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Abstract: The low speed toothed doubly salient permanent-magnet (TDSPM) machine is an interest-
ing candidate motor for electric ship applications because, of its high torque output, maintenance-free
operation and flexible working modes, which gives the opportunity to increase system’s reliabil-
ity, and decrease the system size, weight and noise which are key features for naval applications.
However, particularly in the 3-phase configuration, the stator and rotor saliency of these machines
leads to a high level of torque ripple. To overcome these drawbacks, the use of polyphase machines
(with a number of phases greater than three) can be a relevant solution. In this paper, an optimal
design of two kind of novel 4-phase motors is performed in order to fulfil the specifications of a high
power naval ship propulsion. The designs aim to maximize the torque to mass ratio. The motors’
performances are directly linked to their structural parameters, so, the impact of the coil number
in terms of mean torque, torque ripple, energy ratio values, and efficiency is also presented and
analysed. The design of these two electromagnetic structures, as well as the determination of their
electromagnetic performances, are carried out using a particle swarm optimization algorithm (PSO)
with taking into account thermal constraint. The performance of the proposed machine in terms of
mean torque, torque ripple, energy ratio, and efficiency values is presented and analysed. The results
obtained reveal that the TDSPM machines with four poles/phase are good candidates to meet the
requirements of high power direct-drive ship propulsion system.

Keywords: direct-drive; electric ship propulsion; electrical machines design; electrical machine
modeling; low speed motor; meta-heuristics; optimization; robust performance; torque ripple

1. Introduction

In ships (research vessels and special purpose ships), increasing compactness is chal-
lenging. A benefit of electric propulsion is that it gives supplementary degrees of freedom
from a naval architecture point of view. It allows better use of the main ship volumes, a
breakthrough in efficiency, maneuverability, reliability and flexibility of operations [1].

The electric machines used for the propulsion have to offer high efficiency, high
power density and maintenance-free operation. To achieve these goals, numerous research
studies have been conducted on various electrical motors topologies associated with
power electronics drives as well as conventional wound field synchronous machines
(WFSMs), permanent magnet synchronous machines (PMSMs), induction machines (IMs)
and unconventional permanent magnet structures [2–14].
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In general, PMSMs present high power density in high-speed operation. However, in
low-speed applications, the achievement of increased power density and low torque ripple
is challenging, usually demanding a complex design for performing a better electrical
performance [15]. This is why unconventional permanent magnet structures have received
much attention recently.

The specificity of the stator-PM doubly salient toothed poles machines which are
proposed and studied in this paper is that, the PMs are located in the stator yoke. This point
differs significatively from other machine topologies which can be proposed for marine
propulsion motor application such as stator PM Flux switching motors or classical PM
motors where PMs are located in the stator teeth or housed in the rotor respectively [16–18].
This feature allows a priori to increase the simplicity and the robustness of the machine
design and to use only a very limited number of magnets. It also includes large-toothed
poles which carry a large number of small rotor teeth leading to the decrease, for a given
electrical frequency, of the rotor speed. The latter is because the rotor speed varies inversely
with the number of rotor teeth. Furthermore, the phase windings and the excitation
system are fully located in the stator, while the rotor does not contain magnets and coils.
These points are key features for low speed and high torque applications such as marine
propulsion motors.

Compared to classical structures, the aforementioned structure appears as an interest-
ing option for naval application; it has the advantage of simplicity in construction, presents
robustness and is able to produce high torque [10,12].

However, the stator and rotor saliency of these machines leads to a high level of torque
ripple (especially in three-phase TDSPM) resulting in acoustic noise and vibration [4,12].
To overcome these drawbacks, the use of polyphase machines (number of phases greater
than three) can be a relevant solution.

On the other hand, obtaining increased power density and low torque ripple in low
speed operation is also challenging. The performance of these stator-PM doubly salient
toothed pole machines is linked to their structural parameters (number of rotoric teeth,
number of statoric pole teeth), the teeth geometry of the stator and rotor, the number of
poles and the number of pairs of magnets. In addition, when the number of magnets is
smaller than the number of wound poles in the stator, the value of total flux will decrease
due to the armature reaction, as well as, their amplitudes becomes asymmetric due to the
location of the permanent magnets. These phenomena affect the torque quality (torque
ripples) and the torque density.

