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PMSM Design for Achieving a Target Torque-
Speed-Efficiency Map

Carlos Candelo-Zuluaga, Antonio Garcia Espinosa, Jordi-Roger Riba, Pere Tubert Blanch

Abstract— During the last years, the requirements for a fast
and reliable design of electrical machines by applying
optimization methods using finite element analysis (FEA), has
become a subject of study. Due to their capabilities, permanent
magnet synchronous machines (PMSMs) have become the
preference choice for many applications, including electric
vehicles (EVs) propulsion, water-pumping, robotics, or
renewable power generation among others. This paper presents
a novel methodology for designing and optimizing PMSMs using
the torque-speed-efficiency map. The design-optimization
algorithm requires as input, the torque-speed-efficiency map of
the target motor, to define the required performance for the
given application. The objective is to find the motor geometry
which better approximates the target torque-speed-efficiency
map. The PMSM is evaluated by using magneto-static FEA
combined with direct-quadrature (d-q) electrical modeling, thus
greatly reducing the computational burden when compared to
conventional time-dependent FEA methods. The magneto-static
FEA method calculates iron losses taking into account the
magnetic flux density harmonic content by applying a time-space
conversion approach. The design-optimization process takes into
account the control strategy as well as losses separation, which is
validated by using the public experimental data of the Toyota
Prius and Camry PMSMs.

Index  Terms—Permanent magnet machines, Design
optimization, Design tools, Magnetic losses, Finite element
analysis

NOMENCLATURE
By Magnetic flux density in a defined region [T]
dwire Wire diameter [m]
Diy Inner rotor diameter [m]
Dis Inner stator diameter [m]
Dor Outer rotor diameter [m]
Dos Outer stator diameter [m]
Joby Objective function [-]
g Air gap length [m]
hrg Rotor bridge height [m]
hpm Permanent magnet height [m]
hrip Rotor rib height [m]
hso Slot opening height [m]
hsy Stator yoke height [m]
h Tooth height [m]
Lyax Maximum current [ Arus)
L Stack lamination length [m]
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La Direct axis inductance [H]

L, Quadrature axis inductance [H]

m Number of stator phases [-]

n Mechanical angular velocity [rpm]
Npn Number of phase turns [-]

Py Output power [W]

Pre Iron losses [W]

Pur Mechanical Losses [W]

Pcu Copper Losses [W]

P Pole pairs [-]

q Number of slots per pole and phase [-]
Rre Tron resistance [Q]

R Phase winding resistance [Q]

T Output torque [N-m]

Ude DC bus voltage [V]

Whrg Rotor bridge width [m]

WpM Permanent magnet width [m]

Wso Slot opening width [m]

Wi Tooth width [m]

Wieb Rotor web width [m]

oPM V-shape permanent magnet angle [rad]
n Efficiency [p.u.]

6. Electrical angle [rad]

O Mechanical angle [rad]

We Electrical angular velocity [rad/s]
WYabe Phase flux linkage [V-s]

Yru Permanent magnet flux linkage [Vs]
Ysa Direct axis flux linkage [V-s]

Y Quadrature axis flux linkage [V-s]

I. INTRODUCTION

LECTRICAL machines design and optimization areas are

demanding faster and more reliable algorithms.
Considering electric vehicle (EV) applications, PMSMs
require special attention due to their superior capabilities
compared to other machines [1]. Focusing on the electrical
machines design and optimization area, some earlier studies
tried to couple design approaches with FEA, in order to
maximize the efficiency of the machine within the frequent
operating points of the electric vehicle according to a given
driving cycle [2]. However, due to the high FEA
computational burden, the optimization in [2] was focused on
a reduced number of geometric parameters. Some
improvements were done in posterior studies [3], by coupling
magneto-static FEA analysis with lumped circuit modelling.
In the same way [4], [5] applied a magneto-static analysis
approach combined with the application of reluctance
networks. Nevertheless, [3]-[5] do not consider the harmonic
content of iron losses, thus attaining limited precision at high
frequencies. However, the studies based on magneto-static
FEA, instead of considering the whole torque-speed area, only
analyze a reduced number of operating points and do not take
into account different control strategies.
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The first studies proposing fast FEA methods using
magneto-static analysis were based on the so called space-time
transformation [6]. Posterior studies in this area, applied this
method to analyze the drive cycle performance of a traction
PMSM [7]. Other studies model and optimize brushless
doubly-fed induction machines [8]. In [9], a computationally-
efficient FEA (CE-FEA) approach based on the pseudo
rotating position (PRS) is presented, which allows comparing
the performance of different optimization techniques based on
the resulting PMSM design. Some other research works were
based on designing and optimizing motor performances by
only considering the rated conditions [10]. For example, [11]
presents a methodology to improve the rated output power
without increasing the material cost. Some other studies
analyze a reduced number of points of a known driving cycle
[12].

