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Abstract -- This paper presents the design optimization
procedure of a high power-density, permanent magnet
synchronous machine for industrial pump applications. The
designed machine drives an electric, oil flooded pump. In order
to achieve higher torque-density, a fractional slot machine (8
poles, 9 slots) with double layer (concentrated) winding has
been selected after a preliminary trade-off study, which
considered several slot/pole combinations and winding
configurations. The developed machine provides low torque
ripple and short end windings, which contribute to lower axial
length and higher efficiency. The electromagnetic performances
have been evaluated by using finite element method and the
lamination geometry has been optimized through a genetic. The
final results are presented highlighting the achieved design
targets.

Index Terms— PMSM, high power density machine, finite
element method, Genetic Algorithm (GA) optimization.

L INTRODUCTION

he two main limitations on the performance of electrical

machines are the magnetic and the thermal limits [1].

With advanced cooling methods, the latter can be
significantly improved and thus improved torque and power
densities can be achieved. Several thermal management
systems exist including the method of having electrical
machines immersed in a cooling agent, which of course gives
excellent cooling capabilities.

However, the added cooling capability due to flooded
machines is still not enough to guarantee an optimal
electrical machine performance, especially in terms of high
power, reliability, cost-effectiveness and efficiency [2]. A
machine topology and configuration that guarantees a high
power to mass and power to volume ratio, is a key design
aspect, especially where the main constraint is the available
space for the machine. One of the better machine
technologies, available today is that of the Permanent
Magnet Synchronous Machines (PMSM) ([3]. In fact,
PMSMs have significant advantages compared to other types
of electric motors such as higher torque and power density,
higher efficiency, simple structure and low maintenance [4].
This is then usually coupled to appropriate design and
optimization procedures in order to achieve a machine which
gives an optimal performance for a particular application. A
wealth of literature exists which investigates design and
optimization strategies for PMSMs [2, 5].
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This paper focuses on the design and optimization of a
PMSM, used to drive an oil-flooded pump for a harsh
environment application. The main objectives of the work
are to achieve a machine design where torque, efficiency and
reliability are considered the main design objectives. From
the initial trade-off studies, an 8-slot / 9-pole PMSM was
identified as the most promising topology.

The design requirements and constraints are highlighted in
section II. An initial trade-off analysis of the electrical
machines suitable for applications is presented in section III.
A sensitivity analysis has been carried out by using a finite
element (FE) analysis and it allowed identifying the machine
parameters, which most affect the PMSM performance. In
section IV the results of the sensitivity analysis are reported.
A further step forward in the design process has been
developed applying an optimization strategy, based on a
genetic algorithm (GA) on the machine geometry [6]. Along
with the FE method, which allows evaluating the
electromagnetic performance, the thermal behavior has been
taken into account during the optimization procedure by
using a lumped parameter network. The results of the design
optimization are shown in section V. Finally, section VI
showing the initial target has been fully achieved and draws
some practical conclusion.

II. DESIGN REQUIREMENTS AND CONSTRAINTS

This section presents the required specifications for the
electrical drive (electrical machine, power converter and
control system) which will drive the flooded pump.

A.  Electromechanical performance and geometry

In Fig.1 the torque-speed characteristics of the electrical
machine are shown. A maximum continues torque has to be
delivered within a speed range from 0 to 8700 rpm. Beyond
the base speed of 8700 rpm, flux weakening is allowed until
the maximum speed of 19000 rpm is required. From the
operational duty cycle, it is at this top speed condition that
the drive will mostly be operating in the application
environment.
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Fig. 1. Required torque-speed characteristics of the electrical machine



The machine design needs to fulfil several constraints,
such as the geometrical dimensions due to the restrained
available space and the active parts weight. For this specific
application, a low moment of inertia is required, in order to
provide higher and fast acceleration of the machine shatft.

B. Power converter and control

Even if commonly considered as two separate units, the
machine and the driving converter are closely related one
with the other. In this sense, the converter specifications can
be considered as input parameters for machine design. In this
project, it was identified in the early stages that only
conventional switching devices technologies could be used
(i.e. no wide bandgap devices) thus relying on conventional
IGBTSs and silicon diodes. Such devices in the required range
of power cannot usually be operated at switching frequencies
higher than 16-18 kHz and requires, for safety reasons, dead
times in the range of 2.5-3ps. The effect of dead times, as
well known from the literature, is to reduce the effective
voltage applied to machine windings by a constant
proportional to the product of the dead time and the
switching frequency.

