor.

Index Terms—Distributed magnetic equivalent circuit, mag-
netic equivalent circuit, non-parametric equivalent magnetic
circuit, synchronous reluctance, surface permanent magnet, per-
manent magnet assisted.

I. INTRODUCTION

DESIGNING electric machines is a complex and nonlinear
problem where the primary design tool is usually the

finite element method (FEM) in the absence of an accurate and
easy to implement analytical model. Although the accuracy of
the FEM is high, its adoption within comprehensive design
processes is hindered by its high computational burden. The
latter is further exacerbated when more than one operating
point needs to be optimized as in traction applications. Indeed,
in such cases the performance estimation requires the complete
knowledge of the machine magnetic and losses model, i.e. their
dependency’s with torque and speed.

History of analytical models based on simplified magnetic
equivalent circuits dates back almost a century ago [1]. One
of the first works [2] depicts magnetic equivalent circuits
for transformers, induction machines (IM) and a salient-pole
synchronous machines. IMs have been the main focus for
MECs research since the beginning of the electrical machine
history [3], [4]. Basically all kind of machines have been
modelled using magnetic equivalent circuits as summarized
in Table I.
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The MEC models mentioned so far focus on specific
machine types. Although they are quite valuable in terms of
providing a comprehensive knowledge, the magnetic equiva-
lent circuit is specific for a given machine as it represents its
main flux paths. When dealing with anisotropic synchronous
machines which feature a different behaviour according to the
relative position between the rotor and the stator magneto
motive force, two different modeling approaches have been
proposed. The first one makes use of two distinct MECs able
to represent the most important operating points, namely the
direct and quadrature current supply conditions [18]. Although
effective, this approach - even when implemented in a non-
linear fashion - does not allow to model the cross saturation
phenomena, typical of anisotropic synchronous machine [19].
The other approach is to have only one MEC able to capture
the magnetic behaviour in all supply conditions [20]. However,
the topology of the rotor part of the MEC, which reflects
the selected degree of the flux paths discretization, plays a
major role in the realistic modeling of the cross-saturation. In
general, the accuracy of the model increases with the number
of nodes in the rotor equivalent circuit.

When the discretization level of the flux paths becomes
independent from the underlying geometry, the modelling
approach is called non-parametric, or finite reluctance or
reluctance mesh-based. Hereafter, this approach will be ref-
ereed to distributed magnetic equivalent circuit (DMEC). This
approach - focus of this paper - allows obtaining an overall
excellent estimation of the magnetic fields within the machine
with a much reduced computational burden compared with
the FE approach. One of the first examples proposing this
approach has been presented in [21], where the geometry
is discretized into cells in a similar fashion like mesh is
used in FEM. One of the most important aspects of this
kind of MEC modelling is the ability to analyze various
type of machines without changing the underlying definitions.
Similar concepts has later been used to analyze axial flux

TABLE I: Overview of the literature on MEC

Machine Type Reference
Induction Machine [5] [3] [4]

Salient Pole Synchronous Machine [6]
Stepper Motor [7]
Linear Motor [8] [9]
SPM motors [10] [11]

Switched reluctance machines [12]
Internal Permanent magnet Machine [13] [14] [15]

Flux Switching Machines [16]
Axial Flux Machines [17]
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machines [22], switched reluctance machines [23] and flux
switching machines [24]. In [25] IMs are modelled using a
DMEC coupled with an electrical circuit and the performance
estimations are compared with experimental results.

Along with the low computational cost and the outstanding
accuracy, this magnetic modeling approach also allows to
estimate the time-dependency of both electric and magnetic
variables if the rotation of the rotor circuit part is implemented.
All these advantages make this modeling approach the most
suitable if a generic synchronous machine (i.e. with whatever
rotor topology) has to be quickly analysed in different oper-
ating points or needs to be optimized.