There are studies related to design and optimization
techniques focused on optimizing the efficiency distribution
within a certain operating area. For example, [13] proposes an
optimal design combining FEA and mesh adaptive direct
search (MADS) algorithm to attain maximum efficiency
distribution in the maximum consumption areas of a heavy
duty electric vehicle (HD-EV). In [14], a multi-criteria design
and optimization methodology is proposed for being applied
to a PMSM, while considering the full drive cycle using some
efficiency points.

The methodology proposed in this study provides a new
design and optimization approach for PMSMs using the
torque-speed-efficiency map. To this end, the efficiency
distribution within the torque-speed domain is defined before
starting the design-optimization process, allowing to
customize the motor performance for the required application.
The reference torque-speed-efficiency map can be defined
within the whole or a selected region of the torque-speed map.
The design-optimization process adjusts the values of the
geometrical variables to achieve the required efficiency
distribution within the considered torque-speed area. This
method uses a novel ultra-fast magneto-static FEA model
combined with d-g electrical modelling, thus greatly reducing
the computational burden when compared to conventional
methods based on time-dependent FEA. The proposed FEA
electromagnetic analysis method allows computing power
losses, specifically the iron losses, taking into account the
contribution of the spatial harmonics of the magnetic flux
density. Another important feature of the proposed algorithm,
is the possibility to obtain different performance
characteristics of the PMSM during the design process, while
considering different control strategies.

This paper is organized as follows. Section II presents the
proposed PMSM design and optimization methodology,
explaining in detail the process and the required inputs and
outputs. Section III develops the procedure to determine the
iron losses from the magneto-static FEA. Section IV details
the process to compute the efficiency map by using a d-g
electrical model. Section V validates the magneto-static FEA
model by comparing the obtained efficiency map with the one
found in the public experimental data of Toyota Prius 2004
PMSM. Section VI validates the design-optimization process
based on the same Toyota Prius 2004 [15] and Camry 2007
[16] PMSMs, by determining the motor geometry that better

matches with the experimental torque-speed-efficiency map,
i.e., the closest geometry to the original one. Finally, Section
VII develops the conclusions.

II. PMSM DESIGN AND OPTIMIZATION METHODOLOGY

This section develops the methodology to compute from a
given efficiency map and some constraints, the geometry of
the PMSM.

INITIAL ANALYTICAL SIZING (PRE-DESIGN)
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Fig. 1. Permanent magnet synchronous motor design and optimization

algorithm.
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This methodology is divided in six steps. The first step
performs an initial sizing of the motor geometry (pre-design)
by applying analytical equations and some general rules. Next,
this initial geometry is introduced into the FEA interface.
Taking this first input and the physical constraints, the
geometry is analyzed by means of a magneto-static FEA
study. From this study the flux linkage, stator magnetic flux
density distribution and electromagnetic torque can be
extracted. From all this information, the losses (mechanical,
magnetic and Joule losses) can be computed as a function of
the frequency and the angle and amplitude of the current. To
obtain the efficiency map covering all torque-speed region, the
d-q electric model is used. Finally, the structural similarity
index SSIM, which is an image comparison technique [17], is
applied to compare the obtained torque-speed-efficiency map
with the target one. This process is detailed in Fig. 1.

A. Electromagnetic Pre-Design and Geometry Computation

The first step consists in calculating an initial geometry by
using analytical equations and some general rules [18]. The
aim of this step is to obtain a seed geometry as close as
possible to the optimal one. Therefore, the constraints set and
parameters obtained at this point are important.

The second step consist in evaluating the geometry, its
correctness and feasibility, which is built in the FEA
environment.

B. Magneto-Static Study

The third step consist in performing the magneto-static FEA
study of the given geometry. First, the positive direct axis of
the rotor, where the PM flux is pointing outwards radially, is
aligned with the reference phase, i.e., phase a. Once the rotor
is aligned, the current space vector is injected towards the
negative direct axis and the magneto-static FEA simulation is
performed. Next, the rotor and its corresponding current space
vector are shifted by half of a slot, and another magneto-static
FEA simulation is carried out with the same current space
vector. This same process is repeated for different amplitudes
and angles of the current space vector within the motoring
quadrant.

