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Abstract: Society is turning to electrification to reduce air pollution, increasing electric machine
demand. For industrial mass production, a detailed design of one machine is usually done first, then
a design of similar machines, but different ratings are reached by geometry scaling. This design
process may be highly time-consuming, so, in this paper, a new sizing method is proposed to reduce
this time, maintaining accuracy. It is based on magnetic flux and thermal maps, both linked with an
algorithm so that the sizing process of an electrical machine can be carried out in less than one minute.
The magnetic flux maps are obtained by Finite Element Analysis (FEA) and the thermal maps are
obtained by analytical models based on Lumped Parameter Circuits (LPC), applying a time-efficient
procedure. The proposed methodology is validated in a real case study, sizing 10 different industrial
machines. Then, the accuracy of the sizing tool is validated performing the experimental test over
the 10 machines. A very good agreement is achieved between the experimental results and the
performances calculated by the sizing tools, as the maximum error is around 5%.

Keywords: sizing methodology; electrical machines; thermal model; electromagnetic model;
permanent magnet

1. Introduction

Society is turning to electrification in transportation and industrial processes to reduce emissions,
embrace alternative energy, and increase efficiency. In this regard, permanent magnet synchronous
machines (PMSM) are mostly used for traction applications, due to their high power density and high
efficiencies [1].

However, the main drawback of PMSM and electrical machines in general is their complex and
time-consuming design process, as different targets must be reached optimizing various parameters
that are cross-coupled. Usually, the final objective of the design is to minimize the cost of the machine
while maximizing its efficiency. To fulfill these objectives coping with the growing machine demand,
the design process must be improved.

Once the design requirements are defined, there are two designing scenarios, one where the
machine is designed from scratch and another one where a 2D computer-aided design plane (2D CAD)
is selected from the ones previously designed and the machine is sized setting the appropriate stack
length and number of turns for the specific application. Different magnets and sheet types can be
also chosen. Usually, in a company with a wide range of electric machines, the second scenario could
be more usual, making it more competitive in the market, as the process is faster than designing a
machine from zero. In addition, keeping the same electric sheets and the same motor concept reduces
the manufacturing cost considerably, as the same manufacturing process can be used for building a
wide range of electrical machines.
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In this paper, the second scenario is analyzed, where the stator and rotor sheets are selected from
a 2D plane database, and after the machine is sized. In Figure 1a, the general process is shown.
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Figure 1. Description of the sizing methodology using multi-physics tool. (a) classical Method;
(b) integration of the sizing multi-physics tool in the classical method.

Firstly, machine requirements must be defined (1) including working currents, voltages,
application temperature, output torque, and speed. These technical requirements come from the
customer functional specifications that must be precise, as the design is optimum for the application.

Secondly, the machine is sized (2). The optimum 2D plane and cooling type must be selected
for the application. Then, an analytical pre-sizing is made, to have an approximate number of turns,
and stack length, together with the wire section. Next, the main step of the sizing process starts, using
electromagnetic simulation tools together with thermal ones, to make a more accurate calculation of
the machine. Lastly, the obtained performances are automatically checked, and if the machine does
not comply the requirements, changes are made to the stack length or the number of turns, making the
calculation again, until the design fulfills the requirements.

Finally, the machine is validated experimentally in (3) to check that the machine performance is
equal to the simulated one. If the bench test is correct, the sizing of the machine is achieved; otherwise,
the process must start again from the beginning.

As mentioned before, PMSM is the most used electric machines for traction, and one of their main
characteristics is the nonlinearity, as well as their temperature dependences in the generated magnetic
flux. They can also get demagnetized if they continuously suffer thermal overload [1–3]. This is why
electromagnetic simulations must be linked to thermal ones, making them more accurate as a whole.
However, linking the two simulations causes a longer iterative process, increasing the computational
and design time.

To avoid this, a map interpolation is proposed, to obtain magnet and copper temperature based
on Joule and Core losses. It will obtain the steady-state temperatures by a fast iteration taking into
account loss change with temperature. Finally, working temperature performances can be obtained
with a new magnetic flux interpolation and some simple calculations.
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With respect to electromagnetic simulations, there are different tools to make it, with diverse
accuracy and time consumption ranks—for instance, analytic equations, lumped parameter models,
Fourier series models, and Finite Element Analysis (FEA).

The fastest way of sizing a machine is using fundamental machine sizing equations as shown
in [4,5]. This analytical method is mostly used for preliminary machine sizing, in the first stages of the
process due to its speed. Nevertheless, it does not provide a high accuracy compared to FEA solutions.

