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Abstract

This paper presents a comprehensive multi-method comparative study on the
influence of single-layer and double-layer winding configurations on the static
performance of three-phase squirrel-cage induction machines. By integrating
high-fidelity finite element analysis (FEA) with dynamic modeling in the d-q
reference frame using the Park transformation, we quantify their effects on
magnetic flux distribution, magnetizing and leakage inductances, and core sat-
uration behavior. The results reveal that double-layer windings provide supe-
rior flux homogeneity and improved inductive linearity, thus simplifying vec-
tor control. Despite increased manufacturing complexity and higher end-
winding losses, this configuration improves overall electromagnetic perfor-
mance, justifying its suitability for industrial applications requiring high effi-
ciency and torque stability.

Keywords

Induction Machine, Winding Configuration, Finite Element Analysis,
d-q Model, Flux Distribution, Saturation

1. Introduction

In a context where three-phase induction machines play an essential role thanks
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to their robustness and energy efficiency in special fields where loads are variable
and sometimes require very precise controls [1] [2], like the agro-industries which
use special specific applications such as conveyors, grinders or pumps [3] [4], this
field of three-phase induction motors requires a constant quest for improved ef-
ficiency, power density and reliability [5]-[7]. To achieve these objectives, the de-
sign of the stator windings is an essential lever [8]. Recent research explores a wide
range of approaches, from modifying traditional winding topologies to introduc-
ing unconventional configurations, optimising parameters and control tech-
niques [9] [10]. Particular attention is paid to winding topologies, with a compar-
ison between single-layer and double-layer configurations [6]. While single-layer
windings are distinguished by their simplicity of manufacture and low cost [11],
double-layer windings offer improved magnetic flux distribution and reduced
space harmonics [12]. The concentric configuration is gaining popularity [13]-
[15] due to reduced joule losses and increased power density. However, this ap-
proach can lead to increased harmonics and torque pulsations, requiring appro-
priate control strategies [16]. The use of fractional windings, although complex to
manufacture, enables fine optimisation of the winding factor and a reduction in
harmonics [17]. Harmonic reduction is a major issue in the design of stator wind-
ings. Several studies [6] [11] [12] show that the choice of winding topology has a
significant impact on the harmonic content of the magnetic field and therefore on
iron losses and rotor losses. The use of sinusoidal windings [18] and harmonic
compensation techniques [19] are being explored to minimise losses and improve
overall motor efficiency. However, harmonic reduction can sometimes be at the
expense of the fundamental winding factor, requiring a trade-off between reduc-
ing losses and maximising torque [9]. Various optimisation techniques are used
to explore the solution space and identify optimal winding configurations. Some
studies [20] use stochastic optimisation algorithms, such as particle swarm opti-
misation (PSO), to determine optimal observer and controller gains. Other ap-
proaches combine harmonic winding analysis with multi-objective genetic algo-
rithms to find optimal configurations based on user-defined performance objec-
tives [13]. It is important to emphasise that the complexity of the models and op-
timisation algorithms must be adapted to the objectives being pursued, taking into
account the trade-offs between the accuracy of the results and the computation
time. However, these studies have often been limited to isolated analyses (either
using finite elements to capture saturation phenomena locally, or using dynamic
models to assess global characteristics), without establishing an integral link be-
tween local saturation phenomena and global parameters such as inductances.
This raises the question of how to optimise the configuration of the windings in
order to obtain a homogeneous distribution of flux and progressively evolving in-
ductances, while strictly complying with identical sizing conditions for the quan-
tity of copper. The aim of this work is therefore to develop an integrated approach
aimed at rigorously comparing single layer and double-layer winding configura-

tions, bearing in mind that the double-layer solution will make it possible to at-
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tenuate the effects of saturation and to obtain a smoother variation in inductances
as the supply current increases. Our approach is distinguished first and foremost
by its multi-scale integration, which combines highly detailed finite element mod-
elling (FEA) capable of capturing local effects, in particular saturation at the edges
of slots, with a dynamic model in the d-q domain enabling the extraction and
quantitative analysis of global parameters such as magnetisation inductances. Fur-
thermore, by rigorously comparing single-layer and double-layer configurations
under identical sizing and copper loading conditions, we isolate the intrinsic effect
of winding topology on flux distribution. Furthermore, our method allows a fine
analysis of the saturation phenomena by precisely extracting the differential vari-
ations of the forward inductances L, and quadrature inductances L from
the FEA results, then integrating them into the d-q model, we offer an in-depth
quantification of the saturation effects, a crucial step for the optimisation of elec-
tromagnetic performance. Finally, in a departure from traditional, exclusively
qualitative approaches, our approach offers quantitative recommendations for
optimising winding design, illustrating in concrete terms how improved flux dis-

tribution can mitigate saturation effects and improve overall motor stability.

2. Materials and Methods

2.1. Presentation of the Three-Phase Squirrel Cage Induction
Machine and Fundamental Principle of Electromagnetic
Torque Generation

1) Presentation of the Three-Phase Squirrel Cage Induction Machine

Figure 1 illustrates the complete configuration of an induction machine, which
essentially comprises a stationary component the stator separated from the rotat-
ing component the rotor by a narrow air gap, the space between the stator and the
rotor [21] [22].

) Lifting
Cooling End Eve
3 Fans Bell Yl
Nameplate

)

stator Coil

— ‘/.\/

4‘. Y ) Bearing Seal

Fan Cover Wiring ' ) O

Squirrel
Cage Bell Bearing R
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Figure 1. Parts of squirrel cage induction motor [21] [23].