Fig. 2 details the algorithm applied to determine the
amplitudes and angles of the current space vector in the
magneto-static FEA simulations to determine the torque, stator
magnetic flux density and flux linkage required to build the
efficiency-torque-speed map for steady-state conditions using
the d-g model.

1: Set the Current magnitude and angle steps:
i=0:A1 10> 0,=7:A0,:7/2
2: Set the mechanical angle steps: 9, =0:A0, :7, /2
3: for 0,=n100=x/2 do
4: for i =0 toj =i, do
for 9 =0to g, =7 /2 do
6: Magneto-Static Analysis
7: end
8: end
9: end

Fig. 2. Magneto-static study algorithm.

C. Copper, Iron and Mechanical Losses Extraction

When applying the magneto-static analysis to determine the
PMSM performance (voltages, currents, power factor,
efficiency, etc.), calculation of power losses becomes a
challenging point. The three main losses to consider are the
copper resistance, magnetic lamination and mechanical losses
due to friction and vibration. They are calculated in the post-
processing stage (see Fig. 1) from the data provided by the
magneto-static analysis.

The phase resistance is needed to compute copper losses.
The FEA software provides a fast calculation of this parameter
for ambient conditions. As the process is meant to be a fast
design and optimization tool, the effect of temperature is
initially neglected, although, the designer can specify the
expected winding temperature, which depends on the final

application.
The Bertotti model is used to compute the iron losses,
oW T o(dBY
P = — | -dV-dt (M
o =S (]
Kip gty s 2
Py ==L [ B, | 143 L(AB) |-av 2
=52 [ 7 (105 )|

1.5

‘LB] v -dt )
dt

o being the electrical conductivity of the iron laminations, &
the thickness of the iron laminations, dV the differential
volume of analysis, T the time period of the wave formed in
one volume, Kx the hysteresis constant, df the differential time,
p the mass per unit volume of the iron laminations, o and f the
hysteresis exponent and minor loop constant, respectively, and
Kexc the excess constant. This step is further detailed in Section
II1.

Mechanical losses mainly depend on bearings friction and
rotor size. The effect of vibration on such losses can be
calculated by using an external model [1], [19].

B rcess =¥]‘ J.[

0dv

D. d-q Model Computation and Efficiency-Torque-Speed
Maps Comparison

The d-g electrical model wunder the quasi-static
approximation is used to calculate the operating characteristics
of the PMSM under steady state conditions. One of the
strongest points of using d-¢ modeling is the possibility to
compute the operating characteristics by imposing the control
strategy. The d-g model is explained in detail in Section IV.

Once the efficiency-torque-speed map of the current
geometry has been obtained from the d-q electrical model, it is
necessary to compare how close it is with respect to the target
or reference map. To this end, the structural similarity index
SSIM is applied [17], [20]. This index returns a normalized
value between 0 and 1 to indicate the degree of similarity
between two images. SSIM considers three main aspects, i.e.,
the point-to-point difference, the standard deviation and the
structural similarity between all points in both maps.

E. Optimization Solver

After calculating the SSIM index, the objective function of
the optimization process is calculated as 1-SSIM. This value
is the input of the solver used during the optimization stage,
which calculates the different geometric dimensions of the
machine. The pattern search solver from Matlab® is used in
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this study, which combined with a multiple start algorithm,
pursues finding the global minimum of the objective function
according to the specified constraints. This algorithm is
suitable for non-continuous and non-differentiable objective
functions, as the one applied in this work, since some
solutions are not physically feasible and thus, it is not possible
to evaluate the SSIM index. Fig. 3 shows the pattern search
optimization solver algorithm.

INPUTS
Optimization Specifications
Mesh Size, Expansion Factor,
Contraction Factor,
Maximum number of
iterations...

L INPUTS

Ll Explore the Optimization
Optimization Seed

Direction

Construct Pattern Vectors
and Mesh Points

Next
Iteration

Expand Mesh
Size

Objective Function
Evaluation

fobj smaller?

Fig. 3. Pattern Search optimization solver algorithm.

which does not provide such time dependence, this study
proposes a new method for computing the iron losses. The
proposed method takes into account the spatial distribution of
the magnetic flux density to predict the time evolution. This
method avoids to apply loss function modeling to compute the
efficiency maps [21], which for some cases would be useful,
but when searching high accuracy to compute the operational
characteristics, it is not the most suitable choice. The B-H
curve of the magnetic iron laminations is included in the
magneto-static FEA study, so saturation effects are
considered.