Although this modelling technique has been already pre-
sented focusing on a given machine topology, a general
framework able to analyse any synchronous machine is still
missing along with the exploration of its limitation. This work
- based on [26] - intends to fill this gap by providing a compre-
hensive approach to build a distributed magnetic model for any
synchronous machine. Indeed, a novel and easy to implement
definition of the magneto-motive force is introduced with this
aim along with the inclusion of the magnetic periodicity and
a generalised definition of the material distribution which all
play a key role in defining the performance of the modelling
approach. The aim is to build the basis for an alternative
technique competitive to FEM in terms of accuracy and
computation time. The paper is organized as follows. It starts
with the description of all the steps required to build the model.
Afterwards, the non-linear solution technique is described in
detail. For the results part, three different machines, namely a
surface mounted permanent magnet (SPM), a reluctance (Syn-
Rel) and its permanent magnet assisted version (PMaSynRel),
are analyzed and compared with the FE estimation in terms of
flux density distribution, torque waveform and average torque
and torque ripple map in the d-q current plane. The effect
of different level of discretization is also assessed with a
sensitivity analysis to show the dependency of the performance
accuracy with the computation time. As a vessel to verify
the performance estimation approach, an off-the-shelf SynRel
machine is tested in the full operating range confirming the
validity of the proposed approach.

II. DESCRIPTION OF THE DMEC

The building block of a DMEC is a cell element (CE)
and it consists of two horizontal and two vertical reluctances.
A typical cell element is shown in Fig. 1 encircled with
dashed red border. Although the reluctances and the cells are
shown in cartesian coordinates, the modelling is developed in
cylindrical coordinates and for this reason such reluctances
will be referred as radial and tangential ones. A simple MEC
consisting of 3 radial and 3 tangential CEs is shown in Fig. 1.
Indexes of the CEs refer to their vertical position (i) and their
horizontal position (j) respectivly. All CEs are connected with
their adiajent neighbours allowing to model bi-directional flux
flow in radial and tangential directions.

The selected solution technique is the loop (mesh) current
method and the main unknown variable is the loop fluxes ( ΦL)
as shown with red arrowed-circle in Fig.1. The main input
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Fig. 1: Structure of the MEC and different CEs.

variables are the magnetomotive force loops (MMFL) and
reluctances (R). The number of total loops (nL) can be written
in terms of number of radial and tangential CEs (nR, nT ) as
(nR−1)·nT . Likewise, the total number of reluctance elements
nre is (2nR − 2) · nT + 2 · nT · nR.

A. Boundary conditions

Similar to FEM, boundary conditions should be considered
in the DMEC modeling. In order to account for the zero
flux condition (Dirichlet boundary), lower and upper CEs
are structurally different than the middle CEs as shown with
dashed blue border in Fig.1. The periodic boundary condition
is implemented connecting the first and last column of CEs as
shown in Fig. 1 where the first column of CEs are drawn also
on the rightmost side of the DMEC with dashed red bounding
box. Whether it is an even periodicity (e.g considering a pole
pair) or an odd periodicity (e.g considering a single pole) this
connection must exist. Difference between the odd and even
periodicity conditions will be detailed in section III.

B. Discretization of the machine geometry

The number of CEs defines how fine the geometry is dis-
cretized. The selection of number of tangential nT and radial
cell nR should be done considering the tradeoff between model
complexity (i.e. matrix size) and its accuracy in predicting
the performance. Once the number of CEs are defined, the
material of each cell is defined by identifying the material at
the centroid of the considered cell. By doing so a material
matrix (M ) for each constituent material can be built made of
0 and 1.
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Fig. 2: a) CE and reluctance dimensions b) SynRel machine
geometry DMEC mesh b) SynRel machine geometry FEM
mesh .

Fig. 2b shows discretization of a parallel tooth stator with
a three-barrier SyRel rotor with 60 tangential and 63 radial
CEs. Obviously, a perfect representation of the target geom-
etry cannot be achieved due to the shape of CEs being arc
segments. However, a good representation is possible if the
size of the CEs is selected according to the CE position within
the geometry. For example in Fig.2b, the size of the CEs for
rotor tangential ribs and stator tooth tip is smaller than all the
other in order to be able to capture all the magnetic flux paths.