In previous works, by the same team, three multiphase machines which have the
same external volume, are studied [12]. The study is limited only to 3-phase, 4-phase and
5-phase configurations with four coils/phase. This study revealed that the 4-phase TDSPM
presents the better objective function value (maximal torque to mass ratio) and a highest
torque value compared to 3- and 5-phase structures.

In this paper, based on the results of the work carried out in [12], and in order to
study the coils number impact on the the mean torque, torque ripple, energy ratio which
characterizes the sizing of the motor power supply [19,20], and effeciency of these types of
machines, the TDSPM machine with four phases is chosen.

The studied 4-phase machine configurations are given in Figure 1a,b. The first config-
uration is with two coils per phase and the second is with four coils per phase, respectively.
A concentrated winding has been chosen to increase machine compactness and efficiency.
The design of these structures use an optimization method in order to maximize the torque
to mass ratio with the same external volume and output power.
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(a) (b)

Figure 1. Proposed 4-phase TDSPM machine, (a) with two coils/phase, (b) with four coils/phase.

The optimization method employed and applied to the TDSPM machines design is
the particle swarm optimization (PSO) combined to the FEMM sofware used to perform
Finite Element Analysis. The proposed machines under study are governed by a set of
specifications presented in Table 1, which corresponds to a PM synchronous machine
dedicated to high power propulsion [4]. This reference machine is proposed from an
industrial realistic design point of view. Both two and four coils per phase structures are
studied and compared.

Table 1. TDSPM design specifications and constraints [4].

Specifications

Power output (MW) 2
Rated torque (kNm) 191

Nominal frequency (Hz) 50
Speed (rpm) 100

Geometrical and thermal constraints

Stator outer diameter Do (m) 1.83
Active axial length Lm (m) 1.125

Air gap g (mm) 5
Thermal product (RMS) (A2/m3) 22.52 × 1010

2. Machines Design and Modeling

The 4-phase TDSPM machines are designed under the problem constraints and re-
quirements shown in Table 1. The external volume and the air gap length values are
constrained to be the same as in the reference design.

The TDSPM under study are characterized by several integer design parameters which
are the number of teeth in the stator (Ns), the number of teeth in the rotor (Nr), the number
of statoric salient poles (Nps), the number of rotoric teeth per statoric salient pole (Ndp), the
number of magnet pairs (Ppm), and the number of phases (m) as shown in Figure 1b. In the
studied case the statoric tooth step (τs) is identical to that of the rotor (τr), i.e.:

τ = τs = τr =
2π

Nr
(1)
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As has been shown in [5–11], the following set of relations between the design param-
eters have to be respected: 

K = Nr
Nps
± 1

m
Ndp−max = K
Nps =

Ns
Ndp

±Ns ± Nr = KaPa + KpmPpm

(2)

where Ka, Kpm and K must be integers, and:
Nps
2m ≥ 1
0 ≤ Ndp ≤ Ndp−max = K
K > 1

(3)

and K is equal to the maximum number of teeth per statoric pole (Ndp). If K = Ndp is equal
to 1 the machine obtained is similar to that studied in [20]. These types of machines are
more dedicated to high speed applications, and thus this kind of machine is not studied in
this work. The specificity of the studied machine compared to other DSPM found in the
literature (as the one studied in [20–22]) is that it includes large toothed stator poles which
allow to increase the number of rotor teeth leading to the increase of the electrical frequency.
Indeed, the rotor speed varies inversely with the number of rotor teeth (Equation (5)); this
is why this kind of machine can operate at low speed with only a small number of magnets
and coils.

The stator pole numbers per phase Nps/q must be even for magnetic flux symmetry
reasons. The number Nps and Nr are chosen so that, when the teeth of a phase are in
conjunction, the following phase teeth are shifted of αe from the rotoric ones. Parameter αe
is defined by Equation (4).

αe =
τ

m
(4)

Nr =
2π f

2π
60 × N

=
60 f
N

(5)

where N is the rotational speed (in rpm).
Considering the relations between these parameters, for the specified rated speed

(100 rpm) and desired supply frequency (50 Hz), 2 sets of structural parameters for the
4-phase TDSPM machine with 4 and 2 statoric poles per phase have been determined.
These structural parameters are summarized in Table 2. The two structures are presented
in Figure 1. It can be noted that considering the chosen rotor teeth numbers (Table 2)
and Equation (5), the electrical frequency is 50 Hz and 46.66 Hz for the DSPMs with two
coils/phase and four coils/phase, respectively.