A. Magnetic Flux Density Distribution

To evaluate the magnetic flux density distribution, two main
regions are analyzed, i.e., the stator tooth and the yoke. Each
region is defined as a repeatable part along the stator
periodicity. They are studied to monitor the evolution of the
magnetic flux density along the stator. The magnetic flux
density of every finite element is integrated within the stator
tooth and yoke domains to determine the magnetic flux spatial
distribution as,

[2e.as “)
s SA

ds being the differential surface, sa the finite surface composed

by the finite elements of the mesh and B, the mean magnetic

flux density within each finite surface sa. Fig. 4 (2) shows the

discrete spatial magnetic flux density distribution over the

Table I shows the PMSM optimization geometric analyzed stator teeth and yoke regions. Fig. 4 (b) displays the
parameters. spatial distribution of the magnetic flux density by integrating
TABLEI thg analyzed regions. This example uses the PMSM Toyota
OPTIMIZATION GEOMETRIC PARAMETERS Prius 2004 when i =-270 A and iy = 270 A.
l(’;:l?z:llllf:e:::' Description B[T] I I I 81‘51
duire Wire diameter [m] C‘) CP ? 8 8 ? (‘5 o 1 6[m;]’
Di Inner rotor diameter [m] —O0— O——1—0—
Dis Inner stator diameter [m] | (@)
Dor Outer rotor diameter [m] |
Doy Outer stator diameter [m] E
g Air gap length [m]
hirg Rotor bridge height [m]
hpy Permanent magnet height [m] 4
hib Rotor rib height [m]
hso Slot opening height [m] 8 Study
hsy Stator yoke height [m] o2 totle Study
e [Tooth height [m] =
L Stack lamination length [m] é !
Nk INumber of phase turns [-] 5 of zeopon A zaropain X x . (b)
Whr, Rotor bridge width [m] g o N
Wem [Permanent magnet width [m] §7-1 L [ Tooth 7 - ___ Sa.
Wso Slot opening width [m] 2 o Yoo R
Wi [Tooth width [m] 5
Wieb Rotor web width [m] 0 05 1 15 2 25 3 35
arm [V-shape permanent magnet angle [rad] . . . Angle [rad] e
Fig. 4. (a) Discrete spatial magnetic flux density distribution over the stator

III. IRON LOSSES CALCULATION FROM THE MAGNETO-
STATIC ANALYSIS

Iron losses calculation using magneto-static FEA
simulations becomes a great challenge. The problem arises
when using time-dependent Bertotti equations, since they
assume the time dependence of the magnetic flux density for
every finite element within the analyzed domain. As the aim is
using magneto-static FEA due to computational constraints,

teeth and yoke regions. (b) Toyota Prius 2004 magnetic flux density
distribution at id = -270 A and iq =270 A.

The main hypothesis under this assumption is that the time
variation of the magnetic vector potential is almost negligible
due to the reduced value of the electrical frequency range of
the motor, and so, the values of the magnetic vector potential
in the time domain are equivalent to that of the static domain.
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Therefore, the term (0A/Ot)-c is neglected within the
frequencies of study. It is noted that when modeling
ferromagnetic materials using standard two dimensional FEA,
eddy currents are also neglected.

B. Harmonic Wave Decomposition

Once the space distribution of the magnetic flux density is
obtained, the equivalent wave is decomposed in harmonic
components.

The time-space conversion is applied to transform time
domain Bertotti’s equations into space distribution equivalent
equations as follows,

dB (dBj dt (dBJ dB (6)
g R e 0 A g N e O B Y

do. ) \at )\ de, dt) \do )"

The magnetic flux density integration in (4) can be
incorporated in the Bertotti equations together with the time-

space conversion. The modified Bertotti equations to calculate
iron losses using magneto-static FEA result in,

oo dji? ds
P iy = . ‘o] J. ——— | -dV-d6, (7
12.T 0dv dao,
_K.-p B, ‘
(®)

[ Eay el

N

s Pa

< . d[J' i.dsj 9

. S

P g === L0 [ [| |22 | dv-ae, ©)
l T 0dv da(

The frequency domain expression of the hysteresis term is,
P =Ky -p-f BV (10)

e—Hyst

IV. d-g MODEL COMPUTATION

The d-g (direct-quadrature) electrical model is selected to
compute the whole operational regime of the PMSM within
the torque-speed plane, which is shown in Fig. 5.

1 .
_d> Ld Lod
‘ +.—/\/\/‘ IR
RS
Uq RFe l icd @, L/ Log
i
q
e L,

Y
—_—

i -
l o a0, Ly,
qu
wm V/P.W

Fig. 5. (d-q) electrical model.