C. Handling the rotation

Rotating structures can also be defined by applying a
simple update scheme to M . Since the rotating part of the
geometry and M is known, for each rotation step some part
of M is shifted. Using this method, it is possible to apply
rotation without changing the connection and/or index of the
cells which is an obvious advantage. However, the maximum
number of rotation steps are limited to the number of tangential
cells.

D. Calculation of the reluctance

A reluctance can be expressed as function of the length
of the reluctance path (l), area where flux crosses (A) and
material dependent reluctivity υ(B). Given the high number
of cells, the following relationship can be used (1):

R =
l

A
υ (1)

The length and area of radial reluctances (see Fig. 2a) can
be then defined using the equations (2) (3) (4) in which lr, Alr

and Aur stands for length of the radial reluctance, area of the
lower side radial reluctance and area of the upper side radial
reluctance respectively while the axial length of the system is
denoted with laxial.

lr =
t

2
(2)

Alr =
2π

360
(rl +

t

4
) θ laxial (3)

Aur =
2π

360
(rl +

3t

4
) θ laxial (4)

Similarly for the tangential reluctances, dimensions can be
written as in (5) and (6). Here lt and At are the length and
area of the tangential reluctances.

lt =
π

360
(rl +

t

2
) θ (5)

At = t laxial (6)

E. MMF definition

MMF sources, i.e. permanent magnets and winding system,
can be expressed as voltage sources in the DMEC. In this
work, a slightly different approach is adapted. Instead of
placing voltage sources in the branches of the equivalent
circuit, loop quantities are used to reflect MMF directly as
loop sources.

Once the MMF from windings and PMs are known, they can
be expressed as a single MMF matrix as MMF = MMFW+
MMFPM . Such MMF matrix is obviously function of time
(MMFW ) and rotor position (MMFPM ).

MMF of the winding (MMFW ) can be expressed as in (7)
where N is the number of turns and I is the current:

MMFW =

∮
H dl = N · I (7)

MMF of a single coil CE is equally distributed among its
neighbouring four loops where each loop contributes for NI

4 .
When the winding area is made of more than a single coil
CE, the total number of turns have to be shared among the
coil CEs with respect to their surface area to find individual
CE’s share. This can be calculated using (8):

MMFCEij
=

MMFW∑
SACEij

· SACEij
(8)

After each coil CE’s MMF is found, the MMF contribution
from neighbour CEs has to be added together to find the
aggregated MMF in the loops. An example case where 2 coil
CEs exist with the same surface area is illustrated in Fig. 3.

In the case of the PM excitation, MMF is again reflected be-
tween the CE’s four shared loops in an unequal way to account
for magnetization direction. An example model consisting of
a single PM CE is shown in Fig. 3. The neighbouring loops
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are numbered from MMFPM−1 to MMFPM−4 and can be
calculated as:

MMFPM−1 =
1

2
[+Hcltcos(α) +Hclrsin(α)]

MMFPM−2 =
1

2
[+Hcltcos(α)−Hclrsin(α)]

MMFPM−3 =
1

2
[−Hcltcos(α)−Hclrsin(α)]

MMFPM−4 =
1

2
[−Hcltcos(α) +Hclrsin(α)]

(9)

In (9), Hc is the coercivitiy of the magnet, lt and lr are
tangential and radial lengths of the corresponding cell elements
while α is the magnetization direction. It is worth noting
that, if the dimensions of the reluctances are calculated in
cylindrical coordinates as in this case, α has to be calculated
for each CE with respect to their centroid’s location. For
instance, in the cylindrical coordinates α = 90o creates a
radially magnetized magnet.