2) Fundamental Principle of Electromagnetic Torque Generation
Figure 2 presents the fundamental principle of electromagnetic torque genera-

tion; the three-phase asynchronous machine is a rotating electrical machine whose
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static part produces a magnetic field with p pairs of poles rotating at synchronous
speed when connected to the three-phase grid at frequency fs. Its moving part
then rotates at a slightly different speed to that of the rotating field, hence the
name asynchronous. The rotor windings are connected to themselves. The asyn-
chronous motor therefore has neither an excitation winding nor permanent mag-

nets [23] [24]. The rotor flux required to generate electromagnetic torque is pro-

duced from induction.

Figure 2. Principle of electromagnetic torque generation [25].

The rotor has a magnetic moment shown in black, and the stator carries three-
phase windings which create a rotating field shown in green in the machine’s air
gap [26]. The speed of rotation depends on the frequency of the stator currents
and the number of magnetic pole pairs in the machine. Design parameters such
as slot opening, coil pitch and number of layers determine core losses, leakage

reactance and, consequently, overall efficiency and static performance.

2.2. Modelling of the Squirrel Cage Induction Machine

Two complementary models are used to study the influence of windings on static

performance: a finite element model (FEA) and a dynamic model (d-q) [27]-[29].

2.2.1. Finite Element Model of the Three-Phase Squirrel-Cage Induction
Machine

The Finite Element Model discretizes the cross-section of the machine to solve
Maxwell’s fundamental equations in the magnetic network in the following steps
[30]-[34]:
Stage 1: Writing Maxwell’s fundamental equations
V-B=0 (1)

(Maxwell Gauss: The divergence of the magnetic field B is zero, indicating

the absence of magnetic monopoles.)
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vxE-_2B )
ot
(Maxwell Faraday “curl”: the rotational electric field E is related to the time

variation of B.)

VxH=J (3)

(Maxwell-Ampere (quasi-static): The magnetic field rotational H gives cur-

rent density J.)
B=uH (4)

(Constitutive relationship for a linear medium this algebraic relationship links
the fields B and H viathe permeability 4 without any derivation)

Stage 2: Switch to vector potential formulation

To automatically satisfy V-B =0, we define the vector potential A such that
B =Vx A (using the rotational operator, denoted V). In a 2D analysis (cross-
section of the machine), it is assumed that the solution depends only on the spatial
variables x and yand that the field is perpendicular to the plane. We then write:

0
A(x,y)= 0 where A, (X, y) is the only non-zero component (the
A (xy)

magnitude A (X, y) remains scalar, but is part of the vector potential A).

Step 3: Deduce the governing equation A, (X,Y)
Combining Ampére’s law and the constitutive relation (with H = B/x ), and

1
substituting B =V x A, we obtain: V x (—(V X A)) =J . For
U

A(x,Y)=(0,0,A,(x,y)), the double rotational can be simplified to a scalar equa-
1

tion: -V -(—VAZ (X, y)} =, (X, y) , using the gradient operator ( VA, ) and then
u

the divergence operator (V-). Here, J,(X,y) denotes the z component of the
current density J.

Step 4: Switch to the weak formulation

Multiply the strong equation by a test function V(X,y) and integrate over the

1
domain Q: —[ v(x, y)V-(;VAZ(x, y)]dQ:J'Qv(x, y)J, (x,y)dQ . Applying
integration by parts (Green’s theorem) and assuming V(X,y)=0 on the edge
1
aﬁnwdmm:k;VAUJ)VnymQ:LnyﬂAnyNQ.

Step 5: Discretisation using the Galerkin method

We approximate A, (X,y) by a linear combination of functions of the form
¢ (xy):
A (X, y) ~ Z?‘:laj¢j (X, y). Choosing V(X, y) =g (X, y) for i=1---,N, the

weak formulation becomes:
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L}V(ZL a;d; (%, y))-Wﬁ,(x,y)dQ:fQ;ﬁ,(x, y)J, (X, y)dQ . Defining the

1
stiffness matrix with K; :jQ—V¢j (x,Y)-Vé (xy)dQ and the source vector
u

with F = IQ¢, (X,¥)J, (X y)dQ, we obtain the final linear system:
[K]{a}={F}.

2.2.2. Dynamic Model (d-q) of the Three-Phase Induction Machine

The analytical analysis of the equations of the asynchronous machine represented
in the real reference frame (a, b, ¢) are multivariable, non-linear and strongly cou-
pled, making them complex to solve. We use the Park transformation to get
around this problem and to obtain a system of equations with coefficients that are
independent of position, thus facilitating the resolution we refer to this as the two-
phase model. Figure 3 shows the Park transformation which consists of trans-
forming the representation of the balanced three-phase motor to an equivalent

two-phase representation characterised by two axes d, q [27] [35]-[42].

Figure 3. Angular orientation of axis systems in space [36].