For this purpose, the quasi-static equations are used [22].
This electrical model allows selecting the control strategy,

thus allowing to evaluate different control strategies,
presenting a huge advantage over other available models [23].
The d-q flux linkages are obtained from the magneto-static
analysis,
{‘// 0 =Ven + L0,
vV, = Lq '[Wl
The back electromotive force (BEMF) can be obtained from
the flux linkage as a function of the angular velocity as,
Uy ==, L, i, =y, o,
{uoq =, '(La Loy TWpy ) =y, @,
Currents ios and io; are selected taking into account the
control strategy.
As the magnetic losses have been previously evaluated, they
can be modelled by means of a parallel resistance.
R, =m ~(und2 +qu2 )/(2~PF@)

(11)

(12)

(13)
Currents ics and icq are calculated from the iron resistance,
{im =ty | Ry, (14)
i, =U,, /Ry,
Total current iz and iy are calculated from currents icd, icq, iod
and i,q. The voltage equations are as follows,

. d . .
u, =R -i, +L, .E.l‘)d -w, L, i,

(15)
. d . .

u, =R i +L, -Ewaq +aw,-L,-i,+o, ¥,

Fig. 6 details the applied procedure to compute the

efficiency-torque-speed maps from the magneto-static FEA
data combined with the d-¢ electrical model.

1: Extract magneto-static FEA data:
Va (id’i ) ’ '//b(id’iq) V. (i(l’iq) ’ B.n»(iwi,,) ’ T(id,i(/) > R,
2: Extract losses from magneto-static FEA data:

PF«(id’iq’f) ’PML(f) ’I)L'u(id’iq)

3: Torque-speed domain discretization: 7=0:AT:T, > o, =0:Aw,:,,,,
4: Control strategy selection (MTPA, ME or MTPV)

5: Compute BEMF for all 4, : Uy =Yy @5 Uy =V, @,

6: Compute iron resistance g, forall o : R, =m- (u(j + u,,qz)/(Z “B)

7: Compute d-q iron currents ; ,, i, forall o :i,=u,/R,,> i, =t /Ry
8: Compute d-¢ currents ;,, i, forall @i, =i, +i,» i,=1i,+i,

9: Compute copper losses forallg,: p, = (m/2)-R, .(,-AZ +,-q2)

10: Selection of the magnitudes from control strategy

Fig. 6. (d-q) model computation to obtain operational characteristics taking
into account the control strategy.

V. MAGNETO-STATIC FEA MODEL VALIDATION

The experimental data of the PMSM of the Toyota Prius
2004 [15] is used to validate the proposed magneto-static FEA
combined with the d-q electrical model. To this end, the public
data of the Toyota Prius (geometric dimensions, voltages and
currents in the torque-speed map, materials, power losses,
temperature, etc.) are used as the input of the proposed model.
Next, through the model proposed here, a discrete efficiency-
torque-speed map is obtained, which is compared with the
experimental one. Fig. 7 (a) shows the experimental efficiency
map, whereas Fig. 7 (b) shows the efficiency map obtained
through the approach proposed in this paper.

Ten randomly chosen points are considered to compare both
maps. Table I shows the angular velocity, torque and
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efficiency corresponding to each point. Thus, the relative error
between the model and the experimental data is provided.

Toyota Prius 2004 Motor Experimental Efficiency Map

e
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Fig. 7. (a) Toyota Prius 2004 PMSM experimental efficiency map. (b) Toyota
Prius 2004 PMSM magneto-static model efficiency map.

TABLEII
EXPERIMENTAL VS MAGNETO-STATIC EFFICIENCY MAP COMPARISON
Regime Characteristics
Isostatic model | Experimental | Relative
Angu}ar Torque | Efficiency (p.u) | Efficiency (p.u)| error (%)
velocity (Nm)
(rpm)
611.2 92.91 0.8888 0.8780 1.23
1051 171.3 0.9024 0.8807 2.46
978 313 0.8203 0.8195 0.10
1455 254.3 0.8915 0.8836 0.89
1846 104.3 0.9401 0.9303 1.05
2164 37.31 0.9133 0.9101 0.35
2677 89.1 0.9327 0.9330 0.03
3704 27.41 0.8772 0.8929 1.75
3887 63.21 0.9144 0.9070 0.82
5281 41.88 0.8842 0.8735 1.22

According to the values presented in Table II, the relative
error of the experimental efficiencies and those obtained by
means of the proposed method is below 2% in the whole
torque-speed plane. As explained, the normalized SSIM index
compares the similitude between two images, in this case the
experimental efficiency-torque-speed maps and the one
obtained by means of the approach proposed in this paper. The
SSIM index from the comparison of Figs. 7 (a) and 7 (b) is
0.958. This difference of 0.042 is due to the error contained by
the Magneto-Static FEA and the implicit errors due the same
experimental results.