Table 2. Integer design parameters of the studied machines.

Integer Design Parameters 2-Coils/Phase 4-Coils/Phase

Number of magnet pairs, Ppm 2 4
Number of teeth in the stator, Ns 24 32
Number of teeth in the rotor, Nr 30 28
Number of statoric salient poles, Nps 8 16
Number of teeth per statoric pole, (Ndp) 3 2

The shape of the teeth (in the stator and rotor) for both considered machines is
trapezoidal. The shape of the teeth is described in Figure 2 and defined according to the
following design parameters:

1. Rotor and stator teeth depth hr and hs;
2. Teeth cyclic ratio αr1, αr2, αs1, and αs2.
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with: (αj1 + αj2) ≤ 1, (j = r,s).

1 2

2'
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β/2
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3
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g

τ

hs

hr

as1
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ar2

Phase	1

Phase	2

Phase	3

PMs

Phase	4

Figure 2. Geometric parameters of teeth and statoric salient poles of the studied machines.

The permanent magnets are placed in stator yoke and provides the field excitation.
The proposed machines use a double-layer concentrated winding, where each coil is
wound around a stator salient pole. Therefore, two layers of windings corresponding to
two adjacent phases are located in each stator slot. So the winding of one phase is obtained
by connecting two concentrated coils in series or four concentrated coils in series for the
first and second studied structures, respectively. The TDSPM machines are considered to
be supplied by rectangular current waveforms, where each phase is supplied successively,
as shown in Figure 3.

�✁✂

✂✁✄

✂✁☎

✂✁✆

✂✁✝

✂✁✂

Figure 3. Current supply strategy of studied machines.

Thus, when the teeth of stator slots of a given phase’s statoric pole are aligned with
the teeth of the rotor, the position is designated as conjunction position (in this position, the
flux created by the magnets in the phase coils reach a maximum value, Figure 4). When
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the teeth of stator slots of a given phase are unaligned with the teeth of the rotor, the
position is designated as opposition position (in this position, the flux in the phase coils
reach a minimum value, Figure 5). Over one electric period, when the rotor moves from
opposition position to conjunction position, a positive current is injected into armature
coil to produce the same polarity flux with that of PM, thus positive torque is generated.
Further, as a combined result of four phase operation (compared to 3-phase machines),
more smooth output torque will be generated.

A uniform current density J = kr × Js is considered into a supplied half slot (corre-
sponding to a supplied phase), where kr = 0.5 represents the coil fill factor and Js the
current density in the winding conductors. Thus, the flux ψ in one supplied phase can be
expressed as [10]:

ψ = Lsi + ψpm (6)

where Ls is the self-inductance of the corresponding stator phase and ψpm is the permanent
magnet flux.

Soft iron parts (iron cores) are built with 0.5 mm of M400-50A steel laminations. NdFeB
PMs with magnetization, Br = 1.29T, and relative permeability µr = 1.049 are used [10].

Figure 4. Conjunction (aligned) position and flux density distribution.
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Figure 5. Opposition (unaligned) position and flux density distribution.

2.1. Average Torque

The mean torque (Γ) is calculated by FEA by using Equation (7). The used calculation
method is based on virtual work method where the co-energy and the magnetic energy are
calculated by FEA [22]. Figure 6 presents the flux curves versus current (ψ(i)) in one phase
for two specific positions of the rotor (conjunction and opposition).

Current	(p.u.)

Fl
ux
(p
.u
.)

0.40.0 0.2 0.6 0.8 1.0

0.2

0.4

0.6

0.8

1.0 Conjunction position

Opposition	position

W

R

Figure 6. Flux linkage versus stator phase current.

The current varies from 0 to its rated value (in p.u.). The average torque can be
estimated based on the energy cycle (Figure 6) from the knowledge of the co-energy (W)
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on the two previously defined specific positions (conjunction and opposition) and the
magnetic energy (R) as in [9,10,22]:

Γ = mNr
(W − R)

2π
(7)

2.2. EM Calculation Method

In order to evaluate the electromagnetic performance of the proposed structure, Finite
Element Analysis (FEA) using FEMM software is used. This method allows to solve the
magnetostatic formulation of the Maxwell equation in 2D. For the studied machines, the
system to be solved by FEA is expressed as follow.