Another analytical method is the one based on Fourier series. In this case, the accuracy and
computational time depend on the number of spatial harmonics considered in the different machine
regions. The higher the harmonic orders are, the higher the accuracy is, but the longer time the
computation takes. If magnetic saturation plays an important role in the designed machine, this
method should be avoided using FEA, where local magnetic saturation may be considered [6].

With the aim to be more accurate, Lumped-Parameter (LP) models are developed. This method
takes into account magnetic saturation and it can be more accurate than other analytical methods, still
being faster than FEA. However, the more accurate is the result, the slower is the calculation, so the
equilibrium between speed and accuracy is the key [1].

FEA is considered the standard tool for electric machine analysis, as it has a detailed magnetic
field solution, including saturation, providing an accurate result of the machine performance according
to the density of the mesh. Despite this, FEA needs a massive computational effort and time
consumption [7].

In order to reduce FEA computation time maintaining its accuracy, different methods are found in
the literature that mix initial FEA simulations with different scaling methods to size different machines.
In [8,9], dimensional and number of turns scaling techniques are used after a base machine FEA
simulation is carried out. This simulation generates magnetic flux, loss, and torque maps that are used
to generate other machine models with the mentioned scaling techniques. For instance, second-order
polynomial functions are used in [3] to describe magnetic flux linkage variations respect to current,
using FEA models just to calculate parameters of the functions. Then, combined with other analytical
models, other machines can be sized based on the reference. Moreover, in [10], FEA is also combined
with analytical models to obtain a rapid tool of induction machine mapping in dq axes. The results of
these methods are rather accurate, as they are based on FEA models.

As mentioned before, the thermal model must also be simulated, to evaluate working
temperatures and their distribution along the machine, linking it to the electromagnetic model. As in
electromagnetic calculations, there are various methods with different performances such as FEA, LP
models, and Computational Fluid Dynamic (CFD), shown in [11,12].

As in the previous case, the objective is to simulate as accurately and as quickly as possible.
The speediest way is to simulate the machine with LP thermal networks as they are quite accurate as
shown in [4,13], but they can become as slow as FEA if many nodes are introduced. Therefore, some
reduced node models are found in literature, reducing computation time considerably, maintaining
good accuracy [14,15].

Gaining accuracy, there is CFD software, used for modelling cooling systems, calculating flow
rates, and heat transfer. The main asset is that it can be used to predict the flow in complex regions,
such as around the end windings, with great precision. Moreover, the data obtained from CFD can be
used to improve analytical algorithms in analytic thermal networks. However, its big disadvantage
is its huge computation needs and time consumption, making it unsuitable for fast sizing process,
but might be used in big machines with a high cost of prototypes [11,12].

In thermal modelling, FEA is used to accurately calculate the conduction heat transfer in complex
geometric shapes, such as heat transfer through strands of copper in a slot. Nevertheless, it has
an important limitation as the software uses analytical/empirical-based algorithms for convection
boundaries, exactly as in the lumped circuit analysis. As a result, the accuracy is dependent on the same
factors for the thermal network; just making a difference when the solid component conduction must
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be calculated precisely. Some authors used a 3D reduced-order FEA model to reduce computational
time maintaining a rather good accuracy [2,11].

Taking into account all the simulation methods found in literature, magnetic flux and temperature
maps are used in the proposed sizing method. Magnetic flux maps are obtained from FEA simulations
and temperature maps are generated from lumped parameter network simulations. In this way, a fast
and accurate method can be defined.

In this article, a fast sizing method is proposed. It sizes a machine in about one minute, maintaining
the accuracy of the Finite element models. The major novelty of this method is the coupling between
thermal and electromagnetic fields. The sizing is done by an iterative algorithm.

Finally, the proposed method is validated in a real case study, sizing 10 industrial machines used
for people transportation systems.

This paper is organized as follows: Section 2 describes the proposed method and explains the
theoretical base of the method. The initial simulation process and the sizing algorithm are presented.
Section 3 compares the obtained data with 10 industrial machine experimental results to validate
the algorithm and the proposed process. In Section 4, the novelty of the work is presented, with the
obtained results and their conclusions.

2. Description of the Proposed Sizing Procedure

In this section, the procedure for obtaining the magnetic flux maps and the thermal maps is
explained. As it is shown in Figure 2, this procedure consists of two different simulations. Magnetic
flux maps are obtained by electromagnetic FEA simulations performed using Altair Flux R© (Troy,
MI 48083, USA), whereas the temperature maps are obtained by thermal simulations carried out using
Motor-CAD R© (Wrexham LL13 7YT, UK).