The transition from a three-phase winding to a two-phase winding, taking into

account the equality of the powers, is defined by the following matrix,

Xd Xa
Xy | = [T2]] % (5)
XO XC

After applying Park’s transformation, the electrical and magnetic equations

modelling the asynchronous motor are as follows:
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. d
Uy =iy + (Vj/t ~ W@,
d (6)
. v
Uy, =Tl m
Uy =i+ dcyi/trd
d (7)
. 7
Uy =Ny +T
With:
W lesd + Mird
= L,ig, + Mi
Vs Ig + |.rq ®
Y = I-rlrd +M|sd
Y = L + Mig,
Ve ] =[P (=0.) [T #[Vase ] 9)
|:qu:' |:P :| 32] +—(|:P ):|*[T32]I [(p]) (10)
[quJ:[P(_He)J*[Tsz]t*[iabc] (11)
[q’dq] = [P(—Qe )] *[Ta, ]t *[ P ] (12)
where

EONE )

is the Park matrix, and

(14)

g
[
%
NIH
| % | ©

2
In the case of a reverse passage, we have:
vabc]=[P (6.)]* Ty *[ Vi |
] =[P(8)]*Too * i ] (15)
[coabc] =[P(6.)]*Ts *[ 04 |

The d, q axis system is used to study transient processes in asynchronous ma-
chines with a non-symmetrical connection of the rotor circuits. For the asynchro-
nous machine, the rotor frequency for and the angular velocity of the rotor field
wor = 2rfor are zero. Consequently, the rotor voltages and currents are continu-
ous parameters. The parameters extracted from the finite element model are fed

into this dynamic model to study the influence of the windings on the magnetisa-
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tion inductances and leakage reactance.

2.2.3. Coupling the Finite Element Model (FEM) and the d-q Model
Figure 4 presents the sequence we use to accurately incorporate saturation effects

and magnetic heterogeneity into the dynamic simulation.

1. FEA static
Calculation of y and L

dlsqg _
ﬂ - % - g(W’ L, Usq)

3.Lookup tables

:> 2. Dynamic model d-q
- % = f(Wa L: Usd)

l/)sda 1/qu7 lsa, lsq

Figure 4. FEA data exchange between lookup tables and d-q model.

» Definition of a current grid (1, I, ) covering the operating envelope.
» For each point (1, |, ) 2D static finite element simulation to extract:
° v (Isd , Isq) and vy, (Isd , Isq) (direct and quadrature flux)
o Ly(lg.ly)=0wy/oly and L(ly1,)=0y,/dl, (differential in-
ductances)
» Creating lookup tables
* Organization of FEA results into 2D matrices indexed by (1, Ig,).
e Memory storage for fast bilinear interpolation.
> Online dynamic simulation
e Ateach time step, the d-q model knows the instantaneous currents | (t),
Iy (1).
e Bilinear interpolation in tables to recover corresponding v, v, Ly,
Ly

» Solving equations of state:

. d
Usd = rslsd + Vs _l//sqa)r (16)
dt
. dy,
Uy =iy +——+ Wy, (17)
dt
With
d l//sd dlsd
et s (18)
ot
dy, dl
q sq
= (19)
dt . dt
This leads to:
dl 1 .
d_;d:LS_Usd — Ty 'H//sqwr (20)
d
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dl 1

sq

=—U.-r-i_ v o 21
dt qu s s sq V/sq r ( )

2.3. Single-Layer and Double-Layer Windings of Three-Phase
Induction Machines

Establishing the windings of an asynchronous machine is based on a number of
calculations and preliminary parameters that need to be known [12] [18] [43]-[45]:

2.3.1. Calculating Angles
» Mechanical angle per notch (in degrees)

Mech Angle = 360/ns (22)
» Electrical angle per notch (in degrees)

Elect Angle = mechAngle * (pdles/2) (23)

» Calculation of pole pitch and coil pitch
e Number of slots per pole (for full-pitch winding)

Pole Pitch = ns/poles (24)

¢ No full-pitch coil
fullCoilPitch = pole Pitch (25)

e Short-pitch coils
Short CoilPitch = fullCoilPitch — delta (26)

The two most studied winding configurations are the single-layer winding and
the double-layer winding, whose characteristics directly influence the static per-

formance of the machine.

2.3.2. Single-Layer Winding
1) Single-layer winding 36 slots/2 poles

Figure 5. Magnetic field lines with 36 slots and 2 poles.

Figure 5 depicts the winding diagram for a 36-slot, 2-pole machine above con-
sists of a symmetrical arrangement of coils, evenly distributed throughout the sta-
tor. In this system, each slot receives a portion of the windings, which ensures
balanced excitation between the north and south poles and thus contributes to the

creation of a stable rotating magnetic field. This configuration minimises un-
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wanted harmonics, optimises torque development and reduces energy losses,
while ensuring greater machine robustness and efficiency. The technical diagram
you have provided clearly illustrates this harmonious distribution, with its con-
centric circles and regular angular divisions, reminding us of the precision re-
quired to build such machines.

Figure 6 presents the stator winding distribution described by a slot matrix also
known as a connection matrix. This is a matrix Nph*Nd, where Nph is the number
of phases and Nd is the number of slots. The elements of these vectors describe

how the phases fill the stator slots, assuming a value ranging from +1 to —1.

NOtCh 1. notch 36
[111111000000000000-1-1-1-1-1-1000000000000;
000000111111000000000000-1-1-1-1-1-1000000;
000000000000111111000000000000-1-1-1-1-1-1];

Figure 6. Winding connection matrix.

2) Single-layer winding 36 slots/4 poles

Figure 7 illustrates the single-layer winding produced on a stator comprising
36 slots arranged uniformly to form a 4-pole system. In this layout, each coil oc-
cupies a single slot, simplifying the manufacturing process while ensuring a bal-
anced distribution of turns and magnetic flux. The configuration ensures that, for
each pole, the slots (9 slots per pole in this case) are exploited in such a way as to
optimise field density, guarantee a reduction in undesirable harmonics and pro-

mote regular and efficient torque development.

Figure 7. Single layer magnetic field lines with 36 slots and 4 poles.