As the iron losses are the most complex component of the
power losses to calculate, the iron losses obtained from
magneto-static FEA are compared with those calculated using
time-dependent FEA. These results are summarized in Table
III, which shows different randomly chosen operating
conditions and the error between both methods.

Finally, in order to validate the iron losses using the Toyota
Prius 2004 experimental results, some transformations were
done to obtain the magnetic losses using the experimental

efficiency map. Three parameters available from the
experimental data, i.e., efficiency, stator current and winding
temperature, from which copper losses can be obtained. On
the other hand, experimental mechanical losses are also
available. Considering such data, the experimental iron losses
can be calculated as,

B.=R/n-F -k, -k, (16)
TABLE IIT
MAGNETO-STATIC VS TIME-DEPENDENT FEA MAGNETIC LOSSES COMPARISON
Regime Characteristics Magnfz to Time
Static .
- . Dependent Relative
Angular d-axis g-axis ML ML Model | error (%)
velocity current | current Model W)
(pm) (A) (A) W)
4313 -101.1 106.1 38.61 36.31 6.33
1479 -28.47 45.88 128.74 121.16 6.26
4005 -69.25 23.97 597.43 585.73 2.00
4005 -132.1 27.65 947.82 921.47 2.86
5792 -114.3 18.28 1584.14 1680.78 5.75
6038 -79.28 16.59 1299.93 1348.71 3.62

Fig. 8 (a) shows the resulting iron losses calculated from the
experimental data. Fig. 8 (b) shows the iron losses calculated
from the magneto-static FEA model.

Toyota Prius 2004 Motor Experimental Iron Losses Map
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Fig. 8. (a) Toyota Prius 2004 PMSM. Experimental iron losses map. (b)
Toyota Prius 2004 PMSM. Magneto-static iron losses map.

As can be observed in Fig. 8, both maps show a great
similarity, and thus, the proposed magneto-static FEA model
is validated. Therefore, it is concluded that the model is
suitable to be used as a design tool to be included within an
iterative optimization strategy.

VI. PMSM DESIGN AND OPTIMIZATION VALIDATION

The experimental data of the PMSM of the Toyota Prius
2004 [15] and the Toyota Camry [16] are used to validate the
design-optimization process together with the proposed
magneto-static FEA and d-g electrical model, which were
validated in the previous section. First, a seed geometry is
defined. Due to space constraints, the outer stator diameter is
constant during the optimization process, whereas the shaft
diameter is constant due the torque requirements. Other



VT-2020-01504.R1

parameters (Aorg, hriv, hso, Wso, Wirg) are kept constant since the
values calculated during the pre-design process guarantee the
mechanical robustness and winding process feasibility. These
parameters have little impact on the optimization process.

Table IV shows the values of the constant parameters
against the reference values of the Toyota Prius 2004 and
Camry 2007 PMSMs obtained from public data. The
experimental torque-speed-efficiency maps found in [15] and
[16] have been used as the target map.

TABLE IV
TOYOTA PRIUS/CAMRY GEOMETRY CONSTANT PARAMETERS COMPARISON

Seed values
Prius/Camry

Geometry
Parameter

Optimized values | Reference values
Prius/Camry Prius/Camry

1.5/2.0
2.5/0
1.0/1.0
2.0/3.5
2.0/2.0

1.5/2.0
2.5/0
1.0/1.0
2.0/3.5
2.0/2.0

1.65/2.04
2.8/0
1.1/1.02
2.09/3.8
1.93/1.88

hibrg [mm]
hyip [mm]
hso [mm]

Whrg [mm]

Wso [mm]

Seed Motor Efficiency Map Magneto-Static Model

X 10
1.9

Yz
Level 0.7692 0.8

Efficiency
—
]
£

0 1000 2000 3000 4000 5000 6000
Angular Velocity [rpm]

Optimization Motor Efficiency Map M Static Model

o
&
Efficiency

(b)

Torque [Nm]

X 5281 0.7
Y 41.88
Level 0.8826 |

<M=

0/1.5 0/1.5 0/1.65

Wiweb|mm]

The optimization parameters range is set by the designer
considering space constrains and manufacturing tolerances.
Therefore, this strategy allows validating the performance of
the design-optimization method by obtaining the PMSMs
geometries closest to the original ones.

A. Validation Analyzing Toyota Prius 2004 PMSM
Table V summarizes the seed values of the parameters as

=
0 1000 2000 3000 4000 5000 6000
Angular Velocity [rpm]

Fig. 10. (a) Torque-speed-efficiency map of the seed geometry. (b) Torque-
speed-efficiency map of the optimized geometry.

