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Abstract

Electric machines are widely employed in a variety of sectors, including automotive and
aerospace industry. With the rising trend towards electrification in aviation, electric ma-
chines with increased power density and efficiency are becoming key enabling technol-
ogies, requiring the development of innovative design procedures. In this study, a
preliminary design procedure for Surface Mounted Permanent Magnet Synchronous
Machines (SPMSMs) intensively cooled by means of oil channels placed in the stator slots
is proposed. The analytical derivation of SPMSM sizing equations, including the sub-
domain model and optimisation algorithm will be reported in detail. Indeed, both the
electromagnetic and thermal equations of the machine are considered for the derivation
of the sizing tool. As a result, the latter allows to capture variation of the machine design
not only in terms of mechanical demands, such as power and speed, but also in terms of
coolant characteristics, and can be effectively employed to perform trade-off studies at a
preliminary design stage. The proposed design tool will be used for a specific case study:
The design of a high-speed machine for an aerospace hydraulic actuator. The accuracy of
the proposed design tool is validated for different parameters by comparing the results to
experimental measurements performed on an existing 8-pole 9-slot prototype SPMSM.
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operations if compared to conventional ones [3]. This is of great
significance for aerospace applications where high-performance

Nowadays, the commercial aviation industry is experiencing a
significant expansion as the air traffic has been growing in the
last decades, and it is predicted to double in the next 15 years [1].
This trend will lead to a dramatic increase in fuel consumption
and CO; emissions [2]. For these reasons, increasingly strict
regulations are encouraging the aircraft industries to move to-
wards the use of electrical actuator systems (e.g, with the so
called More Electric Aircraft initiative) [3] or hybrid or fully
electric propulsion system [4]. Indeed, electrical hydraulic ac-
tuators (EHASs) and/or electronic mechanical actuators (EMAs)
lead to more efficient, reliable, and environmentally friendly

actuation systems must satisfy strict safety and reliability stan-
dards along with efficiency and weight targets [5, 6]. The electric
hydraulic actuators (EHAs) are indeed a favourite solution for
hydraulic systems, particularly for applications with integrated
motors and pumps [7]. With this kind of embedded actuators,
the hydraulic pump is driven at a variable speed by an electric
motor to transfer the hydraulic fluid [5]. The lack of shaft seals
and the possible enhancement of the machine's thermal rating
are the primary advantages of having a motor directly con-
nected to the pump [8, 9]. Recently, there has been a growing
interest in electrical machines with high performance direct
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liquid cooling systems such as the one featuring cooling chan-
nels in the stator slots [10]. Even though high-power generators
installed in electric power plants have employed direct cooling
windings for decades [11], the same technology has not yet been
applied in low-voltage, high torque, high-efficiency, and
compact-size machines with high overload capacity [1]. In
particular, this interest has been spatked by the growing need
for high-power-density motors and generators for both aero-
space and automotive applications. In Refs. [10-15] special
cooling methods and the respective machine thermal manage-
ment have been investigated. Indeed, it is shown how both
power and current densities can be dramatically increased, by
applying intensive cooling approaches.

Although the desired level of detail and accuracy can be
obtained with finite element analysis (FEA), modelling the
entire electrical machine by using numerical approaches,
including the cooling, is a complicated and time-consuming
process that requires knowledge of multiple fields of physics
[16]. Consider the thermal, mechanical, and electromagnetic
domains. Furthermore, when designing machines with the
advanced cooling systems, for example, the stator slot cooling,
more precise and detailed design methods are required [15].
The latter are crucial if the high power density of the electrical
machine in such work is to be achieved, and therefore, they
must be incorporated within the preliminary design. As a
result, it is evident that a machine sizing tool is required for
quickly generating and evaluating optimal electrical machine
solutions under specified restrictions, while taking into
consideration the different scenarios involved.

To bridge this gap, this paper proposes an analytical sizing
approach by combining the sub-domain model to predict the
electromagnetic performance [17] and a lumped parameter

thermal model to calculate the steady-state temperature of
the motot. In surface-mounted PM machines (SPMs), the sub-
domain analytical model makes it possible to account for the
effect of stator slotting and further to calculate the open-circuit
magnetic field [18].