Machine Characterisation

    FEM

Flux Mapping

Motor-CAD

Temperature Mapping

MAP 
DATABASE

Machine 
2-D Plane

Machine 2-D plane 
and Cooling

Figure 2. Map database creation.

Concerning the magnetic flux maps, d-q axis magnetic flux is computed as a function of d-q
axis currents and magnet temperature. Regarding the temperature maps, two maps are obtained
as well—one map for the average winding temperature and another one for the average magnet
temperature. Both maps are computed as a function of the Joule and magnetic losses, accounting for
different stack lengths.

These maps make up a database in which different magnetic circuit 2D geometries and cooling
types are included. This way, during the sizing process of electrical machines, different magnetic
flux and temperature maps are used according to the chosen 2D geometry of the lamination and the
cooling solution. In the next sections, more details are given about the map creation procedure.
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2.1. Magnetic Flux Map Creation

D-Q axis magnetic flux maps are obtained performing FEA magneto-static simulations. As the
electrical machine analysis involves magnetic and electric domains, the magnetic circuit of the motor
is coupled to the electric circuit.

In case the machine geometry is simple, FEA 2D simulations could be suitable. However, complex
motor geometries might require FEA 3D simulations. The proposed procedure in this paper is suitable
for both cases, FEA 2D and FEA 3D.

The objective is to generate magnetic flux maps depending on current (in d-q axis) and
temperature, so ϕq

(
iq, id, Tmagnet

)
and ϕd

(
iq, id, Tmagnet

)
are obtained. As the map depends on three

variables, magnet temperature, d, and q currents, many simulations must be performed varying these
three variables.

The first step is to define the currents and temperature variation ranges to generate the solving
scenario for the model, as shown in Figure 3.

ϕa, ϕb, ϕc

Ia, Ib, Ic

ϕd, ϕq

Id, Iq
ABC

DQ

FLUX MAPSFEA SIMULATION

f(Iq, Id,Tm)

Iq     [Iqmin,Iqmax]

Id     [Idmin,Idmax]

Tempm           [20°C,Tempmax]

Figure 3. Magnetic flux map generation process.

One criterion for defining the currents’ variation range could be the saturation of the magnetic
material. For instance, for a given N, the maximum supplying current value could be defined according
to the linearity of the q axis magnetic flux as a function of the q axis current, from 0 A up to the point
at which the linearity of the q axis magnetic flux decrease in a given value. The effect of the magnet
temperature is accounted for changing the remanence value of the magnets field. The maximum
value of the remanence value can be set according to the standard data-sheets of commercial magnets.
For instance, nowadays, the maximum remanence field that can be found in the market for Neodymium
magnets is around 1.43 T (N52M from Baker Magnetics (5692 Elson, The Netherlands)). Concerning the
minimum remanence value, it could be defined also considering standard properties of the magnets in
the market. For example, a suitable criterion could be to consider the minimum remanence value at
room temperature around 0.98 T (N25 BH from Baker Magnetics) and compute the remanence value
at the maximum working temperature of the same magnet, about 240 ◦C. Applying this criterion,
the magnet remanence value should be varied in the range of 0.74 T–1.43 T.

It is also important to define NI properly, to obtain data in the machine working range. If a
working point of a machine exceeds the maximum value of the map range, the map will not be suitable
for sizing the desired machine because it would need to extrapolate and extrapolation may generate
incorrect results.

Flux R© software performs the electromagnetic analysis solving Maxwell’s equations with a
magnetic vector potential, finally solving Equation (1) by finite element methods:
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∇×
(

v0 [vr]∇× ~A
)
+ [σ]

(
∂~A
∂t

+∇V

)
= 0 (1)

where [vr] is the tensor of the reluctivity of the medium, v0 is the reluctivity of the vacuum,
−→
A is the

magnetic vector complex potential, [σ] is the tensor of the conductivity of the medium, and V is the
electric scalar potential.

Once the solving scenario is defined, the simulation is carried out to get
ϕa
(
iq, id, Tmagnet

)
, ϕb

(
iq, id, Tmagnet

)
and ϕc

(
iq, id, Tmagnet

)
. Then, these variables are

post-processed to get ϕq
(
iq, id, Tmagnet

)
and ϕd

(
iq, id, Tmagnet

)
. This will be done with Clark–Park

transformation [16], as shown in the second step of Figure 3. Finally, the obtained magnetic fluxes
shown in Figure 3 will be saved in a magnetic flux map database for future use.