III. SOLUTION TECHNIQUE OF THE DMEC

Once the DMEC is build, it is solved with the loop method
which identify the unknown loop flux vector ϕL knowing the
loop mmf vector MMFL and the loop reluctance matrix RL.
The matrix equation has to be solved iteratively to account
for the nonlinear behaviour of ferromagnetic steel. Newton-
Raphson method is employed for this purpose due to its good
convergence characteristics [22], [23]:

r = RL ϕL −MMFL (10)

In (10) r is the residual and needs to be reduced as much as
possible during the iterations. The loop reluctance matrix has a
size of [nL × nL] and its elements reflect the reluctances in the
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Fig. 3: Definition of MMF sources due to windings and PMs
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respective loop and the reluctances shared between different
loops. ϕL and MMFL are single column vectors of the size
of [nL × 1].

The loop reluctance matrix RL can be calculated by using
the diagonal reluctance matrix of all materials (Rtot) and the
loop incidence matrix L as shown in (11):

RL = LTRtot L (11)

The total diagonal reluctance matrix Rtot can be expressed as
the sum of two diagonal matrixes: one containing the linear
materials Rlin which can be expressed as:

Rlin = Rair +RPM +Rcopper (12)

while the other one containing the non linear material, i.e. the
iron. The latter can be expressed as the product between its
the diagonal matrix of reluctances without the reluctivity terms
(Riron) and the diagonal matrix of reluctivities (υr).

The incidence matrix L has a size of [nre × nL] and
basically gives information about how each reluctance is
associated with each loop. If a loop flux passes through a
reluctance in the predefined direction it attains the value 1, if
it passes in the opposite direction it becomes −1 while if they
are not related it becomes 0. Using this information shared
reluctances between different loops are identified.

Apart from that, L also determines the periodic boundary
conditions. When an even boundary condition has to be
imposed, L is built as just described. However, for an odd
boundary conditions, the last loops (column-wise) has to be
modified. This modification is illustrated in Fig. 4 where the
part of the last loop facing the last reluctances in a row
changes the direction in order to impose flux contributing from
the unmodelled part of the system in an equal but opposite
direction.

A. Nonlinear iteration

Using the Newton-Raphson scheme, ϕL is found iteratively
until convergence. The flux vector at the k + 1 step is given
as:

ϕk+1
L = ϕk

L − J rk (13)

where the Jacobian matrix J provides the derivative of the flux
with respect to material characteristics. The evaluation of the

This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TIA.2024.3462898

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: UNIVERSITY OF NOTTINGHAM. Downloaded on November 19,2024 at 18:08:10 UTC from IEEE Xplore.  Restrictions apply. 



5

Jacobian matrix is carried out with the approach presented in
[22]:

J = RL + LT (Riron ·A−1 · dυr

d|B| )((LϕL U) · L) (14)

Here A is the flux-crossing area of the reluctance elements
(iron materials) in the diagonal form. dυr

d|B| is the derivative
of reluctivity with respect to the absolute value of the flux
density which can be found numerically by applying central
differences formula in (15) ensuring a small perturbance (∆B):

dυr

d|B| =
(υr(|B|) + ∆B)− (υr(|B|)−∆B)

2∆B
(15)

ϕL and B are loop fluxes and flux density of reluctance in
the diagonal form. Finally, U is a matrix storing information
about how flux loops are related. It can be found by replacing
the nonzero elements with 1 in LTL.

B. Calculation of electromagnetic quantities

Once all flux loops are computed, it is possible to calculate
the flux densities of each reluctance. First, the flux passing
through each reluctance (ϕRE) is found by using (16). After
that, the flux density of each reluctance BRE is found with
(17). Here both (ϕRE) and BRE are of size [nRE × 1].

ϕRE = LϕL (16)

BRE = ϕT
RE A−1 (17)

Electromagnetic torque can be calculated by using
Maxwell’s stress tensor which in its discrete form is reported
in (18)

T =
2π

nTµ0
r2laxial

∑
Brad ·Btan (18)

where µ0 is the free space permeability, r is the airgap radius,
Brad is the radial flux density and Btan is the tangential flux
density.