Subsequently, the optimisation algorithm, combined with
the sub-domain model and thermal model, was developed to
perform the preliminary design of a high-power density SPM
machine intensively cooled via oil channels placed in the stator
slots. This approach relies on solving a system of two non-
linear equations related to the electromagnetic and thermal
limits, respectively. The advantages of this approach are that it
appears to be simpler and requires less computational time.

In this work, the main objective is to describe the devel-
opment of such a sizing tool. In the first part, the methodology
behind the tool development and the equivalent mathematical
formulations of the optimal design problem of a PM machine
are described in Section 2, while Section 3 presents the com-
plete design and optimisation process. Section 4 includes a
comprehensive sensitivity analysis of machine performance as
well as shows the results of the sizing tool with key parameters.
Section 5 presents and compates the results of a validation of
the proposed sizing tool to a previously built PMSM for an
aerospace application. Finally, Section 6 reports the conclu-
sions and findings of this work.

2 | ANALYTICAL DESIGN

The sizing tool presented in this study considers an SPM ma-
chine with oil channels in the stator slots for intense cooling, as
schematically represented in Figure 1. Both distributed wind-
ings and concentrated winding topologies can be considered. A
quasi-Halbach configuration is used for the rotor PM config-
uration which allows obtaining a high fundamental air gap flux
density with a minimum harmonic content [7]. The tool as-
sumes linear magnetic properties of the ferromagnetic materials
and that all the losses produced by the stator windings are
dissipated through the oil channels in the slots. By using the
proposed design tool, machine size may be captured as a
function of mechanical requirements (such as power and speed)
as well as coolant characteristics. The electrical machine is
designed with a single operating point, which corresponds to
the specified output power and rotational speed.

The stack length over the stator’s inner diameter (i,
aspect ratio Lat/Dy) and cooling channel area are also
considered variables during the design procedure. Indeed, the
aspect ratio affects not only the machine size and weight but
also the rotor peripheral speed, hence the rotor mechanical
stresses, and can be used to optimise the design.

A system of two non-linear equations must be solved as it
is described in Equation (1) to identify two critical machine
parameters: the stator inner diameter Dy; and the machine's
electrical loading K. These are used to calculate all the main
machine dimensions once the system of Equation (1) is solved.

equation 1| _ [ Dy (1)
equation 2| | K

whete equation 1 tepresents the electromagnetic torque
equation of the SPM machine and eguation 2 is the equation
of the thermal balance in the slot.

- Magnet

:I Air-gap / sleeve

I:I Stator / rotor back-iron
:I Slot-opening j=/,2,3...Q
E] Slot-winding 7=/,2,3...Q
]

Cooling channel

FIGURE 1 Cross section of the SPM machine.
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In the next two sub-sections the electromagnetic and
thermal analysis required to detive equation 1 and equation 2
are described.

21 | Sub-domain electromagnetic model

The first part of the SPM design consists of computing the air
gap flux density B,. An analytical sub-domain model (SD) is
adopted in this study for the air gap magnetic field calculation
that takes the stator slotting effect into account.

In order to simplify the problem, a few assumptions are
applied: infinite permeability in the stator and rotor cores, no
electrical conductivity in the rotor and stator laminations,
uniform distributed current density in the slot area, end-effects
are neglected in this model, and the permanent magnet have a
liner demagnetisation characteristics [17, 19].

2.1.1 | Model of the PMs

For a 2D problem in polar coordinates, the magnetisation
vector of the permanent magnet is expressed by its radial and
tangential components as in Ref. [20].

M=M7+M0o (8)

whete M, and My are the radial and tangential components of
the magnetisation vector. 7 and 6 are the radial and tangential
unit vectors, respectively. For both radial and tangential com-
ponents, M, and My. can be expressed as a Fourier seties that is,

M = ZZO:L N 5_”'M,k cos (kpl — kpw,t — kpdy)  (9)

:Z/:ozl, 3, 54.A.M"/e cos kpl) + Mg, sin kpg) (10)

My = Z/:ozl, 3, 54.“}‘/[‘9/e sin (kp0 — kpw,t — kpt ) (11)

(12)
(13)
(14)
(15)

(16)