• In the conductor part
1

µ0

(
∂

∂x
∂Az

∂x
+

∂

∂y
∂Az

∂y

)
= Jz (8)

• In the iron part
1
µ

(
∂

∂x
∂Az

∂x
+

∂

∂y
∂Az

∂y

)
= 0 (9)

• In the air gap part
1

µ0

(
∂

∂x
∂Az

∂x
+

∂

∂y
∂Az

∂y

)
= 0 (10)

• In the PM part
1

µpm

(
∂

∂x
∂Az

∂x
+

∂

∂y
∂Az

∂y

)
= Jpm (11)

Dirichlet boundary condition is applied on the external boundary of the domain.

Az = 0 (12)

where Az and Jz are the axial components of magnetic potential vector A and the current
density J, respectively. Jpm is the equivalent surface current density of the magnet and µpm
the magnetic permeability of iron.

As an example the 2D-FEA meshes of a two coils/phase and four coils/phase structure
can involve approximately instead of 200,000 nodes for about 400,000 elements and 400,000
nodes for about 800,000 elements, respectively. A refined mesh is used in the air gap for
precise calculation of the torque and flux quantities including 2D flux leakages.

3. Design Process and Optimization

The studied machines achieves the advantages of gearless operation but suffers the
drawbacks of bulky size and heavy weight for high torque output. This is why in this
work, the torque to mass ratio (Equation (13)) is selected as the objective function to
be maximized.

F(x) =
(

Γ
M

)−1
(13)

where, M represents the machine’s active mass (sum of the masses of copper, iron, and
magnets) and Γ represents the mean torque for one phase supplied by its rated current.
All the quantities related to electromagnetic phenomena as torque or energy ratio are
determined during and after the optimization process by a FEA using FEMM software as
described in Section 2.2.

PSO optimization process coupled with finite element method (FEM) is applied to de-
termine the optimal design of the 4-phase TDSPM machines to maximize the mass-to-torque
ratio. Maximizing the mass-to-torque ratio accounts for maximizing the electromagnetic
torque while minimizing the active mass of the machine and therefore the size and cost.
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The structures are designed for the same specification set used for the machine studied
in [4] proposed for a high power ship propulsion realistic design (Table 1). The specification
set is characterized by a mechanical power of 2 MW at 100 rpm and a rated torque of
191 kNm.

The proposed TDSPM motors have the same external volume and use the same
material characteristics (magnets, iron, and copper) and physical parameters. The global
design for the two configurations of machines is defined with the parameters given in
(Figure 2) and presented in Table 3 which are the optimization search variables (vector x ).
The optimization variables and their variation ranges are given in Table 3.

The thermal exchanges with the environment and with the core of the machine are
extremely complex. However, as a first approximation, it is possible to take into account
the concept of a heating product (Equation (15)), which only applies to individual Joule
losses in stator armatures [10,12,23].

Moreover, the studied machines are designed for a thermal product (Equation (15))
equal or better than the one given in Table 1. Indeed, a very basic thermal steady state
of the machine is used where the only thermal resistance to be considered is related to
convection heat transfer in the external surface of the stator (other thermal resistances are
neglected). This resistance is considered by using a fixed coefficients of convection h, on
this stator surface S. This model is described by Equation (14). It is also assumed that the
external radius of the machine is close to the internal radius of the stator and that, the
internal radius value can be used to approximate the external surface where the convection
phenomenon is located (last relationship of Equation (14)) [10,12,22,23].

PJ = ρJ2Vc = h S∆θ ∝ λJLmRsb
Vc = Sc × Lm
S = 2πRsbLm

(14)

where ρ, Vc and S, respectively, represent the resistivity, the volume of the copper and the
surface area of exchange by convection. From Equation (14), it can then be demonstrated that,

∆θ ∝ λ× J (15)

The thermal product is defined as the product of the linear current density λ and the
current density J (A2/m3). The linear current density (A/m) is given as [10,23]:

λ =
m× I × Nph

2πRsb
(16)

Nph is the number of conductors per phase carrying a RMS current I, m is the number of
phases and Rsb is the inner stator radius. The latter is given as:

Rsb = (R0 − Es − hb − hs) (17)

where R0, Es, hb, hs are defined in Table 3 and Figure 2.
The current density is considered also as a variable of optimization. It is varied

from 1 A/mm2 to 15 A/mm2. For each structure, the thermal product is calculated and
compared with those of the reference machine [4] to check that the thermal behaviour of
the proposed structure is acceptable. Considering all these hypotheses, the optimization
problem can be formulated as follows:

x∗ = min(F(x)) (18)

The imposed constraints are given by:

λ× J ≤ 22.52× 1010 (19)
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Table 3. Design variables and respective ranges.