Using (19), the flux linkages of each CE can be calculated
as:

λCEij =
SACEij

4SAW

i∑
k=i−1

j+1∑
l=1

ϕLkl
(19)

where SAW is the total surface area of the winding while
ϕLkl

are the loop fluxes surrounding the considered cell ij.
Flux linkage of a winding area λW can be written as the

aggregated sum of all the respective λCEij . Now that flux
linkages in a winding region, i.e stator slot, is known, the
total flux linkage of the entire phase winding can be calculated
using the winding matrix. For instance a single layer winding
configuration for 36 slot 6 pole machine using odd pole
symmetry (so 6 slots) can be written as:

WA = [1 0 0 0 0 −1]
WB = [0 0 0 1 1 0]
WC = [0 −1 −1 0 0 0]

(20)

Considering λW as a row vector, the phase flux linkage can
be calculated using the equations below, where kp stands for

TABLE II: Specifications and dimensions of the SPM, SynRel
and PMaSynRel machines.

General Dimensions
Parameter Value Unit

Stator outer radius 123 mm
Rotor outer radius 80 mm

Air-gap length 0.7 mm
Shaft radius 35 mm
Stack length 120 mm
Rated current 82 Apeak

Current density 10 ARMS/mm2

Lamination material M250-35A
SPM Parameters

Magnet thickness 5 mm
Magnet span 45 mech. deg. o

Magnet Material N42EH
SynRel Parameters

No of barriers 3
Radial ribs thickness 2 mm

Tangential ribs thickness 1 mm
PMaSynRel Parameters

No of Barriers 3 mm
Magnet Thicknesses 3.01-6.84-12.18 mm
Radial ribs thickness 3 mm

Tangential ribs thickness 1 mm
Magnet Material N42EH

the periodicity (for 36 slot 6 pole odd periodicity kp=6) and
Nt is the number of turns in each slot:

λA = λWWT
A · kp ·Nt (21)

λB = λWWT
B · kp ·Nt (22)

λC = λWWT
C · kp ·Nt (23)

IV. PERFORMANCE ESTIMATION AND FE VALIDATION

Three different machines, a SynRel, an SPM and a PMaSyn-
Rel machine have been analyzed using the developed DMEC
model and the results are compared with the respective FEAs.
FEAs are conducted using Ansys Maxwell commercial soft-
ware. All machines share the same stator (36 slots and 6 poles)
and single layer winding configuration. The SPM machine has
a radial magnet shape and perpendicular magnet orientation.
SynRel and PMaSynRel machines have been created using
Joukowski flux barriers [27]. Parametrization for the SynRel
and PMaSynRel machines are based on a previous work
presented in [28]. Detailed information about the machines
in terms of dimensions, materials and other properties have
been given in Table. II

Three different set of analysis will be shown in the follow-
ing: the first one looks at one single operation point in terms
of flux density distribution and torque waveform; the second
one analyse the three machines in the entire dq current plane
in terms of flux linkage, average torque and torque ripple. The
last analysis aims to identify the tradeoff between accuracy of
the estimated performance and computational time by varying
the spatial discretization.

A. Single operating point

Number of CEs in radial and tangential direction are kept
the same for the analysis of all three machines. The number
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Fig. 5: Airgap flux density and flux densities in different regions of the machine as a function of rotor position.

of tangential CEs have been selected to be 60 in order to have
1o resolution while in terms of radial CEs in the airgap and
rotor these are fixed at 3 and 48 respectively while the stator
to 12. The discretization for both DMEC and the FEM model
are shown for the SPM machine as depicted in Fig. 2b and
2c.

Fig. 5 shows the airgap flux density distributions in terms of
radial and tangential components for a given rotor position for
all the three machines. The same figure also reports the flux
density sampled in the middle of the tooth, stator yoke and
rotor yoke as funtion of the rotor position. The comparison
of the airgap flux density waveforms reveals an overall good
match for all three machine types with some minor differences
mainly in the airgap tangential component. Comparing the flux
density variation with respect to the rotor position, it is seen
that the waveform shape and trend are well matching despite
the fact that MEC predicts slightly lower values. Fig. 6 shows
the flux density distributions of the machines as obtained
through DMEC and FEM. Examination of both distributions
give very close match in terms of contour shapes and values.
Very limited discrepancies can be seen in small saturated areas
such as ribs and stator tooth tips.