The resolution of the maps must be properly chosen as it might affect the accuracy of the final
results given by the sizing tool. Defining at least 10 computation points in the variation range of each
variable could be a criterion. This leads to at least 1000 different simulations to be performed by FEA.
Another key point affecting the accuracy is the resolution of the simulations. A criterion could be to
consider at least 100 points in a single electric period, so 100 points are performed for each simulation,
leading to a total amount of 100,000 simulation points. Using an average computer (16 GB RAM, 64
bytes—3.41 GHz Microprocessor), the solving of a single point could take around 5 s, leading to a total
simulation period of five days. It might not be too much considering that the magnetic flux maps are
obtained once and then no more FEA simulations are required for a given magnetic circuit geometry.
Nevertheless, in case the data-sheet must be made-up with many different magnetic circuit geometries,
this task could take a lot. Thus, in this paper, a proposal is presented to reduce the computation load
of the magnetic flux mapping process.

As shown in Figure 4, during one full electric period of ϕa, ϕb, and ϕc, there are six ϕd periods, so
it is enough to simulate 1/6 of the period to obtain ϕd, reducing significantly the computation time.

Figure 4. Magnetic fluxes during a full electrical period.

2.2. Temperature Map Generation

As mentioned in Section 1, there are different methods and software to model the thermal
performance of electrical machines. In this paper, the commercial software Motor-CAD R© is used to
obtain the required temperature maps.
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Motor-CAD R© uses a three-dimensional lumped circuit model that can be used to calculate the
steady-state and transient thermal characteristics of several motor types. One of the most complex
aspects of motor thermal analysis is the prediction of Convection Heat Transfer mainly relating to the
outer surface of the motor, but also for the internal air-gap. An estimation is made by the software using
natural and forced convection correlations. Radiation Heat Transfer is also modelled in Motor-CAD.

The process for obtaining these maps is shown in Figure 5. First, the model is defined, using the
stack 2D plane and the desired cooling system, generating the thermal network.

Average winding temperature and average magnet temperature maps are obtained as a function
of the Joule and Magnetic losses and accounting for different stack lengths. The variation range for the
losses and the stack length must be properly established to assure that all thermal situations demanded
during the sizing process are covered by the maps.

TEMPERATURE MAPSMODEL DEFINITION

2-D STACK PLANE

&

COOLING TYPE

MOTOR-CAD SIMULATIONS

PLCu     [0, PLCumax] 

PLmag     [0, PLmagmax]

Lstk     [Lstkmin, Lstkmax]

Figure 5. Temperature map generation.

The variation range and the resolution of the stack length will be defined by the user.
The variation range of the losses could be established accounting for the winding temperature.

For instance, it does not make sense to consider losses that raise the temperature above the maximum
limit for the maximum stack length (keeping the losses constant, the smaller the stack length is, the
higher the temperatures are. Thus, for small stack lengths, the temperatures might lead above the
maximum limit).

This way, the variation range of the losses and the stack length should be defined for every
particular case. The model is simulated for each defined point of power losses and length combination.
One of these simulations is done for each cooling type.

Finally, temperature maps are created. Tmagnet
(

PLCu, PLmag
)

and TCu
(

PLCu, PLmag
)

maps are
shown in next Section 3, Section 3.2. Each layer represents one stack length, from the smallest machine
in the upper layer, to the longest in the lower (and coldest) layer.

2.3. Sizing Method

In this section, the proposed sizing process of electrical machines is described. As it is shown in
Figure 6, before the sizing process begins, the design requirements must be defined. Then, the cooling
solution and the 2D magnetic circuit geometry must be chosen. Once these two elements are chosen,
the corresponding magnetic flux and temperature maps are uploaded to the sizing program. As it can
be appreciated in Figure 6, the sizing process consists of three main stages:

• STAGE 1: DEFINITION OF L & Z. At the first step, preliminary values for the number of turns
and the stack length are estimated. Then, if after the calculations the checking is not correct, L
& Z will be recalculated. Depending on the obtained performances, L & Z values will increase
or decrease.

• STAGE 2: ELECTROMAGNETIC & THERMAL ANALYSIS. With the defined L & Z, dq magnetic
fluxes are obtained by the interpolation on the magnetic flux maps. Then, machine performances
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are calculated, such as Joule and magnetic losses. These losses will be used to obtain the working
temperature of the winding and the magnets by interpolating in the temperature maps. With the
working temperatures, performances are calculated again, based on a new magnetic flux map
interpolation. At the end of this process, performances of the machine are obtained at ambient
and working temperatures.