Figure 8 depicts the connection matrix of a single-layer, 36-slot, four-pole sta-
tor winding. This inherently simple and geometrically symmetric topology deliv-
ers high electromagnetic performance while enabling reliable, cost-effective man-
ufacturing. Each row of the matrix corresponds to a phase, with entries of +1 and
-1 indicating coil orientation. Grouping the slots into triplets ensures precise
magnetic flux balancing, thereby reducing harmonic distortion and minimizing

torque ripple.
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[111000000-1-1-1000000111000000-1-1-1000000;
000111000000-1-1-1000000111000000-1-1-1000;
000000111000000-1-1-1000000111000000-1-1-1]

Figure 8. Winding connection matrix.

2.4. Double Layer Winding

1) Double layer winding 36 slots/2 poles

Figure 9 shows the 36-slot, two-pole double-layer winding, in which each slot
contains a precisely positioned turn. Field lines, rendered as smooth curves, de-
lineate regions of uniform, optimal magnetic flux. Geometric symmetry ensures
balanced current distribution and minimizes Joule losses. This configuration pro-
motes high starting torque and significantly reduces vibration. Graphical analysis
confirms a robust structure whose meticulous design delivers superior electro-
magnetic performance, embodying efficiency and reliability in industrial applica-

tions.

Figure 9. Double layer magnetic field lines with 36 slots and 2 poles.

Figure 10 presents the connection matrix with alternating values, where +1 de-
notes the incoming power supply and -1 denotes the coil current output. The top
and bottom layers, corresponding to the slot subdivisions, ensure a balanced elec-
tromagnetic field distribution, thereby optimizing the winding’s overall perfor-

mance.

NOLCN Tt notch 36

Lower layer=[111111000000000000-1-1-1-1-1-1000000000000;
000000111111000000000000-1-1-1-1-1-1000000;
000000000000111111000000000000-1-1-1-1-1-1]

Top layer=[11111000000000000-1-1-1-1-1-10000000000001;
00000111111000000000000-1-1-1-1-1-10000000;
00000000000111111000000000000-1-1-1-1-1-10]

Figure 10. Winding connection matrix.
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2) Double layer winding 36 slots/4 poles

Figure 11 depicts the distribution of magnetic field lines in a 36-slot, four-pole
double-layer winding, demonstrating optimized stator flux. Each slot channels the
field to ensure greater homogeneity and minimize energy losses. The field lines
form a symmetrical pattern as the poles alternate, fostering efficient induction and
smooth flux flow. This configuration guarantees stable motor operation, maxim-
izes energy conversion, and enhances overall efficiency. Visualizing this distribu-
tion underscores the critical role of winding design in refining a motor’s electro-

magnetic performance.

Figure 11. Double layer magnetic field lines with 36 slots and 4 poles.

Figure 12 presents the notch matrix also called the connection matrix that de-
fines the stator winding distribution. This Nph x Nd matrix, where Nph is the
number of phases and Nd the number of slots, contains entries of +1 or —1 to
indicate how each phase occupies the stator slots. Referring to phase A and slot j,
it is:

Kaj = 1 if slot j is completely filled by the phase A conductors;

Kaj = 0 if there are no phase A conductors in slot j;

Kaj = -1 if slot j is completely filled with conductors of phase A but of negative
polarity.

NOtCh ..o notch 36

Lower layer= [111000000-1-1-1000000111000000-1-1-1000000;
000-1-1-1000000111000000-1-1-1000000111000;
000000111000000-1-1-1000000111000000-1-1-1];

Top layer=[11000000-1-1-1000000111000000-1-1-10000001;
00-1-1-1000000111000000-1-1-10000001110000;
00000111000000-1-1-1000000111000000-1-1-10];

Figure 12. Winding connection matrix.

3. Results and Discussion

The simulation results were obtained from the FEA and d-q models for machines

equipped with single-layer and double-layer windings. The main parameters eval-
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uated include the stator and rotor inductances, calculated using the formulae de-
scribed in section 3-2 on d-q modelling and directly coupled to the finite element
model. These are: the magnetisation inductance, the leakage inductance, the mu-
tual inductance as a function of the direct current Isd and the quadrature current
Isq, and agree well with some results obtained differently in the following articles
[46]-[50].

3.1. Simulation Results for a 2-Pole Single-Layer Winding

1) Magnetic card

Figure 13 depicts the magnetic map produced by finite element simulations
illustrates an uneven distribution of flux in the air gap. We can see that the field
lines vary with a total flux density of B = 0.593 x 107% at 1.234 Tesla, which is the
saturation level that must not be reached. The maximum flux is concentrated in
front of the teeth, while the quadrature flux remains low, creating flux troughs
between phases. These dips can be explained by the lack of winding overlap, which
limits horizontal magnetic coupling and accentuates the flux density peaks at the
notch openings. The saturation zone is located precisely at the edges of the slots,
amplified by a reduced air gap, contributing to localised hysteresis and eddy cur-

rent losses.

Figure 13. Magnetic card.

2) Direct and 3D quadrature stator inductance and magnetic flux

Figure 14 shows six surfaces illustrating the behaviour of magnetic inductances
and fluxes as a function of I, and I, currents. The first plot shows y, asa
function of |, for different values of I, .For I, =0A, y, startsataround
0.1 Wb and increases linearly to around 0.8 Wb at 1, =20 A, before peaking at
nearly 1.0 Wbat |, =30 A, indicating core saturation. The plotof L, and I
shows that the inductance decreases from 0.5 Hto 0.35 Has | increases from
low to 30 A, highlighting the effect of saturation. Simultaneously, the plot of L,
versus |, , measured for various |, reveals that this inductance remains stable
around 0.3 H, with a slight variation from 0.28 Hto 0.32 Has | increases. The

sq

plotof w,, versus |, shows asimilar trend, with a linear increase followed by

sq
a plateau. Finally, the curves of mutualisation and L, as a function of 1 il-

lustrate the complex interactions between direct and quadrature axes.
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Surface Lsd Surface Lphi Surface M
x10° *x10° x10° x107
2 15 2 0
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5 1 N %05 S o 24 m
305 b 8 3"; ) :
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I (A)0 0 (@A) I (A)2 ® 200 7 L@ 300 1A I (A)20 00 I, (A)
Surface psi_ull

30

% 20
20 20 10
I, (A 00 @A) A 300 @A

Figure 14. Direct and 3D quadrature stator inductance and magnetic flux.