My, = My, cos(kpo,t + kpby)
M.y =M, sin(/epa)rt + /epﬁo)
%Ck = —Mgk Siﬁ(/@p(ﬂyt + kpGQ)

My, = My, cos(kpw,t + kpby)

For a quasi-Halbach configuration with parallel magnet-
isation:

B, | sin [(1 — kp) am%} sin {(1 + kp) am%}

M= (1-kp) % (1 +kp) 2
_ T_%T _ 1 apr _ kpant\ _ x
+2lzr COS[(l 2/?17)_(217);11) 217}_COSKZP(1_2:)I zp} (17)
2B, | ¢os [(1 + kp) (f,‘%) —%} cos[(%JrkPZif) —7’;]
+7; 2(1+kp) 3 - 2(1+kp)
g, [ [0 -kp)auz] o[04 kp) @)
o, (1-kp) 3 (1+kp)
B, | cos (1—Fkp) T _GT) _wl o (QuT _ KT
+2ﬂ—0 { 2(1_<Pkp)£f’> ZP}_ K;p(l—/;)); zp} (18)
8, [ cos[0+#(G-%) -5 e[ (5 +5) - 3]
, 2(1+kp) % * 2(1+kp)Z
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where My, and My, are respectively the kth element of the
radial and tangential components of the magnetisation vector.
B, is the permanent magnet remanence, fi, is the free space
permeability, and p is the pole pairs, For the quasi-Halbach
configuration, the magnet ratio a,, is defined as the ratio of
the pole arc magnet with radial or parallel magnetizstion W to
the transition arc magnet W), [20].

2.1.2 | General solution of vector potential
distribution

To describe the magnetic flux density, the general solutions of
the vector potential for different subdomain regions can be
obtained by solving the Laplace equations for the air gap and
slot opening regions, whereas Poisson's equation for the
magnet and winding slot regions, as expressed in Table 1
[17-19]. By applying appropriate field governing equations
with specific boundaries, the air gap magnetic flux density
distribution can be precisely determined using this analytical
sub-domain model. In the SPM motor modelling, there are
four regions, namely permanent magnet (Region 1), air-gap
(Region 2), winding slot (Region 37, 2 = 1,2,..., Q), and slot
opening (Region 47, j = 1,2, ..., Q) as shown in Figure 1. The
main parameters of this geometry are the number of stator
slots Q, the stator bore radius Ry;, the slot bottom radius R,,
the stator inner radius R;, the magnet radius R,,, the rotor
radius R,, the shaft radius R,, and the magnet pole atc to the
pole pitch ratio a,.

Ay, By, Cy, Dy, Ay, By, Gy, Dy, Cs;, D3, Q3bi, Q3ti, C4j, and
D,; are the unknown coefficients to be calculated by applying
appropriate boundary and interface conditions [17, 21]. 6 is
the rotor initial position, @ is the angular position with refer-
ence to the centre of a magnet pole, ; is the slot position
(measured from the motor centre), Sy, is the slot width angle,
Sowa is the slot opening width angle, F,,, = mn/S,,, (m =1, 2,
3,...),and E, = nw/S,, n =1, 2,3, ...) are the harmonics
otder of field distribution in the stator slot opening and stator
slot. A, is a particular solution of the Poisson equation in the
PM region and can be expressed as follows:

| 525
Ap= Zkl cos (kO) + t sin (k0) (19)
/’Lor(%c/e - kMrs/e) k £1
2
I = k-1 (20)
_ Ky 7 In 7(‘/‘40016 - Msk) /€ -1
5 =
/J'ay(kMrck+M95k) k?él
2
A 1)
_l'Lo 7In r(%s/e +Mc/e) E—1
2

It is worth noting that the boundary and interface condi-
tions are determined by the continuity of the radial component
of the flux density B, and the tangential component of the field
strength Hy [21]. For the slotted SPM machine, the radial and
tangential component of the magnetic flux density in the air
gap (Region 2) is obtained through the solution of the gov-
erning equation that satisfies the boundary equation and can be
expressed as follows:

2.2 | Thermal model

As previously mentioned, the considered machine is cooled by
means of oil channels placed in the slots. It is also assumed that