• STAGE 3: AUTOMATIC CHECKING. The performances are checked and, depending on the
results, the process is finished or a new iteration is started returning to Stage 1.

Sizing Process

DEFINITION of L & Z

Check 
Requirements

Machine 
Requirements

2D CAD & 
Cooling Type 

selection

Electrical 
Machine 
Design

Load Temperature & Flux map

MAP 
DATABASE

    

ELECTROMAGNETIC 
ANALYSIS

Flux maps

THERMAL ANALYSIS

Temperature 
maps

Joule & Core Losses

Winding & Magnet 
Temperatures

STAGE 1

STAGE 2

STAGE 3

Figure 6. Sizing algorithm.

2.3.1. Stage 1: Definition of L & Z

Once the main design requirements are defined, the number of turns and the stack length are
pre-calculated considering the torque Vs current requirement, and the voltage limitation, applying the
next well known torque and voltage analytical Equations (2):Tnom = 3pϕdLNIn

V2
max =

(
−ϕq + N2Lkovwe In

)2
+
(

2ρN2ncap In
L+Lend

Arkf
+ ϕdNLwe

)2 (2)

where Tnom is the nominal torque (Nm), p is the machine pole pairs, ϕd is magnetic flux d (Wb), ϕq

is magnetic flux q (Wb), L is the machine stack length (m), N is winding number of turns, In is the
desired nominal current (A), Vmax is the maximum allowed voltage (V), kov is the overlapping factor,
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we is the machine rotational speed (rad/s), ρ is the wire resistivity (Ωm), ncap is the number of winding
layers, Lend is the end-winding length (m), Ar is the copper wire area (m2), and kf is the filling factor.

Solving the equation system (2), the initial length and number of turns are estimated, providing
an accurate starting point of the iterative loop, instead of traditional iteration starting from a particular
point every time. Overlapping and filling factor values for the estimation are fixed, but they could be
adjusted depending on the number of turns and the final chosen wire section.

2.3.2. Stage 2: Electromagnetic & Thermal Analysis

Once initial number of turns (Nini) and initial stack length (Lini) are defined, it is time to interpolate
in the magnetic flux map. At the first iteration, ambient temperature is taken for the interpolation.
Nominal current is set to obtain the required torque, interpolating and obtaining ϕd and ϕq.

The interpolated value at a query point is based on linear interpolation of the values at
neighbouring grid points in each respective dimension. This method is accurate enough if the map
resolution is properly defined. Extrapolation is not recommended as it may result in false values of
magnetic flux or temperature in case of thermal maps.

For resistance calculation, standard values of wire diameter are tabulated for each number of
turns, to obtain a suitable filling factor depending on the chosen winding type, p.e. around 0.42 for
distributed windings and around 0.5 for concentrated windings. The overlapping factor is defined
with an experimentally adjusted curve. With this data and motor geometry, end-winding length (Lend)
is calculated with (3), finally obtaining winding resistance (RCu) with (4), where ρ is copper resistivity
at 20 ◦C. Moreover, q axis inductance is calculated by definition in (5):

Lend =
π
2 (

Dπ
Qs

+ wd) ∗ kov

1000
(3)

where D is stator diameter, Qs is the number of slots, wd is the slot width, and kov is the
overlapping factor:

RCu =
ρ(Lend + 2L)(1 + 0.0039(TCu − 20))

Ar
(4)

Lq =
ϕq

iq
(5)

Then, voltage is calculated, as shown in (6), where Vd and Vq are dq voltages, and Lσ is the
leakage inductance: {

Vd = RCuid − Lσweiq − ϕqwe

Vq = RCuiq + Lσweid + ϕdwe
(6)

Finally, losses are calculated. Joule losses are calculated by Joule’s law (7), while Core losses are
calculated with the Bertotti’s Model (8) shown in [17]:

PLCu = 3RCu I2 (7)
pFe = ph + pc + pe =kh f Bα

s + ∑
i

kc f 2B2
si + ∑

i
ke f 1.5B1.5

si

PFe = ka pFeWm

(8)

where pFe is the core loss per weight, ph is the hysteresis loss, pc is the eddy current loss, pe is the
excess loss, kh is the hysteresis loss coefficient, kc is the eddy current loss coefficient, ke is the excess
loss coefficient, α is an Steinmetz coefficient, f is the frequency, Bsi is the ith harmonic amplitude of the
stator magnetic flux density, ka is the empirical coefficient, and Wm is the weight of motor.