The average torque, torque ripple and computation time
are summarized in Table. III. Both FEA and analysis using
DMEC has been done for a total of 21 equally divided
time steps for one sixth of the electrical period. The average
torque estimation is basically the same obtained with the FEA
confirming the outstanding capability of the DMEC. On the

MEC

0.31
0.61
0.92
1.23
1.54
1.84
2.15
2.46

B [T] FEM

0.29
0.58
0.87
1.15
1.44
1.73
2.02
2.31

a)

b)

c)

B [T]

0.31
0.63
0.94
1.26
1.57
1.88
2.20
2.51

B [T]

0.28
0.56
0.85
1.13
1.41
1.69
1.98
2.26

B [T]

0.32
0.64
0.97
1.29
1.61
1.93
2.25
2.57

B [T]

0.30
0.59
0.89
1.18
1.48
1.77
2.07
2.36

B [T]

Fig. 6: Flux density distribution obtained with MEC (left
column) and FEM (right column), a) SPM machine, b) SynRel
machine, c) PMaSynRel machine.
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TABLE III: Single point comparison of FEM and MEC

SynRel PMaSynRel SPM
FEM MEC FEM MEC FEM MEC

Mesh&CEs 4958 3780 4761 3780 3614 3780
Time [s] 46.4 3.8 52 4.1 47.9 2.4

Torque [Nm] 74.9 74.6 104.7 109.4 120.6 122.2
Ripple [%] 12.3 33.3 17.4 29.4 25.8 23

Fig. 7: Torque as function of the rotor position for the three
considered machine topologies evaluated with the MEC and
the FEA.

other hand, the estimated torque ripple differ from the FE one
due to the inability to capture all the airgap harmonics with
this considered amount of tangential CEs. Torque waveforms
are reported in Fig. 7 for the analyzed case (60 tangential
cells) and also when the tangential CEs are increased to 180.
Analysing this figure, it is clear that the obtained waveforms
are closer to the FE one when a more refined tangential
discretization is adopted.

From computational point of view, the DMEC clearly pro-
vides a tremendous advantage in terms of computation time,
being 12 to 20 times faster as summarized in Table III. It is
worth to underline that the FEA have been performed with
a number of mesh elements similar to the number of CEs
in the DMEC in order to set a fair comparison from the
computational point of view. Computation times of the DMEC
models when the number of tangential CEs are increased to
180 (total CEs become 11340) as reported in Fig. 7 are 18.8s,
20.1s and 8.2s for SynRel, PMaSynRel and SPM machines
respectively.

B. Analysis in the D-Q current plane

All machines are analyzed in a cartesian grid of the dq
current plane up to double the rated current (160 Apeak)
with equally spaced 100 grid points. For the discretization of
machines the number of tangential CEs are increased to 120
to get a more accurate description of the geometry, especially
small regions such as slot openings, magnet spans and end-
point angles of the flux barriers. Analyses are again done for

one sixth of the electrical period and 21 total steps. Results
of these analysis are showed in Fig. 8 in terms of flux-current
relationship, average torque and torque ripple contours.

The flux-current plot shows a good overall agreement for
all machines both in terms of d and q-axis fluxes. Specifically
the d-axis flux captured both by FEM and DMEC are in
good agreement. There is negligible mismatch towards higher
saturation areas where d-axis current is increasing which can
be explained by imperfect geometry definiton. Considering the
q-axis fluxes, very similar behaviours are obtained for the SPM
and SynRel machines whereas there is a visible difference
for the PMaSynRel machine. This is a direct consequence
of discretization using CEs in polar coordinates. Indeed, a
rectangular shaped PM cannot be perfectly represented with a
polar discretization, which is reflected as an almost constant
difference for the PMaSynRel machine. In spite of these
differences, cross-coupling between d and q-axis fluxes are
well captured.