Table VI compares the efficiency in different operating
points of the optimized machine versus the experimental
efficiency of the Toyota Prius 2004 PMSM.

TABLE VI
EXPERIMENTAL VS DESIGN-OPTIMIZATION MAGNETO-STATIC EFFICIENCY MAP
COMPARISON OF TOYOTA PRIUS 2004

well as the geometry obtained after the optimization process, . .
. . . Regime characteristics - .
in order to compare the obtained values of the geometrical Optimized  |Experimental| o . .
parameters with those of the original Toyota Prius 2004 Angular | geometry efficiency | o or (%)
locit orque efficiency (p.u) (p-u)
PMSM. velocity (Nm)
(rpm)
TABLE V 611.2 92.91 0.8982 0.8780 2.30
TOYOTA PRIUS 2004. GEOMETRIC PARAMETERS COMPARISON 1051 171.3 0.9109 0.8807 343
Lower/upper Ovtimised Toyota Error 978 313 0.8390 0.8195 2.38
Parameter |Seed value| optimization (‘:ometr Prius (%) 1455 254.3 0.8763 0.8836 0.83
bounds | & Y | geometry | (7 1846 104.3 0.9413 0.9303 1.18
2164 37.31 0.9152 0.9101 0.56
£ [mm] ! 0.2/1.5 0.747 0.75 1 0.40 2677 89.1 0.9303 0.9330 0.29
Dor[mm] 190 115/230 161.38 160.5 0.55 3704 2741 0.8769 0.8929 1.79
u[mm] 20 3/60 32.84 335 197 3887 6321 0.9128 0.9070 0.64
Wi [mm] 4 2/10 751 7.6 118 5281 41.88 0.8826 0.8735 1.04
hsy [mm] 18.6 5/60 20.32 20.1 1.09
hpy[mm] 8 3/10 6.77 6.5 4.15 The relative errors displayed in Table VI allow validating
Wea [mm] 15 10/25 17.61 18 2.17 the desi timizati din thi K
L (] %0 1300 3159 36 240 ¢ design-optimization process proposed in this work.
Nt 100 /200 30 7 1111 The SSIM index resulting from the comparison of the seed
dyire [mm?)] 0.85 0.5/1.5 0.89 0.91 2.20 torque-speed-efficiency map and the experimental one is
oem[°] 953 90/180 135.75 145 6.38 0.701, whereas the SSIM index between the torque-speed-

As observed in Table V, the geometry obtained through the
design-optimization process matches with the original one
with fidelity. The highest divergence is observed in the
number of turns per phase, which is due to a difference of one
conductor per slot with respect to the original configuration. It
has little effect on the torque-speed-efficiency maps because
the optimization compensates this extra conductor per slot by
decreasing the magnet size and the stack length of the
optimized solution, thus resulting in similar torque and speed
capabilities.

Fig. 10 (a) shows the torque-speed-efficiency map of the
seed geometry, whereas Fig. 10 (b) shows the map of the
optimized solution.

efficiency map of the optimized motor and the experimental
one is 0.929.

B. Validation Analyzing Toyota Camry 2007 PMSM

Table VII shows the seed values of the parameters as well
as the geometry obtained after the optimization process, in
order to compare the obtained values of the geometrical
parameters with those of the original Toyota Camry 2007
PMSM. As observed in Table VII, the geometry obtained
through the design-optimization process matches with the
original one with fidelity.
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TABLE VII
TOYOTA CAMRY 2007. GEOMETRIC PARAMETERS COMPARISON
Lovyer‘/up!)er Optimized Toyota Error

Parameter [Seed value| optimization Camry o
bounds geometry geometry (*2)
g[mm] 1 0.2/1.5 0.738 0.75 1.60
Dor[mm] 190 115/230 162.203 160.5 1.06
7y [mm] 20 5/60 28.97 30.9 6.25
W [mm] 4 2/10 7.613 7.6 0.17
hsy [mm] 18.6 5/60 21.2 20.1 5.47
hpy [mm] 8 3/10 6.477 6.6 1.86
wpy [mm] 15 10/25 18.42 19.1 3.56
L [mm] 40 1/300 62.311 60.6 2.82
Nph 80 8/200 56 56 0.00
dyire [mm?] 0.63 0.5/1.5 0.881 0.812 8.50
opm [°] 95 90/180 141.59 145 2.35

Fig. 11 (a) shows the experimental torque-speed-efficiency
map, Fig. 11 (b) shows the torque-speed-efficiency map
evaluated with the FEA magneto-static model, whereas Fig.
11 (c) shows the optimized motor torque-speed-efficiency map
of the Toyota Camry 2007.