Once Joule and Core losses are obtained at working temperature, they are sent to the thermal
analysis. Then, the first interpolation can be made in the temperature maps, obtaining winding
and magnet temperatures. Nevertheless, these temperatures are not the steady-state ones; as with
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temperature change, losses also change. To obtain the steady-state working temperatures, Joule losses
are updated with temperature, as the resistance varies with temperature. The thermal analysis block
will make this iteration until the steady-state losses and temperatures are obtained, taking about
16 iterations.

Once steady-state temperatures are obtained, they are returned to the electromagnetic analysis
block, so the performances are obtained at working temperatures.

2.3.3. Stage 3: Automatic Checking

After obtaining the electrical performances at room and working temperatures, they must be
checked, and, if they fulfil all the requirements, the sizing process will be finished, generating a
favourable machine design report. Otherwise, the design parameters are changed and the calculus is
addressed again. Figure 7 shows which parameters are checked, and the actions adopted (in STAGE 1)
if they are not fulfilled. In the figure, L+ refers to increasing the machine length in one step, and Z+ or
Z−means increasing or decreasing conductors in each slot.

NO YES

V < Vmin

NO

YES

NO
L+ & Z-

(OverCurrent)

NO

CORRECT

YES
L+ & Z- 

(OverTemperature)

YES
Z+ (Low Voltage)

NO
L+ & Z-

(OverCurrent & 
OverVoltage)

YES

Z- (OverVoltage)

FINISH

I ≤ Imax

I ≤ Imax

TCu > TCumax

V≤Vmax

CALCULATION

Figure 7. Automatic checking process after each iteration.

Checking minimum voltage is interesting, but it is not mandatory as some machines will not be
able to fulfill both maximum and minimum voltages.

This checking is made automatically with the proposed algorithm taking into account
designer specifications as the minimum and maximum voltages, maximum current, and
maximum temperatures.

These requirements are set by the designer at the beginning of the process. The maximum voltage
and current usually are limited by the inverter or the grid and the winding temperature normally is
limited by the material or the machine class. If just one of the parameters does not comply, changes are
made and another iteration is made, checking the four parameters again at its end. If all parameters are
fulfilled, this is the optimum length and number of turns for the machine so the report is favourable,
ending the process.
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A Graphic User Interface (GUI) is designed to implement the proposed method in an easy and
user-friendly way, to save time and effort when sizing machines. This GUI is composed of a database
containing magnetic flux and temperature maps, an interface to choose those maps and introduce
design requirements, a calculation core to implementing the proposed algorithm and a report generator
to show the results after the results are automatically checked.

3. Case Study: Sizing of PMSM for People Transportation

In this section, the proposed improved sizing methodology is implemented in a real case study.
The objective is to validate the multi-physics tool sizing several commercial PMSM for people
transport application.

3.1. Description of the Machines

These machines are based on conventional topology comprising 36 slots in the stator and 30 poles
in the rotor (Qs36p15). In total, ten different machines have been sized by the proposed method and
tested experimentally. Their performances are shown in Table 1.

Table 1. Main machine performances

Motor ID Speed [rpm] Nominal Torque [Nm] Power [kW] Stack Length [mm]

M1 200 100 2.1 100
M2 400 100 4.2 100
M3 200 200 4.2 125
M4 400 200 8.4 125
M5 200 300 6.3 175
M6 400 300 12.6 175
M7 200 400 8.4 225
M8 400 400 16.7 225
M9 200 500 10.5 300

M10 400 500 21 300

In Figure 8, the stator and the rotor corresponding to one of the tested motors, and the ID 5
are shown.

Figure 8. Rotor and Stator of one motor experimentally tested (Motor ID 5).

3.2. Map Creation

All of the tested machines have the same 2D magnetic circuit shown in Figure 9. The active length
and the number of turns per phase are adjusted to fulfill the requirements of each application.
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Figure 9. Geometry of the sized machines (Qs36p15).

In this case, the tested motors have surface-mounted permanent magnets and concentrated
windings. In the future, the multi-physics sizing tool can be used with interior magnet motors or
distributed windings to broaden the validation.

As mentioned in Section 2, magnetic flux maps must be created for each 2D geometry, generating
the maps shown in Figure 10. Figure 10a shows magnetic flux in the d axis, whereas Figure 10b shows
magnetic flux in the q axis.