Search Variable (Vector x∗) Lower Limit Upper Limit

Stator yoke thickness, Es 10 mm 150 mm
Stator and rotor teeth depth, hs, hr 3 mm 50 mm
Magnet thickness, Em 5 mm 100 mm
Stator and rotor teeth cyclic ratios, αs1 , αr1 0.15 0.50
Stator and rotor teeth cyclic ratios, αs2 , αr2 0.15 0.50
Coil height, hb 10 mm 150 mm
Slot radius, Ra Ro/3 0.9× Ro
Angular pole opening, β 3◦ 11.5◦

Angular slot opening, βa 3◦ 11.5◦

Rotor yoke thickness, Er 10 mm 150 mm
Current density, J 1 A/m2 15 A/m2

Summarizing, the search variable along with their lower xlow and upper xup limits are
shown in Table 3.

Complementary geometrical constraints are introduced in the PSO algorithm corre-
sponding to the machines design. These constraints are related to the feasibility of the
structure and the respect of the external volume constraint. Analytically, for a fixed external
volume, the lower limit of the inner rotor radius is R0/3, and it leads to introduce the
following constraint: (Rr − hr − Er)≥ R0/3, where R0/3 is the outer rotor radius. When
the thickness of the rotor (Er) and the depth of rotor teeth (hr) varies, the calculated inner
rotor must be higher than R0/3 and must be lower than the outer rotor radius Rr limit, to
keep the machine design feasible and practicable.

The upper limit of the angles β and βa is 180/Nps. Nps is number of statoric pole. For
DSPM with four coils per phase, Nps = 16 pole. So, the upper value of the slot and pole
opening angle is 180/16 = 11.5◦. A larger value result in overlapping a stator pole on the
adjacent stator pole and the non feasibility of the structure.

An evaluation of the geometric parameters to determine the geometric feasibility
(feasibility test) is performed within the optimization algorithm, for each candidate (set of
parameters) element. This test allows avoiding study of geometrically impossible solutions.
If the machine(i) with the dimensions xi is feasible, the calculation of output performance
data is performed using finite element method. Otherwise, all the parameters are initialized
at random again until the geometric feasibility is achieved.

The developed PSO algorithm combined with FEMM software can be summarized
as follows: The particle updates, in every iteration, its “velocity” and “position” with the
following equations [24,25]:{

v(t + 1) = χ× (v(t) + C1 × (pbest − x(t)) + C2 × (gbest − x(t)))
x(t + 1) = x(t) + v(t + 1)

(20)

where:
x(t): is the current position;
v(t): is the velocity;
pbest: is the best solution (fitness values achieved for each particle);
gbest: is the best value tracked by the particle swarm optimizer;
χ: is the coefficient of constriction. The latter is given by:

χ =
2

ϕ− 2 +
√

ϕ2 − 4× ϕ
(21)

where ϕ is the confidence coefficient ϕ = 4.1;
C1 and C2: are the acceleration coefficients which, in turn, are calculated as follows:

C1 = C2 = (
ϕ

2
)× random(0, 1) (22)
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From the PSO algorithm flowchart (Figure 7), when the local (pbest) and (pbest) and global
best (gbest) are updated, a generation of machines has been determined. The best machine
is selected (the one with the best objective function) and the average value of the objective
functions of all the elements of the population is calculated. The two results are recorded each
time. These two values are then used to plot for for example Figure 8a,b. If they no longer
change as the number of generations increases, the optimum can be considered as reached.

In the test steps of the algorithm, if the machine geometry is not feasible or if the
thermal constraint related to thermal product is not satisfied then the algorithm selects a
new machine to be evaluated. A more detailed description of the PSO algorithm is given
in Appendix A.