The average torque contours directly reflect what can be
seen in the flux-current plots. Indeed, the estimation error of
the PM flux linkage causes an error in torque estimation of
SPM and PMaSynRel machines. Nevertheless, it can be stated
that estimated torque contour perfectly match the FE one.
Average differences in the plane are 2.2%, 7.3% and 1.7%
for SynRel, PMaSynRel and SPM machines respectively.

Considering the torque ripple performance, there is an
overall good matching in terms of contour shapes and values
for all machine types. Although there is a consistent match,
prediction of torque ripple values are not as good as fluxes and
average torques. These differences can be directly ascribed to
the extremely high sensitivity of the torque ripple to the level
of tangential discretization of the DMEC.

C. Sensitivity analysis
The goal of this section is to identify the sensitivity of the

results obtained with the DMEC with respect to number of
CEs. The PMaSynRel machine is selected for this analyses as
it is the most challenging. Indeed, it presents the most com-
plicated geometry, difficult to be represented in a discretized
form and so more prone to lead to discrepancy between the
DMEC estimation and the FE one.

A single operating point in deep saturation (Iq=17.78A and
Id=124.45A) is selected as it features the highest error torque
error (see Fig. 8).

The sensitivity analysis are performed looking at average
torque and torque ripple with respect to number of CEs in
different part of the machine. In particular, four analysis have
been carried out whose results are shown in Fig. 9:

• s1: the number of radial CEs describing the rotor tangen-
tial ribs are increased;

• s2: the number of radial CEs describing the rotor are
changed but the ribs part stays constant (=2).

• s3: the number of radial CEs describing the stator yoke
and teeth parts are increased;

• s4: the number of tangential CEs are increased. Number
of tangential CEs are varied in multiples of 60 in order
to always be able to simulate the same rotor positions
(analyses are performed always with 21 steps).
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Fig. 8: Flux, torque and torque ripple contour maps with respect to d and q-axis currents for SynRel, PMaSynRel and SPM
machines using FEM and DMEC.

Fig. 9: Results of sensitivity analysis and corresponding computation times
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The same figure also reports the computational time as
function of the different number of CEs; the analysis have
been performed on a workstation Intel Xeon W-2123 CPU
@3.6 GHZ with 32GB RAM.

Regarding the first case (s1), it is seen that increasing the
number of radial CEs in the tangential ribs region has no effect
on average torque or torque ripple.

For the second case (s2), average torque and torque ripple
values get closer to the reference values (FEM results always
reported in Fig. 10). The spikes in the descending trend of
both average torque and torque ripple can be ascribed to the
fact that the material matrixes and so the modeled geometry
changes with the discretization.

In the case of increased radial CEs describing the stator teeth
and yoke regions (s3), it can be deduced that increasing this
parameter is beneficial up to a certain point above which does
not lead to major benefit but just increases the computational
time. On the other hand, the number of tangential CEs plays
a more clear and critical role in defining the accuracy of
the DMEC model, as shown in study s4. In general, more
the number of tangential CEs are used, better results can be
obtained with a drawback of computational time.

It can be concluded that for rotating radial flux electric
machines, where electromagnetic excitations are circumferen-
tially distributed, the number of tangential cells plays a key
role.

V. EXPERIMENTAL VALIDATION

An off-the-shelf SynRel machine is tested and the results
are compared with both DMEC and FEA estimation. Gen-
eral specifications of the machine as well as dimensions are
provided in Table IV. The experimental test bench is shown
in Fig. 10. Both prime mover (permanent magnet machine)
and machine under test are driven by two 2L-VSI sharing
the same DC-link powered by a DC power supply. A custom
control platform [29] is used to implement the control and
identification algorithms.