(a) (b)
Figure 10. Generated magnetic flux maps: magnetic flux vs. Current and Temperature for the Qs36p15
motor. (a) D magnetic flux map; (b) Q magnetic flux map.

As it can be appreciated in Figure 10, the temperature mainly affects to the d-axis magnetic flux
because the remanent field of the magnets decreases linearly as the temperature increases. On the
contrary, the q-axis magnetic flux changes slightly with the temperature. In this case, these small
variations are due to changes in the saturation of the magnetic circuit. The magnetic flux created by
the magnets changes with the temperature leading to variations in the saturation.

Ideally, in universal d-q axis models of the PMSM, it is commonly considered that the d-axis
magnetic flux depends on the magnet flux and the d-axis current, while the q-axis magnetic flux
depends only on the q-axis current. Nevertheless, there might be a fairly cross-coupling effect between
the d-q axis depending on the saturation level of the motor, which might lead to relevant errors in
the final results. In this case, this cross-coupling effect is clearly appreciated in Figure 10a as the
d-axis magnetic flux changes with the q-axis current. In addition, this relationship is not linear, which
makes it more difficult to model. Interpolating the magnetic flux maps, as it is done in the proposed
tool, all these nonlinearities are taken into account, making it possible to achieve accurate results to
some extent.

With respect to thermal maps, the Q36p15 motor model is shown in Figure 11. This model is used
to create the maps, with the geometry and the selected cooling system—natural convection in this case.
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Figure 11. Motor-CAD R© Model of the sized machines.

As mentioned in Section 2, temperature maps must also be created for each 2D geometry
and cooling type, generating the maps shown in Figure 12. Figure 12a shows the mean winding
temperature, whereas Figure 12b shows the mean magnet temperature. As it can be seen, shorter
machines get warmer easier, and they will tolerate lower losses. In conclusion, if a machine exceeds the
maximum desired temperature of the winding, or the demagnetization temperature of the magnets,
a longer machine may be chosen.

(a) (b)
Figure 12. Generated Temperature maps: Temperature vs. Magnet Losses, Copper Losses and Stack
length in the naturally cooled machine with Qs36p15 configuration. (a) winding temperature map;
(b) magnet temperature map.

3.3. Sizing

In Figure 13, sizing results are shown. It can be seen that most of the machines have the same
EMF constant, as it was expected. In addition, voltage trends are very similar between machines,
although some of them reach slightly higher voltage values. The figure also shows that machines are
more efficient at nominal currents than at low and high currents.

With respect to time consumption, sizing a machine with the proposed sizing tool takes less than
one minute for each machine. Taking into account that sizing a machine with the classical method can
take about 8 h, the time reduction is considerable. Naturally, obtaining magnetic flux and temperature
maps takes time, but these calculations are carried out only once, so this time is paid off when some
machines are sized.

With respect to the mapping process, the computation of a temperature map with a resolution of
13 stack length values, 15 Joule loss values, and 15 Magnetic loss values could take around 2 h. This
leads to a 3D matrix with 13 × 15 × 15 dimensions. Magnetic flux map creation for six temperatures
varying iq with 10 values over a full electric cycle takes approximately 6 h, but, applying the 1/6
reduction mentioned in Section 2, the consumed time is reduced in a 83%, leading to a 6× 10 2D Matrix.



Energies 2020, 13, 1651 14 of 18

Figure 13. EMF, Torque, Voltage, and Efficiency vs. Current calculated by the Sizing Tool during the
sizing process of 10 machines.

3.4. Experimental Validation

As the final step of the designing process, all sized machines are prototyped and experimentally
tested to validate the designs. The test bench is shown in Figure 14.

Figure 14. Picture of the test bench consisting of the load motor, the motor under test (MUT), and the
torque transducer.

In Figure 15, the main experimental performances, such as electromotive force, torque, supplying
voltage, and efficiency are shown for all built prototypes.

As illustrated in the upper-left of Figure 15, speed and EMF are proportional and most of the
machines have a similar ke. In the bottom-left side, voltage is plotted against the current, and the
majority of the machines follow a similar trend, although the values differ slightly. With respect to the
efficiency, on the bottom-right side, it can be seen that efficiency decreases in low and high currents,
and it increases in medium and nominal currents.

To validate the accuracy of the proposed sizing tool, the obtained results during the sizing process
are compared to the experimental measurements. In Figure 16, the difference between sizing tool
results and experimental results is plotted for the 10 sized motors.