For i=1:N (machines)

Y N

For i=1:N (machines)

Y

Y

N

Figure 7. PSO algorithm flowchart (see also Appendix A).
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(a) (b)

Figure 8. Objective function and torque evolution as a function of generations number: (a) TDSPM
with two coils/phase structures, (b) TDSPM with four coils/phase structures.

4. Results and Discussion

A low swarm number size reduces the computational time but the algorithm may
converge to a local minimum. A compromise is done with 50 machines (swarm) and
50 generations which represents arround 15 hours of calculation for the used computer
configuration processor: Intel(R) Core(TM) 2.30 GHz. The PSO tuning parameters used
are [24]: ϕ = 4.1; χ = 0.7298; C1, C2 ∈ [0, 2.05].

4.1. Objective Function and Torque Evolution

The evolution of the mass to torque ratio and the average torque for the two 4-
phase TDSPM versus generation number are shown in Figure 8. Table 4 presents the
optimal results obtained for the two structures under investigation. Table 5 summarizes
the corresponding performance criteria.

The optimal solution is achieved at the 42nd generation for the 4-phase TDSPM with
two coils/phase structure, and at the 35th generation for the 4-phase TDSPM with four
coils/phase structure. It can be seen from Figure 8 that the convergence to the optimal
design which satisfying all the applied constraints is obtained successfully by the adopted
algorithm. That means that the algorithm explores and exploits a large search space in
order to converge towards the global optimum.

It should be noted that, the results obtained by PSO, in both machines, have been
validated by applying also an optimisation by genetic algorithm (not presented in this
work). The two algorithms converge towards the same optimum. This result confirms that
the objective function of the optimal structures obtained by PSO is the global optimum.

From the results of Table 5, for the same external volume in both machines and
considering the specifications given in Table 1, it can be observed that the desired rated
torque is achieved in the TDSPM structure with four coils/phase. However, for the DSPM
using two coils/phase it can be noted that the required torque of 190 kNm is not met for
the TDSPM with two coils/phase. That can be explained because the thermal constraint
does not allow to reach a sufficient current density in the slot to reach this requirement.

The mean torque of the TDSPM structure with four coils/phase is 48% greater then
that with two coils/phase, and the mass to torque ratio is about 40% greater than those
with two coils/phase.

The torque ripple value of the TDSPM motor with four coils/phase is around 37%
smaller then that of two coils/phase. It can be noted that the torque ripple is mainly caused
by the stator and rotor saliency and current commutation. Even if these results appears
very promissive further investigations can be done in future works particularly in terms of
torque ripple reduction.

The results of Table 5 revealed also that, the energy ratio in the TDSPM with four
coils per phase is around 11% greater than that in two coils/phase structure. However,
it turns out that the energy ratio is a little low in the two structures compared to the
PM synchrounous machines, and impact directly in the converter sizing. However, this
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relatively low energy ratio is compensated by the simplicity and the compactness of
the machine.

Considering all these factors, it seems that the performance of the 4-phase TDSPM
with four coils per phase configuration is greater than those with two coils/phase.

Table 4. Optimal search variables values.

xopt 4 Coils/Phase 2 Coils/Phase

Es 99.50 mm 104.39 mm
Er 84.83 mm 107.97 mm
hb 78.64 mm 75.77 mm
β 8.26◦ 13.10◦

βa 10.32◦ 10.32◦

Ra 814.82 mm 740.26 mm
αs1 0.36 0.2
αr1 0.28 0.31
αs2 0.47 0.2
αr2 0.49 0.48
Em 25.90 mm 30 mm
hs 32.04 mm 35 mm
hr 30.30 mm 35 mm
Iron weight 11,002.60 kg 10,993.34 kg
Copper weight 511.68 kg 990.13 kg
Magnet weight 85.80 kg 54.92 kg

Table 5. Otpimal torque, torque ripple and energy ratio found.

Performance 2 Coils/Phase 4 Coils/Phase

Γmax (kNm) 125.387 215.41
Γmin (kNm) 85.408 167.698
Γmean(kNm) 100.00 190.85
RT 40% 25%
ER 62% 70%
Mass–torque ratio (kNm/kg) 10.44 17.42

4.2. Efficiency

The efficiency of the studied machines is estimated by taking into account the Joule
losses and the iron losses. The Joule losses in the DSPM under study are estimated by:

Pj =
3

∑
i=1

(
Ri Ii

2
)

(23)

where Ri and Ii are the resistance and RMS current of phase i. The phase RMS currents are
calculated using the waveforms of Figure 3. The phase resistance includes estimation of
the resistance of the conductors in the slots and in the end-windings [9].