Toyota Camry 2007 Experimental Efficiency Map
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Fig. 11. (a) Toyota Camry 2007 experimental torque-speed-efficiency map.
(b) Toyota Camry 2007 magneto-static model torque-speed-efficiency map.
(c) Optimized motor torque-speed-efficiency map.

When the original Toyota Camry 2007 PMSM is analyzed
by means of the magneto-static model, the SSIM between the
torque-speed-efficiency map of the actual geometry when
analyzed by the FEA model and the experimental one is
0.9695, thus validating the accuracy of the FEA model. The
SSIM index between the seed torque-speed-efficiency map
and the experimental one is 0.7978, whereas the SSIM index

between the torque-speed-efficiency map of the optimized
motor and the experimental one is 0.9571.

C. Target Completion of Toyota Prius and Camry PMSMs

A target completion degree of 5% calculated through the
SSIM index is settled as the deviation between the optimized
and the original geometries of the Toyota Prius 2004 and
Camry 2007 PMSMs.

In the case of the Toyota Prius 2004 PMSM, the actual
geometry when analyzed by the FEA model has a SSIM of
0.958, whereas the optimized motor has a SSIM of 0.929, thus
resulting a deviation of 3.03%. In the case of the Toyota
Camry 2007 PMSM, the deviation is only 1.28%.

Fig. 12 shows the patternsearch optimization convergence
for both cases, showing the seed value and the optimum
convergence.

Toyota Prius 2004 Optimization Convergence

0.3
xo
Y0299
()
0.1
x 1101
Y 0.07102
0.05
0 200 400 600 800 1000 1200
Optimization Iteration
Toyota Camry 2007 Optimization Convergence
0.215,
Y 0.2022
=
7]
2 (b
0.1
i X 1141
0.05 Voouzs

0 200 400 600 800 1000 1200
Optimization Iteration

Fig. 12. (a) Toyota Prius 2004 patternsearch optimization convergence. (b)
Toyota Camry 2007 patternsearch optimization convergence.

As observed in Fig. 12, the optimization required around
1100 solver iterations for both PMSMs to find the nearest
geometry solution.

D. Computational burden

For the PMSMs analyzed, the design-optimization
algorithm shown in Fig. 1 requires 30-40 seconds to perform
one iteration, depending on the saturation conditions of the
machine. The pattern search optimizer available in Matlab®
required 5 days in both cases to find the optimum solution,
when limiting the number of function evaluations to 10000
using an Intel® Core™ i9-7940X 3.10 GHz processor with 64
GB RAM memory. This time is reasonable, since this strategy
allows obtaining an optimized machine, thus avoiding several
iterations to manufacture the prototype and saving time, labor
and manufacturing costs.

VII. CONCLUSIONS

This paper has presented a novel methodology for designing
and optimizing permanent magnet synchronous motors
(PMSM) by combining magneto-static FEA and direct-
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quadrature (d-q) electrical modeling, thus greatly reducing the
computational burden when compared to conventional
methods based on time-dependent FEA.

The input of the optimization algorithm is the torque-speed-
efficiency map of the target motor, so that, the design-
optimization process searches the motor geometry that better
approximates its torque-speed-efficiency map to the target
one. The comparison between maps is computed through an
image comparison technique called structural similarity index
(SSIM).

The method for calculating the torque-speed-efficiency map
is based on magneto-static FEA combined with (d-q) electrical
modeling. It takes into account iron, mechanical and copper
losses. Iron losses consider the harmonic content of the
magnetic flux density by applying the time-space conversion.

First, the accuracy of the torque-speed-efficiency maps
obtained by means of the proposed magneto-static FEA
method combined with a d-g electrical model was validated.
To this end, the public experimental data of the Toyota Prius
2004 PMSM was used, and the torque-speed-efficiency map
of the original PMSM geometry calculated through the
proposed methodology was compared with the experimental
one. Results presented in this paper show the high accuracy of
the magneto-static FEA method combined with the d-g
electrical model.

Finally, once the magneto-static FEA model was validated,
the accuracy of the whole design-optimization algorithm
method was assessed by using the experimental torque-speed-
efficiency maps of the Toyota Prius 2004 and Toyota Camry
2007 PMSMs as target objectives. It was found that the
geometries obtained in both cases through the optimization
process were very similar to these of the original machines,
thus confirming the accuracy of the proposed design-
optimization method.
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