A. Test procedure

The aim of the experiments is to obtain the characteristics
of the machine under test in terms of flux-current and torque-
current relationship. The magnetic model identification proce-
dure presented in [30] has been adopted. With this method-
ology, d and q-axis fluxes are obtained through measuring
and post-processing d and q-axis current and voltages while
the machine under test is current controlled in motoring and
generating mode and the prime mover is speed controlled.

TABLE IV: Specifications of the tested SynRel machine.

General Dimensions
Parameter Value Unit

Statour outer radius 75 mm
Shaft radius 15 mm

Specifications
Rated speed 1500 RPM
Rated power 1.1 kW
Rated current 4.1 Apeak

Prime
Mover

SynRel

(a)

2L-VSI2L-VSI

(b)

Fig. 10: Test setup: a) SynRel and prime mover, b) control
platform and inverter.

Specifically by following (24) and (25), it can be proved
that the fluxes can be obtained without knowing the stator
resistence:

λq =
vqM + vqG

2w
(24)

λd = −vdM + vdG
2w

(25)

In (24) and (25), subscripts M and G refers to the motoring
and generation modes, respectively. The currents required
for these operations are complex conjugate vectors which
lead to a complex conjugate flux linkage vectors as long as
the iron losses are negligible. As a consequence, the speed
during the tests is kept as low as noise to signal ratio of
the measurement allows. Fig. 11 shows the reference and
real current and voltage during the motoring and generating
modes constituting the test required for the identification of
one operating point. The same figure also report the averaging
windows considered for the calculation. Once the fluxes are

(a)

(b)

Fig. 11: Magnetic model identification test: a) dq-currents, b)
dq-voltage references.
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Fig. 12: Comparison of analsis results obtained with MEC and FEM.

obtained for each desired d and q-axis current, the torque can
be simply calculated as:

T =
3

2
p (λd iq − λq id) (26)

B. Results

Due to high complexity of the machine geometry (4 rotor
flux barriers and 36 stator slots), a total number of 6750
CEs were used to describe the geometry, 90 tangentially and
75 radially. Nevertheless, for a single operating point, the
computational advantage of the DMEC does not diminish as
it is 7.5 times faster than the FEA.

The experimental results along with the FE and DMEC
analysis are reported in Fig. 12 in terms d− and q−axis fluxes,
average torque and torque ripple. A quick overall comparison
show an excellent match between DMEC prediction and
experimental measurements. As a general trend d-axis fluxes
obtained through tests are well matching with both analysis.
In terms of q-axis flux, the experimental values are lower
than the predictions (both FEA and DMEC). This behaviour
can be explained by the imperfect geometry description and
the way flux paths occur in the DMEC. Notwithstanding this
small discrepancy, the torque contours are well matching with
each other. The last subfigure of Fig. 12 shows a good match
between the FEA estimated and DMEC estimated torque
ripple.

VI. CONCLUSION

A highly detailed computationally efficient and general
purpose non-linear distributed magnetic equivalent circuit ca-
pable of analyzing different synchronous machine topologies
has been presented in this paper. The full description of the
building blocks of the modeling technique are given including
details on the geometry discretization, boundary conditions
definition, mmf sources definition and non-linear resolution
method. The systematic use of a cell element made of four
reluctances offers great flexilibity in terms of flux paths that
can be modelled and consequentially geometries that can be
rapresented. In addition, such systematic discretization of the

space allows an easy implementation of rotation between com-
ponents. Excitations due to windings and permanent magnets
are considered using a unique loop based definition which
avoid placing an mmf source within the single cell elements.
A number of analyses have been performed with three different
machines, i.e an SPM, a SynRel and a PMaSynRel machine in
order to assess the performance of the propsed model against
the state-of-the-art FEM in terms of accuracy and computation
time. This assessment - carried out in a wide range of operating
points - yields to very good results in terms of accuracy and
showed that the DMEC is 12-20 times faster compared to the
respective FEAs. An experimental test campaign of an off-the-
shelf SynRel motor has been carried out fully validating the
proposed modeling technique.
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