TABLE 1 General solution of magnetic vector potential for each sub-domain

Regions General solution Limits
Mas —k k —k € [Ry; Ry, 2
agnet A,y = Ap +2[Al (R—) +B RL) ] cos (k) + z{cl (R—) +D, (R—) ] sin (ko) "€ ! e
k k
Air gap r€RnR] Q)

k
Winding—slot ith (Non-overlap winding)
n L

Winding—bottom slot ith (Overlap windin, [
g ( P 2) - Cal-(

n L

Winding—top slot zth (Overlap winding)

Ani=>|Cs

n L

Slot—openings jth

A= Z{Az(éy +5(e)

)
Api =3 _Cai Iﬁ)E + D3i<
(
(

Aoy = S[Culr R + Dy(r/R) ] o [(Ba(0+ 55 0)]

cos (kO) + 3 {C_ (é)k +D, <1€Lm) 7}\’] sin (k0)

7€ [R; Ryl (4
7€ [R; Ron]  (5)

(S [Rsm; Rsbi] ©)

.cos (En (9 + S% - 91‘)] + Qs

r € [Rg Ry (@)
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all the copper losses are extracted through these oil channels. A
simplified lumped parameter thermal network is employed in
the following in order to correlate the joule losses and so the
electrical load with the coolant temperature rises. Based on
these assumptions the steady state thermal balance between the
stator copper and the coolant can be written as follows:

Atw =ly— = (th,s + Rth,c)PC% (23)

whete R and Ry, are the thermal resistances between the
conductors and the cooling channel (both thermal conduction
and convection) and in the coolant (only convection).

In order to express Equation (23) as a function of the
different aspect ratios and cooling channel fill factor, it is
convenient to introduce the following dimensionless quantity

b = TR cona (1 =k ch) weops” bo—us (1 + —th‘m)
Q Q
(24)
It is now possible to write the total copper losses as
T (L + lew) (KS\°
Py =—po = 25
Pa F, ™ (25)

where kficond is the copper slot fill factor excluding the slot
cooling channel, kfich is the cooling channel fill factor, and Ay
is the slot height over the slot width, and Rth ; can be evaluated
as follows:

Sis 1 1
Ry;=(2+—)— 2
Zb,l (lzs + as) SN ( 6)

where §;; is the thickness of the insulation, and A; is the
equivalent insulation thermal conductivity, which may be
described as follows:

n .

by = @)
7| Sipn
=]

where 7 = 1, 2, and 3, s;—1 is the thickness of the winding
insulation; s;_, is the slot linear insulation; and s;_3 is the
impregnating varnish insulation. A;_1, dj—2, and A;_3 ate the
thermal conductivity of the respective insulations. ¢ is the heat
transfer coefficient in the slots, and Sx is the total contact
surface between the copper and the cooling channels and can
be written again as a function of the aspect ratios as follow:

Sy = ZbSZS[kQ = Zrbs—ws%DSilst/e (28)

and the thermal resistance R, can be evaluated as follows:

1

= ase (29)

Rtb,c

where

Nide
doy

a.= (30)

Ac is the thermal conductivity of the coolant, and dcq is the
equivalent diameter of a rectangular channel:

S 0.625
deg=13—2 (31)

0.5 perim®2>

with

Su—ky ch KP - w(Dy + 2(/0(52_% *Wip)) wf)

% 0.5 (bs_,ws * We_ps — Tt)}
(32)

2wDy;

perim = (kf cond * Ws_ps + b5 ws—ps) T (33)

where w; 4 is the slot width over the slot pitch, and N, is the
Nusselt number in the cooling channel, and it is a dimen-
sionless parameter to reflect the enhancement of convective
heat transfer due to the flow motion and it is a function of the
Reynolds number R, and Prandtl number P,. When the Rey-
nolds number R, of the flow in the cooling channel is less than
2300, the flow is said to be laminar, whilst when higher than
4000 the flow in the cooling channels is fully turbulent. For
laminar flow, the Nusselt number N,, can be calculated from

Ref. [22].