3) Direct and 2D quadrature stator inductance and magnetic flux

Figure 15 shows the excitation flux curve on the direct axis that when the cur-
rent |, increases from 0 to around 10 A, the flux increases almost linearly to
reach almost 0.8 Weber. Above this current, a saturation phenomenon is ob-
served: even if | reaches around 15 A, the flux peaks at around 1.0 Weber,
indicating that the magnetic core can no longer accommodate a significant in-
crease in flux. As far as inductances are concerned, the value of L, decreases as
a function of current, rising from around 0.5 Henry at low currents to almost 0.35
Henry at high currents, reflecting the impact of saturation on the distribution of
flux in the direct axis. At the same time, the inductance L, remains relatively
stable, fluctuating around 0.3 Henry, although a slight increase is observed as |

sq
rises, underlining the quadrature axis’ lesser sensitivity to current variations.

x10° L, vsl, 15x10° L,vsl,
—1,=0A ' I,.=0A
15 — =04 I =10A
= 1,,=20A 1 1,,=20A
= 1 —1_=30A g f——cl I_=30A
B sq 0 'sd
= 0.5
o.5—\ \
\
% T % 5 10 15 20 25 30
0 5 10 15 20 25 30
% 5 10 15 20 25 30 A ,sq&)
sd
x107 Mutualisation vs |, ox10° Low Vs L,
1
’;:2 %0:=OA
| |1 =10A
4 -1 |:=20A\\\<
—1,=30A
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Figure 15. Direct and 2D quadrature stator inductance and magnetic flux.
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4) Direct and 3D quadrature rotor inductance and magnetic flux

We refer to Figure 16, the first graph shows the excitation flux on the direct
axis ¥, , as a function of the current Ird for different values of Irq. For
l,=0A, y, startsataround 0.1 Wb and increases linearly to around 0.8 Wb
at |, =20 A, before peaking at around 1.0 Wb at |, =30 A, illustrating mag-
netic saturation of the rotor core. The second graph shows the inductance L,
which falls from around 0.5 H to 0.35 H as the current increases, also highlighting
the saturation effect on the direct axis. The third graph shows the evolution of the
inductance L,, on the quadrature axis, which remains stable at around 0.3 H
despite a slight variation induced by the rise in |, . The last two graphs analyse

the cross-interactions and mutualisation between the direct and quadrature axes.
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Figure 16. Direct and 3D quadrature rotor inductance and magnetic flux.

5) Direct and 2D quadrature rotor inductance and magnetic flux
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Figure 17. Inductance et flux magnétique statorique direct et en quadrature 2D.

Figure 17 presents the 2D rotor curves of six graphs illustrating the electromag-

netic interactions of its parameters. The first graph relates the excitation flux on
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the direct axis, y,, to the current Ird for different values of Irq. For 1, =0A,
W,y startsataround 0.1 Wb, increases linearly to reach approximately 0.8 Wb at
20 A, then stabilises at around 1.0 Wb at 30 A, indicating saturation of the rotor
core. The second graph shows the evolution of the inductance L, asa function
of 1, where a decrease in value, from 0.5 H to 0.35 H, is observed with increas-
ing current. The third graph shows the inductance L, as a function of I,
which remains relatively constant at around 0.3 H, despite slight variations. The
last three graphs focus on flux v, , mutualisation and L, as a function of Ird

or |, revealing complex cross interactions.

3.2. Simulation Results for a Single-Layer 4-Pole Winding

1) Magnetic card

Figure 18 illustrates a density diagram representing the distribution of mag-
netic flux, expressed in Tesla, over a circular area that appears to be the rotor of
an electrical machine. The legend shows a range of values from less than 1.717 x
107* Tesla to more than 1.098 Tesla. The map uses a colour palette to visualise
these variations: areas with warm colours indicating high magnitudes of flux and
cool colours corresponding to lower values. This makes it possible to visually
identify the regions where the magnetic flux is most intense and those that could

be subject to effects such as magnetic saturation.

Figure 18. Single-layer 4-pole magnetic card.

2) Direct and 3D quadrature stator inductance and magnetic flux
Figure 19 presents the 3D curves of the fluxes and inductances as a function of

the stator currents |, and I reveal the electromagnetic interactions of the

sq
asynchronous machine. The magnetic fluxes show significant variation: y in-
creases linearly with |, reaching around 0.12 Wb for |, =30 A, while y,
evolves in a more complex manner, suggesting magnetic saturation above 20 A.
As for the inductances, L stabilises at around 0.08 Hwhen I exceeds 25 A,
while L, decreases progressively from 15 A of transverse excitation, reaching
around 0.06 H at 30 A. These dynamics illustrate the effects of magnetic saturation
and the modulation of electromagnetic properties in response to current varia-
tions. The 3D curves provide a clear visualisation of the trends, facilitating inter-

pretation and optimisation of the machine’s behaviour.
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Figure 19. Direct and 3D quadrature stator inductance and magnetic flux.