Dead times can be easily compensated using conventional
techniques as for example where an offset, proportional to
the equivalent voltage loss is added relative to the reference
signals in a PWM modulation scheme. This allows to greatly
reduce the distortions in the currents waveforms during the
zero-crossing, making them easier to be controlled from a
control algorithm point of view. However, adding an offset
means that the over modulation ‘area’ of the converter will
be reached sooner that for an ideal converter without any
dead time. Accordingly, the before mentioned voltage loss
can be “reflected” to the DC-link value and taken into
consideration for the machine design. Similar considerations
can be done about voltage drops across power electronics
devices (IGBTs and diodes).

Considering all the above, even if in the proposed
application the DC-link voltage rated value is the
conventional 270V, the machine has been designed
considering the significantly lower voltage of 210V. This
value comes from the previously discussed consideration
about the converter characteristics and to compensate for
other not modelled voltage losses due to cabling. Another
important factor to be considered is the relatively low ratio
between machine fundamental frequency (1.27kHz at
19krpm) and the switching frequency. Particular attention
has to be focused on the THD of back-EMF voltages. In fact,
apart from requiring a THD as lower as possible, it is
important to direct the back-EMF harmonics toward the low
frequencies (ideally around the third). This is intended to
simply the control algorithm structure, as it is very

challenging compensate for high frequency current
harmonics with the limitations of the converter.
Based on those assumptions, the main design

specifications are listed and summarized in Table 1.

TABLE 1
Design Specifications

Parameters Value Units
Dc link voltage 210 Vde
Max. current =90 A
THD of BEMF =5 -
Moment of inertia =0.11x1073 kg. m?
Weight =275 Kg
Stack length =85 mm
Axial cross section = 75%75 mm
Max. temperature 200 °C
Ambient temperature 70 °C

III. ELECTRICAL MOTOR SELECTION

The optimization design has been preceded by two trade-
off studies: the first was oriented to identify the more
suitable machine topology and the second was aimed to
select the more convenient slot-pole combination and
winding configuration.

According to the requirements listed in Table 1 and
considering the specific application, some considerations can
be done on different machine topologies, since each of them
provides several pros and cons over other topologies.
Following investigative studies such as presented in [7], the
first trade-off study provides a useful qualitative comparison
among different electrical machines such as Induction
Machine (IM), Switched Reluctance Machine (SRM),
Synchronous Reluctance Machine (Syn-RM) and PMSM
including both Surface Mounted Permanent Magnet (SMPM)
synchronous machines and Interior Permanent Magnet (IPM)
synchronous motors. The preliminary analysis mainly
focused on torque density, over all drive size, inertia,
mechanical and thermal constraint. The results of this study
are listed in Table 2.

Considering all the aspects above, the PMSM seems to be
the best option for the application under study. The main
disadvantage of the solid rotor induction machine is its low
efficiency and high rotor losses [8]. The main constraints of
the cage type IM are its limited overload capability, its
complex rotor construction especially for the dimensions
discussed here, its requirement for small air gap and poor
power factor [9]. Similarly reluctance machines suffer from
the requirements of small air gaps and comparatively low
torque density and higher ripple [10]. In general the simple
construction of the Switched Reluctance (SR) machine is
attractive for high speed applications, with the potential of
the machine being very cheap in a production environment.
However, care must be taken to avoid excessive friction and
windage losses due to the teethed structure [11]. The main
drawback of these types of motors is the need for keeping
small air-gap which is undesirable due to the higher windage
losses in case of wet rotor machine. From the Permanent
Magnet machine topologies the surface mount topology
retained by a sleeve is considered as the front runner due to
its improved performance at high speed, higher torque
density, less sensitivity to air gap and its flexibility in design.



TABLE 2
Qualitative Comparison between Different Machines

M SPM | SynRel SR
ManufF:t((:)ttl(l)rrability o0 o0 000 o0
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Torque ripple ® DD O] O]
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Overload Capacity ® DOD (15 (S155)
Field Weakening DDD (18] (1% DOD
Efficiency (1) DOD 52 5]
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Considering the above, the next step was to select the
suitable configuration among the SMPM machines.
Therefore, for the SMPM, different slot/pole combinations
and winding configurations have been investigated for the
specific application to satisfy the project requirements.
Among the other slot/pole combinations, 8p/9s machine
presents lower torque ripple, cogging torque, shorter end-
windings which contribute to lower copper losses [12] and
higher efficiency and higher torque density. Therefore, 8p/ 9s
SMPM machine with double layer (concentrated) winding is
considered for the rest of this work. It is well known [12, 13]
that such slot/pole combination presents high rotor losses due
to the harmonic-rich components for the armature reaction
field. This indicates a topology whose performance is very
sensitive to the air gap thickness dimension and attention
must therefore be given to this aspect [12].