It can be seen that the maximum difference in the EMF is about 1%, whereas, in the supplying
voltage, it is about 2%. Nevertheless, the mean error is about 0.2% and 0.5%, respectively. With respect
to the torque, the maximum difference is about 5% at low currents, mainly due to the uncertainty in
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the measurements at low currents. Nevertheless, it must be emphasized that the error is rather small
as it is below 1.5%.

Figure 15. Experimental results of EMF, Torque, Voltage, and Efficiency vs. Current measured during
the validation tests of the 10 sized motors.

Figure 16. Error of the sizing tool computed as the difference in percentage between the experimental
measurements and the results given by the sizing tool; error computed for the 10 sized motors.
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Then, in Figure 17, the results of a given machine, the M7 (see Table 1), are shown for a close-up
view. As illustrated in Figure 17, measurements agree with the sizing tool results with a small difference
at some points.

Concerning the efficiency, higher differences can be observed. This could be due to many different
factors—on one hand, due to the uncertainty in the calculation of iron losses, mechanical losses, and
stray losses; on the other hand, due to the possible measuring errors in the torque transducer and
Voltage/Current probes. Even these errors might not be very significant, as it is shown in the torque
comparison; for instance, the accumulation of all of them could justify the differences in the efficiency.
In any case, it must be stated that these differences are not very significant, as the error is very low,
below 6%.

Figure 17. Comparison between experimental and calculated results in the M7 motor.

4. Conclusions

In this paper, a PM machines sizing methodology is developed. The proposed methodology,
based on the coupling of magnetic flux and temperature maps, has been put into practice in a real case
study. This methodology improves the competitiveness of ten industrial motors, reducing the design
time and, consequently, the resources needed for that design. As a result, all motors have been sized
accomplishing a very good trade-off between cost and required performances.

This procedure enables to perform sizing in a faster way, using less computational resources.
Using magnetic flux and temperature maps enables achieving very good accuracy. As the influence
of the temperature is considered, the accomplished results are more realistic. It must be remarked
that specialized software is only needed for Map creation, and the sizing algorithm can be run on
any computer.

Moreover, a faster procedure is described to obtain magnetic flux maps at different temperatures,
just simulating 1/6 portion of the electric period, instead of considering the overall electric period.
This method makes it possible to reduce the mapping process time in 83%.
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Taking the overall results into account, the proposed sizing method fulfills the desired objectives
of time reduction and accuracy in the sizing process, coupling electromagnetic with thermal effects,
and sizing machines in less than a minute and with an error below 6%.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

CAD Computer Aided Design
CFD Computational Fluid Dynamics
FEA Finite-Element analysis
GUI Graphic User Interface
LP Lumped Parameter
LPC Lumped Parameter Circuit
PMSM Permanent Magnet Synchronous Machines

List of symbols
−→
A Magnetic vector complexpotential (Wb/m) pFe Core loss per weight (W/kg)
Ar Copper wire Area (m2) ph Hysteresis loss per weight (W/kg)
α Steinmetz coefficient PLCu Joule Losses (W)
Bsi ith harmonic amplitude PLmag Magnetic Losses (W)

of the stator flux density (T)
D Stator Diameter (m) ϕd,q Magnetic Flux of d,q axis (Wb)
f Frequency (Hz) ϕa Magnetic Flux A (Wb)
id,q d,q axis current (A) ϕb Magnetic Flux B (Wb)
In Desired nominal current (A) ϕc Magnetic Flux C (Wb)
ka Empirical coefficient Qs Number of slots in the stator
kc Eddy current loss coefficient RCu Winding Resistance (Ω)
ke Excess loss coefficient ρ Wire resistivity (Ωm)
kf Filling factor [σ] Tensor of the conductivity of the medium (S)
kh Hysteresis loss coefficient TCu Copper Temperature (◦ C)
kov Overlapping factor Tmagnet Magnet Temperature (◦ C)
L Machine stack length (m) Tnom Nominal Torque (Nm)
Lend End-Winding length (m) V Electric scalar potential (V)
Lini Estimated initial machine stack length (m) [v0] Reluctivity of the vacuum (m/H)
Lσ Leakage inductance (H) [vr] Tensor of the reluctivity of the medium
Lq Q axis inductance (H) Vd,q d,q axis voltage (V)
N Winding number of turns Vmax Maximum allowed voltage (V)
Nini Estimated initial winding number of turns we Machine rotational speed (rad/s)
ncap Winding layers Wm Weight of motor (kg)
p Machine pole pairs ws Slot width (m)
pc Eddy current loss per weight (W/kg) Z Number of conductors per slot
pe Excess loss per weight (W/kg)
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