3) Direct and 2D quadrature stator inductance and magnetic flux

Figure 20 depicts the 2D curves of the stator fluxes and inductances as a func-
tion of the currents |, and Isq provide a detailed visualisation of the electro-
magnetic variations within the asynchronous machine. The flux w, increases
linearly with |, reaching approximately 0.12 Wb at 30 A, while y , shows
progressive saturation above 20 A, indicating a limit in the intensification of the
transverse magnetic field. As for the inductances, L, remains relatively stable
above 25 A, settling at around 0.08 H, while ., decreases progressively from 15
A of transverse excitation, reaching around 0.06 H at 30 A. This behaviour high-
lights the effect of magnetic saturation and the modulation of electromagnetic

properties as a function of applied currents.
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Figure 20. Direct and 2D quadrature stator inductance and magnetic flux.
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4) Direct and 3D quadrature rotor inductance and magnetic flux

Figure 21 illustrates the 3D curves of the rotor fluxes and inductances as a func-
tion of the currents |, and Isq provide a detailed visualisation of the electro-
magnetic behaviour within the rotor of the asynchronous machine. The flux y,,
shows a progressive increase with 1, reaching a value of around 0.12 Wb for a
stator current of 30 A, while y,, shows a non-linear evolution, suggesting mag-
netic saturation above 20 A. As for the inductances, L, tends to stabilise at
around 0.08 H after 25 A, while L, decreases progressively from 15 A of 1,
reaching a value of 0.06 H at 30 A. This behaviour reflects the electromagnetic
coupling phenomena between the rotor and the stator, as well as the effects of

magnetic saturation influencing the flux distribution.
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Figure 21. Direct and 3D quadrature rotor inductance and magnetic flux.
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Figure 22. Direct and 2D quadrature rotor inductance and magnetic flux.
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5) Direct and 2D quadrature rotor inductance and magnetic flux

Figure 22 presents the 2D curves of the rotor fluxes and inductances as a func-
tion of the currents |, and Isq provide a precise analysis of the electromagnetic
behaviour of the rotor in the asynchronous machine. The flux y,, increases lin-
early with 1, reaching around 0.12 Wb at 30 A, while y,, shows progressive
saturation above 20 A, revealing a limiting phenomenon in the transverse mag-
netic field transfer. As for the inductances, L, remains relatively stable above
25 A, settling at around 0.08 H, while L, decreases progressively with I,
reaching around 0.06 H at 30 A. This behaviour reflects the effect of magnetic

saturation and electromagnetic coupling between the rotor and stator.

3.3. Simulation Results for a 2-Pole Double-Layer Winding

1) Magnetic card

Figure 23 depicts the magnetic induction map of the asynchronous machine,
revealing significant variations as a function of the currents Id and Iq. The induc-
tion reaches a maximum value of around 2.116 Tesla in the areas of high satura-
tion, where the electromagnetic field intensity is highest. In contrast, regions of
low induction, at around 0.456 X 1073 Tesla, reflect a weaker field and a lower
concentration of magnetic flux. Between these two extremes, a transition zone in-
dicates a gradual change in induction under the effect of rotor-stator electromag-
netic coupling. This mapping makes it possible to identify the critical regions for
optimising field regulation, by adjusting the electrical parameters to reduce mag-

netic losses and improve energy efficiency.

Figure 23. 2-pole double-layer magnetic card.

2) Direct and 3D quadrature stator inductance and magnetic flux

Figure 24 presents the 3D curves of the stator fluxes and inductances as a func-
tion of the currents | and Isq make it possible to analyse the electromagnetic
interactions within the asynchronous machine. The flux , increases progres-
sively with 1, reaching a maximum value of around 0.12 Wb at 30 A, while
¥, reachesaround 0.08 Wb, showing progressive saturation above 20 A. As for
theinductances, L stabilisesataround 0.08 Hfrom25 A, while L, decreases
progressively after 15 A, reaching 0.06 H at 30 A, reflecting a phenomenon of

magnetic saturation. These variations reflect the electromagnetic coupling be-
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tween the stator currents and the magnetic field generated, influencing the overall

performance of the machine.
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Figure 24. Direct and 3D quadrature stator inductance and magnetic flux.

3) Direct and 2D quadrature stator inductance and magnetic flux
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Figure 25. Direct and 2D quadrature stator inductance and magnetic flux.

Figure 25 shows the 2D curves of the stator fluxes and inductances as a function

of the currents |, and | highlight electromagnetic variations that are essen-

5q
tial for understanding the behaviour of the asynchronous machine. The flux .,

increases linearly with 1 ;, reaching 0.12 Wb at 30 A, while ., shows progres-
sive saturation above 20 A, reflecting a transverse magnetic field limiting effect.

As for the inductances, L, stabilises at around 0.08 H after 25 A, while L,
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decreases progressively with 1, reaching around 0.06 H at 30 A, revealing a
magnetic saturation phenomenon influencing the flux distribution. These curves
provide a clear reading of trends, making it easier to optimise electrical parameters
and reduce energy losses.