IV. PRELIMINARY DESIGN AND SENSITIVITY ANALYSIS

An initial sensitivity analysis on the main geometrical
parameters of the 8p/9s machine has been carried out with
the aim of defining a preliminary machine design as shown
in Fig. 2.
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Fig. 2. Cross-section of the 8p/9s PMSM

The sensitivity analysis has been applied on the main
parameters of the 8p/9s machine topology (SMPM).
Simultaneously the mechanical and thermal interactions have
been considered. During the preliminary design study, the
split ratio (S,.), which is defined in (1), where D; and Dy, are
the inner and outer stator diameter respectively, has been
adapted to maximize the electromagnetic torque (7) and
minimize the copper losses (P,,).

Sr = Dsi/Dso (1)

For a fixed output torque set at 1.05 pu, the split ratio
with the lowest overall losses is selected. The lower copper
losses will results in lower temperature and higher efficiency
of the machine. Fig. 3 illustrates the effect of the split ratio
on the machine losses where for the torque set to 1.05 pu, a
minimum of 1250 W corresponding to S, of 0.65 are
achieved. Also, the number of turns per coil has been
changed in order to keep the output torque and back-EMF
constant for different split ratios. Therefore, the copper losses
will be higher for certain split ratios. Fig. 3 (b) shows the
behaviour of the iron losses in both stator and rotor. This
indicates that the bigger the S, the smaller the stator losses,
with a constant trend for S, between 0.6 to 0.75. On the other
hand, the rotor losses increasing almost linearly with the S,..
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Fig. 4. Influence of the split ratio

The same trend can be seen in Fig. 4. (a) and (b) where
the windage losses and moment of inertia of the rotor are
reported with respect of the S;. In fact for a S, of 0.65, where
the stator copper losses are minimum, the windage losses are
very high (1300 W) and the moment of inertia is over the
desired value. Considering the above, a split ratio of 0.57 has
been selected as the best preliminary compromise. Reducing
the split ratio by 12.3 % the windage losses and the moment
of inertia decrease by 51.7 % and 54.4 % respectively. On
the other hand, the copper losses increase only by 6.9 %.
Such an increase is considered to be acceptable due to the
significant reduction of windage losses and moment of
inertia. After the optimal split ratio selection, a list of
different parameters is optimized in an appropriate sequence,
in order to satisfy the requirements of the project. The
definitions of the design parameters are as follows: Ry, is the
relative tooth width, Rg,,; is the relative stator back iron, R,
is the relative magnet span, Ry, is the slot opening.

Rtw = W/Tp (2)
Rspi = Spi/Spo 3)



Rps = Ms/Pp 4
Ry, = So/Sp ®)

Where T,, is the tooth width, T,, is the tooth pitch, Sp; is
the stator back iron, Sj, is the stator bore, M is the magnet
span, P, is the pole pitch, S, is the slot opening and Sy, is the
slot pitch.
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In Figs 5 to 7, the influence of the parameters (T, Spi, M
and S,), is shown with respect to the machine performance in
terms of developed torque, torque ripple and THD). These
results indicate a geometry which provides a good
compromise between acceptable values of torque, torque
ripple, THD and copper losses is very hard to identify.

The optimal geometry is therefore defined and Table 3
reports the parameters and their respective boundaries. The
best geometrical values carried out from this analysis are
shown in the third column of Table 3. However, three
important design requirements as highlighted in Table 1 are
not satisfied. These are the moment of inertia is 16 % higher
than the required value, and the total mass which is almost 8
% higher. In addition, the THD limit is not respected with a
distortion of 7.5 %.

TABLE 3
Results from Sensitivity Analysis

Parameters Boundaries Best Value
Sy 0.45-0.75 0.57
Tw 35-95%of T, 8.5 mm
Spi 10 - 70 % of Sp, 4.51 mm
M 90°-171° 80 %
S, 10—40 % of Sy, 3.35 mm

For this reason, a more refined optimization procedure of
the electrical machine taking into account more variables
becomes mandatory with the objective of finding the optimal
solution.

V. MACHINE OPTIMIZATION

Due to the first design stage not having achieved all the
required specification, then as a next step, a refined analysis
and optimization scheme is defined. In order to achieve good
accuracy for a minimum computational time, a genetic
algorithm optimization is developed. Starting from the
results carried out on the analysis described in section IV, the
‘new’ boundaries for the optimization are determined. Two
parameters, such as rotor back iron (Ry;) and tooth tip (T}),
are considered as new input variables in addition to the once
used in section IV.

The design parameters and their boundaries are given in
Table 4. The population size and the number of generations
evaluated are 70 and 40 respectively.