The Joule losses values, are 90.6 kW and 102.10 kW for two coils per phase and
four coils per phase structures, respectively. Thanks to the particular principle of the
studied machines, it can be noted that the flux density vary slightly in the iron cores
(the flux variation in the iron parts is mainly related to the variation of reluctance due to
alignement and disalignement of small teethes). The variations of magnetic flux density in
the different iron parts of the structures are evaluated using FEA (FEMM software). Local
and global iron losses in the two optimal structures are evaluated from these flux density
variation values using classical Bertotti formula [26] and the knowledge of the information
supplied by the used M400-50A electrical lamination manufacturer data sheet. This rought
evaluation of global iron losses shows that the iron losses are very small (less than 7kW
for the 2 optimal structures) in front of Joule losses and can be in first order neglected in
the efficiency estimation. The efficiency estimation leads to efficiency values of about 95
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percent for the both structures. These values are of the same level as for classical huge
power motors used in naval propulsion [16].

4.3. Basic Characteristics and Performance Comparison

In order to determine and evalute the static characteristics and performance of the
studied machine, finite element method analysis (carried under the open source FEMM
software) is used to calculate the magnetic field density distribution in the machine air gap,
PM-flux, electromagnetic torque and energy ratio.

4.3.1. PM-Flux

PM flux of the 4-phase with four coils/phase and two coils/phase of optimal machines,
are given in Figures 9 and 10 for Nturns = 1 per phase. As shown in Figures 9 and 10, in
both machines, the 4-phase PM-flux linkages are unipolar. The average value of 4-phase
with four coils/phase (0.25 Wb) is much larger than that in 4-phase machine with two
coils/phase TDSPM (0.14 Wb). Besides that, according to the spectra of phase PM flux, in
both machines, the DC-bias values (continuous harmonic components) of phase A and B
PM-flux are about 8.3% higher than phase C and D, which is due to the location of phases
B and C that are away from the location of permanent magnets.

In addition, the total harmonic distortion (THD) of 4-poles TDSPM is relatively smaller
(0.23%) compared to 2-poles TDSPM (0.30%) mainly due to the larger fundamental and
smaller 2nd harmonic components.
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Figure 9. PM-flux and FFT spectra of 4-phase with two coils/phase: (a) PM-flux, (b) FFT spectra.
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Figure 10. PM-flux and FFT spectra of 4-phase with four coils/phase: (a) PM-flux, (b) FFT spectra.

4.3.2. Air-Gap Flux Density

The air gap flux density distributions along the radial directions of the optimal 4-phase
TDSPM structures (in conjunction position), under rated load conditions are presented in
Figure 11.
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In both machines, the air gap flux density is mainly influenced by the pole saliency
of the stator and rotor. Therefore, the air gap flux-density distributions, in the studied
machine, are far from sinusoidal and contain significant harmonics. The peak air gap flux
density under the stator pole is about 1.6T and about 2T (Figure 11) for two coils /phase
and four coils per phase structures, respectively.

This difference is due to the stator and rotor yoke thikness and the number of perma-
nent magnet which are not the same in the two structures. It leads to a significant iron
magnetic saturation of 4-phase TDSPM with four coils per phase. However, the higher flux
density leads to a higher torque density, so among the two machines, the 4-phase TDSPM
with four coils per phase have the potential to produce the better performances.

Figure 11. Air-gap flux density of 4-phase TDSPM with 2 and four coils/phase optimal structures
versus rotor position.

4.3.3. Ripple Torque and Energy Ratio

In order to estimate the rated power of the converter in comparison with the rated
power of the motor, and evaluate the impact of the machine design on the converter sizing,
the energy ratio is used in this work. This factor is proposed for variable speed switched
reluctance motors by [22,23,26], defined as:

ER =
W

W + R
(24)

From Figure 6, the area (R + W) represents the total energy exchanged between the
machine and the power converter. The area (W) between the opposition position and
conjunction position curves represents the maximum energy available for electromechanical
conversion. In real operation, only a part of this energy can be converted.

The proposed motors are compared in terms of relative torque ripple defined as:

RT =
(Γmax − Γmin)

Γ
(25)

where Γ, Γmin and Γmax are, respectively: the average torque value, the minimum torque
and the maximum torque. Calculated performance data are reported in Table 5.