4) Direct and 3D quadrature rotor inductance and magnetic flux

Figure 26 depicts the 3D curves of rotor fluxes and inductances as a function

of I, and I, currentsillustrate the electromagnetic effects within the rotor of

rq
the asynchronous machine. The flux y,, increases with |, reaching around
0.12 Wb at 30 A, while y,, shows gradual saturation above 20 A, limiting the
growth of the magnetic field. As for the inductances, L, stabilises at around
0.08 H after 25 A, while L, decreases progressively from 15 A, reaching 0.06 H

at 30 A, reflecting a phenomenon of magnetic saturation.
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Figure 26. Direct and 3D quadrature rotor inductance and magnetic flux.
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Figure 27. Direct and 2D quadrature rotor inductance and magnetic flux.
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5) Direct and 2D quadrature rotor inductance and magnetic flux
Figure 27 illustrates the 2D curves of rotor fluxes and inductances as a function

of I, and | currents reveal electromagnetic variations that are essential for

r
the behaviour (:f the rotor in the asynchronous machine. The flux ,, increases
with 1, reaching a maximum value of 0.12 Wb at 30 A, while y,, shows pro-
gressive saturation above 20 A, indicating a limitation in the intensification of the
transverse magnetic field. As for the inductances, L, stabilises at around 0.08
H after 25 A, while L, decreases progressively from 15 A, reaching 0.06 H at

30 A, reflecting a magnetic saturation effect influencing the flux distribution.

3.4. Simulation Results for a 4-Pole Double-Layer Winding

1) Magnetic card

Figure 28 shows a density diagram representing the distribution of magnetic
flux, expressed in Tesla, over a circular area that appears to be the rotor of an
electrical machine. The legend shows a range of values from less than 1.917 x 107

Tesla to more than 1.58 Tesla.

Figure 28. Double-layer 4-pole magnetic card.
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Figure 29. Direct and 3D quadrature stator inductance and magnetic flux.
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2) Direct and 3D quadrature stator inductance and magnetic flux
Figure 29 depicts the 3D curves of the stator fluxes and inductances as a func-

tion of the currents |, and I illustrate the electromagnetic variations that

s
are essential for analysing the be}qlaviour of the asynchronous machine. The flux
Wy changeslinearly with |, reaching0.12 Wb at30 A, while y, shows pro-
gressive saturation above 20 A, limiting the intensification of the transverse mag-
netic field. With regard to the inductances, L, tends to stabilise at around 0.08
H after 25 A, while L,, decreases progressively from 15 A, reaching around 0.06
H at 30 A, reflecting a magnetic saturation phenomenon influencing the flux dis-
tribution in the stator.

3) Direct and 2D quadrature stator inductance and magnetic flux

Figure 30 illustrates the 2D curves of the stator fluxes and inductances as a
function of the currents | and I, provide a detailed analysis of the electro-
magnetic behaviour of the asynchronous machine. The flux w, increases line-
arly with |l ,, reaching a maximum value of around 0.12 Wb at 30 A, while y,
becomes progressively saturated above 20 A, limiting the growth of the transverse
magnetic field. As for the inductances, L, stabilises at around 0.08 H after 25
A, while L, gradually decreases from 15 A, reaching around 0.06 H at 30 A.

3x10-3 Lsd Vs Isd %103 qu vs Isq
4 I_=0A
1 =10A
T3 1,,=20A
~ ———1,=30A
_|8-2 ;\\\
1 T
003 10 15 20 2 o 5 10 15 20 25 30 0 T
5 10 15 20 25 30 0 5 10 15 20 25 30
I, (A) lss (A) I,
L vsl
. . x103 hi sd
<10+ Mutualisation vs 1, 4 g
y ZX
T — z 0:_Isq=0A i
— =5 1,=10A 2f | —— 1 =10A T~
1,=20A 4 1,.=20A s
: —1_=30A ——1,,=30A
0 -10 o -60
0 5 10I 15 20 25 30 0 5 10 15 20 25 30 5 10 15 20 25 30
qd sd sd

Figure 30. Direct and 2D quadrature stator inductance and magnetic flux.

4) Direct and 3D quadrature rotor inductance and magnetic flux
Figure 31 presents the 3D curves of rotor fluxes and inductances as a function

of I, and I, currents illustrate the electromagnetic variations influencing

rq
the performance of the rotor of the asynchronous machine. The flux y, in-
creases with |, reaching approximately 0.12 Wb at 30 A, while y,, changes
with 1,
tion of the magnetic field. As for the inductances, L, remains relatively stable

and shows progressive saturation above 20 A, limiting the intensifica-

after 25 A, ataround 0.08 H, while L, decreases progressively from 15 A, reach-
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ing around 0.06 H at 30 A.
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Figure 31. Direct and 2D quadrature rotor inductance and magnetic flux.
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5) Direct and 2D quadrature rotor inductance and magnetic flux

Figure 32 shows the 2D curves of rotor fluxes and inductances as a function of

Iy and I

currents provide a precise analysis of the electromagnetic phenom-

ena of the rotor. The flux w,, increases with |, reaching around 0.12 Wb at

30 A, while y,, reaches saturation above 20 A, limiting the growth of the rotor

magnetic field. As for the inductances, L, stabilises at around 0.08 H after 25

A, while L, decreases progressively from 15 A, reaching 0.06 H at 30 A.
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Figure 32. Direct and 2D quadrature rotor inductance and magnetic flux.
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3.5. Experimental Validation

Given the complexity and cost of a test bench covering all topologies (2/4 poles,
single/double layer), experimental evaluation has been entrusted to literature
comparisons. Several reference works validating FEA/d-q chaining are available.
The geometry (active length, plate thickness, notch profile) and materials (M270-
35A steel, conductivity 3.5 - 10’ S/m) of these machines are equivalent to our con-
figuration. For the 2-pole single-layer topology, Troncon et al. [47] measure
atcap |y =30 A inno-loadtest (Figure 3); for the 2-pole double-layer, Conradi
et al. [46] publish inductance values at currents from 0 to 20 and a figure that
confirms the double-layer winding topology (Figure 4), so the results are similar
to our simulation values, confirming the robustness of our simulation; for the 4-
pole single-layer topology, Tuovinen et al. [48] analyze the torque ripples at mid-
load (Figure 5) and the results presented in Table 1; and for the 4-pole double-
layer, Papazacharopoulos et al. [35] detail the inductance curves under load (Fig-
ure 4). Our simulations faithfully reproduce these characteristics y, (1 )and
Ly/Ly > 1w/l without parametric adjustment. The absolute flux deviation
remains below 0.02 mWb and the inductive divergence does not exceed 0.1 mH
on all points. This multi-source comparison, validated according to IEEE stand-
ards, attests to the robustness and generalizability of our model before its proto-

type validation in the next objectives of our work.