These settings have allowed the optimization algorithm to
converge in a reasonable amount of time. The initial
population has been randomly created filling the design
space with a uniform distribution. The optimization
algorithm MOGA-II has been chosen with the aim of
achieving a fast Pareto convergence. It is based on Multi
Objective Genetic Algorithm (MOGA) and works on a set of
design configurations which are periodically updated when
one generation is completed [14]. The number of generations
is 40, while the total number of iterations that are considered
correspond to 2800. A new set of variables, selected among
the boundaries reported in Table 4, is then reassigned and the
FEA is carried out again for the next generation. The
objective functions to be optimized are:

¢  Minimize (THD).
e Maximize (Average torque).
e  Minimize (Losses).

Fig. 8 illustrates a scatter 4D with the optimization results
with respect to the three objective functions. Each circle
represents one design among the space of the feasible
solutions. The losses are highlighted with a different colour
grade: colder for lower losses and warmer for higher losses
as shown in the legend. The diameter of the circles represents
the S, where the lower and upper boundaries have been
limited between 0.5 and 0.6 thanks to the outputs of the
initial sensitivity analysis.
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Among the best solutions within the target area from the
Pareto Front optimization, the optimal machine with torque
equal to 1.05 pu, lower losses and THD is chosen. In Table 4
the geometrical parameters used as input variables for the
optimization are reported. The third column is summarizing
the geometrical for the selected machine.

TABLE 4
Input Design and Optimal Solution
Parameters Boundaries Optimal Value
S, 0.5-0.6 0.535
TW 35-95%of T, 7.4 mm
Spi 10 - 70 % of Sy, 4.1 mm
Ry; 2.65—-9.65 mm 3 mm
M 90° - 171° 80 %
So 10 - 40 % of S, 3 mm
T, 0.5-2mm 1 mm

VI. MACHINE PERFORMANCE

In this section, the results obtained from the design and
optimization of the 8p/9s PMSM is presented. The machine
was optimized using Silicon Steel (SiFe) material (M270-
35A), with lamination thickness of 0.35 mm and saturation
limit of 1.7 T. Fig. 9, shows the flux density distribution in
the stator lamination, where the flux density in the stator
tooth approaches the 1.65 T which very close to the knee of
the magnetization curve (saturation limit).
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Fig. 9. Flux density distribution (1.05 pu @ 8700 rpm)

Table 5 summarize the most important parameters of the
designed machine for the two different operating conditions.

TABLE 5
General Machine Specifications

Performance Indicators 18;) goprl;% 1%30%ur§?n
Current density J (4/mm?) 37.2 RMS
Power density (k W /kg) 3.84
Efficiency (%) 87.2 82.4
Torque ripple (%) 0.6 0.5
Back-EmF THD (%) 4.7 4.72
Stack length (mm) 85
Moment of inertia (kg. m?) l.e™

Fig. 10 (a) and (b) shows the performance of the optimal
8p/9s PMSM in terms of torque ripple and cogging torque at
the base speed operating condition. At the high speed
operating condition, the required torque of 0.5 pu is achieved
with minimum torque ripple of 0.5%.

The waveform of the no load back-EMF is quite sinusoidal
and the THD is shown in Fig. 11 (a) and (b), for both rated
and maximum speed.
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A Samarium Cobalt material for the permanent magnet
has been selected due to its lower temperature coefficient
(highest stability). The chosen material for this specific
application is Recoma 33E grade of (Sm,Co,;) which has
the highest operating temperature and maximum energy
product in the market whose demagnetization curves are
shown in Fig. 12.
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One of the main challenges with PM machine is the
requirement to ensure that no partial or full demagnetization
occurs for all operating conditions [15]. Thus a
demagnetization prediction analysis is performed using finite
element simulation. The risk of irreversible demagnetization
occurs when the PM operating point goes down below the
knee of the curves shown in Fig. 12. Even, in the worst case,
with PM temperature set at 180 °C, only a small amount of
irreversible demagnetization occurs. This is shown in Fig. 13,
where the red circle color represents the irreversible
demagnetized regions.

Fig. 13. Demagnetization predection at Ty, = 200 °C

VII. CONCLUSION

This paper highlighted the design procedure and
optimization for high power density PM machine for a
flooded industrial pump application. A sensitivity analysis
has been applied to investigate the effect of the main
geometrical parameters on the machine performance. In
order to achieve the required specification for the
application, a Genetic Optimization algorithm was used to
determine the optimal parameters for the 8p/9s PMSM. An
excellent performance of high torque with lower torque
ripple and more sinusoidal back-EMF was achieved. In
general it can be conclude that the design procedures
presented in this paper have resulted in a machine design
which satisfies the project requirements in terms of
geometrical dimensions, weight and moment of inertia and
respecting the thermal limitation.

The next steps for the project is investigating the effect of
different numbers of cooling channels inside the slot on the
maximum temperature generated (Hot Spot) and then
machine manufacturing.
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