According to the obtained results of Table 5, 4-phase TDSPM machine with four coils
reaches an energy ratio of 0.7 and 4-phase TDSPM machine with two coils reaches an
energy ratio of 0.62. In consequence, the 4-phase TDSPM machine with four coils/phase
requires lower rated power for the static converter.

The performance data reported in Table 5 indicated also that, 4-phase TDSPM ma-
chine with four coils/phase products an average torque (190 kN.m) similar to the torque
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produced by reference machine (PMSM) presented in [4] and a torque ripple of 25%. The
4-phase TDSPM machine with two coils/phase product an average torque lower than
reference PMSM (100 kN.m) and a torque ripple of 40%. This means that, the increase
in the number of coils/phase in multiphase toothed doubly salient permanent magnet
structures leads to a strong improvement in terms of torque value, torque quality and
energy ratio (ER).

5. Comparison with Reference PMSM

The studied machines PM mass are compared with classical PMSPM (reference ma-
chine). The PM mass used in the three machines and their mean torques are presented
in Figure 12. The results obtained reveal that the 4-phase TDSPM with four coils/phase
machines appear to be significantly more interesting than the reference PM synchronous
machine in terms of magnet mass (and so probably in terms of global active material cost).
The PM masses are about 83% less than those of the reference PMSM. For the same volume
as PMSM, the proposed machine with four coils per phase can achieve the performance of
conventional synchronous machine (rated torque and output power) at a low cost.

Figure 12. PM-mass comparison.

6. Conclusions

In this paper, the performances of novel 4-phase toothed doubly salient synchronous
PM machines with two and four coils/phase have been investigated using an optimal
design process based on particle swarm optimization. In this optimization process, a 2D FE
method is used to evaluate the objective function which is torque to mass ratio. The designs
are processed for the same overall dimensions, material caracteristics and thermal behavior,
according to a reference classical PM synchronous machine designed in the literature
for direct drive high power naval propulsion. The obtained results demonstrate that a
4-phase TDSPM with four coils/phase can a very interesting option for this application.
The 4-phase toothed doubly salient permanent magnet structure with two coils/phase did
not reach the design requirements in terms of rated torque. The obtained structure with
four coils/phase reaches the performances in terms of torque of the reference machine with
a very lower magnet mass, limited torque ripple and limited converter oversizing.

Even if these results appear very promising, further investigations can be done in
future works, particularly in terms of torque ripple reduction.
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Appendix A

The optimization problem is written in the form of a Lua script program which is
associated to FEMM software for the finite element electromagnetic analysis. The optimiza-
tion procedure based on PSO method is given in Figure 7 ( PSO algorithm flowchart) is
devopped as follows:

1. Define the objective function, fixed parameters, geometrical and thermal constraints.
2. For i = 1: N do

(a) Initialize randomly a particle (machine).
(b) If machine is not feasible or thermal constraints is not satisfied return to step 2a.
(c) End

3. Calculate and evaluate the objective function of each particle in the swarm using
FEMM software (2D-FEA)

4. Update local and global best (pbest and gbest )
5. For i = 1: N do

(a) Produce new particle (displacement of each particle) using (15)
(b) If machine is not feasible or thermal constraints are not satisfied return to step 5a.
(c) End

6. Check if the stop criterion is satisfied; if not return to step 3.
7. Output optimal results.
8. Stop.

In the step 2(b) and (5b) which specifies that if the machine is not geometrically feasible
or if the thermal constraint is not satisfied, the algorithm go back to step 2a (or 5(a)). In
this steps, an evaluation of the geometric constraints to determine the geometric feasibility
(feasibility test) is performed within the optimization algorithm, for each candidate (set of
parameters) element. This test allows avoiding study of geometrically impossible solutions.
If the machine(i) with the dimensions xi is feasible and the thermal constraint is satisfied,
the calculation of output performance data is performed using finite element method.
Otherwise, all the parameters are initialized at random again until the geometric feasibility
is achieved.

In this step 5(a), a generation of machines has been determined. The best machine is
selected (the one with the best objective function) and the average value of the objective
function for all the elements of the population is calculated. The 2 results are recorded each
time. These 2 values are then used to draw for example Figure 8a,b.
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