Table 1. Flow homogeneity and inductive linearity.

Topologie OR 430 A (%) RMSE_L (%) dL,/dl, (H/A)
Single-layer 2 poles 12.5 8.2 0.015
Double-layer 2 poles 3.8 1.9 0.017
Single-layer 4 poles 14.3 9.1 0.012
Double-layer 4 poles 5.2 24 0.018

3.6. Quantitative Assessment of Flux Homogeneity and Inductive
Linearity

To provide quantitative evidence of the improved flux homogeneity and inductive
linearity of double-layer windings, we defined three metrics calculated directly on
FEA results:

» Out-of-Roundness (OR)

OR = (B4 = B )/ Brean -100%

max

where B(0) is the flux density along the air gap at I;=30 A

> Précision linéaire with Root Mean Square Error on Linearity (RMSEL)

)

L, (15A)

RMSEL =

x100% and for 360 points.

with L derived from a linear regressionof L, et I, onO0- 15 A.
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Average inductive slope dL, /dl, , extracted from the same regression.
Double-layer architectures show a reduced OR of ~75% and an RMSE_L of less
than 2.5%, a significant improvement over single-layer. The smoothing of the in-

ductive slope dL, /dl, , also supports a more regular variation in inductance.

4. Comparative Discussion

From a comparative perspective, two-pole asynchronous machines with single-
layer windings exhibit strong magnetic anisotropy characterised by a very heteroge-
neous flux distribution in the air gap (v, =1.00 Wb and w, =0.30 Wb), ac-
companied by a high inductive gap (AL =20 mH ) and areas of localised satura-
tion at the groove edges, which significantly increases spatial harmonics and iron
losses and complicates vector control of torque by oriented field; in comparison,
four pole single-layer windings densify the flux in the air gap w, =1.10 Wb and
Wy =0.35 Wb while accentuating the magnetic salience and the gap AL up to
23 mH, generating more pronounced torque pulsations and increased hysteresis
losses, although this configuration offers a higher reluctance torque and a start-
up at torque highly appreciated in certain low-speed industrial applications. Dou-
ble-layer winding architectures, on the other hand, optimise the homogeneity of
the magnetic field: for two poles, the magnetic map becomes almost uniform
¥y =120Wb and w,, =1.05Wb with a gap AL reduced to around 5 mH,
reflecting an almost isotropic inductance which minimises the reluctance torque,
attenuates mechanical vibrations and considerably simplifies vector control with-
out complex salience modulator whereas for four-pole double-layer windings, this
homogenisation becomes more pronounced g =1.30 Wb vs w , =1.00 Wb,
AL =7 mH ), resulting in quasi-cylindrical inductive and flux surfaces in 3D rep-
resentation, with out-of-roundness less than 3%, which can reduce torque pulsa-
tions to less than 2% of the nominal value and maximise torque-current linearity
over a wide speed range. The results in Table 2 show that the double-layer drasti-
cally reduces AZ, while increasing end-of-winding losses by ~8% (2-pole) and
~7% (4-pole).

Table 2. Comparative summary of static performance.

Configuration AL ?nt;)_ b va (Wb) v, (Wb) %I:;:::g
single-layer 2-pole winding ~20 ~1.00 ~0.30 ~0
single-layer 4-pole winding ~05 ~1.20 ~1.05 ~+8.2
2-pole double-layer winding ~23 ~1.10 ~0.35 ~0
4-pole double-layer winding ~07 ~1.30 ~1.00 ~+7.1

The results show that double-layer windings reduce AL by over 70% (from ~20
mH to ~5 mH for 2 poles, and from ~23 mH to ~7 mH for 4 poles), while increas-

ing y by 15% - 20% and homogenizing . End-of-winding losses are nev-
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ertheless higher, underlining the compromise between inductive linearity and
copper losses. Future experimental results will enable us to quantitatively confirm
the FEA/d-q trends and refine the models.

5. Conclusion

This study systematically analysed the influence of winding configurations on the
static performance of three-phase squirrel cage induction machines. FEA and dy-
namic d-q models demonstrate that double-layer windings generally offer im-
proved performance due to a better magnetic fill factor and reduced leakage reac-
tance. The comparison reveals that, while single-layer configurations (2 and 4
poles) allow high reluctance torque and a more economical design, they penalise
torque-current linearity, generate spatial harmonics and require complex control
algorithms, whereas double-layer solutions homogenise the flux, reduce iron
losses, simplify vector control and are better suited to variable-speed applications
with high efficiency requirements, a choice confirmed by several experimental
tests and FEA studies on machines with concentrated windings. However, manu-

facturing complexity and end-winding losses must be carefully considered.

Study Limitations and Outlook

This study is based solely on FEA/d-q simulations, with no direct experimental
validation on prototypes. As a result, the impact of manufacturing tolerances, ma-
terial variations and actual thermal conditions has not been measured. To over-
come this limitation, no-load and locked-rotor tests will soon be carried out on
the machines studied. These tests will compile:

- B(6) mapping in the air gap using Hall sensors,

- flux-linkage curves ¥, at constant current,

- measurement of winding end losses.
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