R, P,d.
(0.065 : —Dsszs,q)

1+ 0.04 - (Rilg’_’, ;ij) :

N, = 3.66 + (34)

while for the fully tutbulent flow (4000 < Re)

0.023 - RS - P04
N, = (00 R-P ) (35)

deq 0.7
1 + (Dsi 'lez)

Generally, the Reynolds number is used to estimate

whether the flow pattern inside the cooling channel of the
machine is laminar, vortex, and/or turbulent, which defined as
follows [23]:

o 'Ucdcqp c
He

R. (36)

where pc is the coolant mass density, vc is the volumetric
coolant flow rate, pc is the dynamic viscosity of the coolant.
The Prandtl number P, can be calculated from the following
equation [23].
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Py = cpp/Ac (37)

where ¢, and p. are the coolant specific heat and dynamic
viscosity, respectively. From Equations (23)—(29), the machine's
current loading can be determined as follows:

(Atw/easzDsilei)
B %ﬂm (Lst/e + lm) (sz,i + th,c)

ks (38)

2.3 | An electromagnetic model combined
with a thermal model

Generally, for the synchronous SPM motor, the electromag-
netic torque equation T; is described as follows [24]:

7; = %ngSDsiLstk (39)

where Dy is the stator inner diameter, L. is the machine active
length, Bg is the air gap flux density, k, is the electrical loading,
and k,, is the winding factor. The calculation of the winding
factor k,, depends on the winding topology [24].

Considering the open circuit magnetic field By determined
by Equation (22) and the linear electric loading ks expressed by
the Equation (38), the electromagnetic torque can be further
written as

AtwkﬂszDsil Dsi
( )

™
T.=-B
45N\ Ty (Lo + lw) (Rups + Rip)

DsiBIDsi (40)

where Ipg is the machine aspect ratio. Another important pet-
formance parameter of the PMSM is the back-EMFE. Once the
flux density in the air gap of the PMSM is evaluated by the
subdomain modelling using Equation (22), the phase rms value
of the back-EMF is then computed using the following
equation:

Eph = W\/zf]\g:h(poKw (41)

where Ny, is the number of turns per phase, [is the electrical
fundamental frequency, and ¢, is the no load PM flux per pole
calculated by the following equation:

T
@)= 2—p ByDg Ly (42)

Under the condition that only g-axis current is applied to
the machine and d-axis current is set to zero, the phase current

]ph equation can then be calculated as follows:
I V2 Dy ks (43)
ph 6Ky ]\{vb

For the efficiency calculation, the dc copper losses and the
iron losses are considered. The copper losses in the armature
winding can be estimated by

Pcu = 3/2 laph[ph2 (44)

where Ry, is the electrical phase resistance.
For the iron losses per unit mass (W/kg), the general
expression is given by the following equation [25]:

Prop = {K;,fB/’ ¥ KfKefZBZ} (45)

where, kj, is the hysteresis constant, f is the frequency of
excitation, B is the fundamental peak value of the flux density
in the cotre and f is the Steinmetz constant, /ef is the stacking
factor, and k. is the eddy current constant. Based on the curve
fitting techniques on the material data provided by the
manufacturer of the laminations, the constants such as &y, &,
and f can be calculated [25]. The magnetic flux density in the
stator core (i.e., tooth By, and back iron Byy) can be obtained by
integrating the radial components of flux density along R; [18].

2.4 | Mechanical model

A retaining sleeve to guarantee the rotor integrity at a
maximum running speed is adopted. The rotor stresses ate
affected by the centrifugal force and the compressive force due
to the interference fit, and the increasing temperature for the
sleeve can be estimated at a radius 7 as follows [20]:

Osleeve — \/5752 + 045005 — 6652 (46)

where o, is the citcumferential stress, and o, is the radial stress
and can be calculated as follows [25]:

R2R’
R521 +R2m _ 512 m _ 72]
s
(47)

SR (R
tTre_gll-2
R; — R r
R2R
O =g (3+1/)< 2+ R*m+ Si2m>—(1+31/)72]

N SoRZ, - R
RZ —R? 2

where p is the density of the sleeve material, @ is the speed of
rotation, S, is the contact pressure between the sleeve, and the

3+v ,
Ursszw

po’

magnet can be determined as (48) in which 6, is the interfer-
ence fit, E; ,,, and v, ate the Young's Modulus and Poisson's
ratio for the sleeve and magnet, respectively:

o 5() + AT[Rmoam - Rsi as]
R {RA(1+0) 4R (1m0) b | Ru{ RS (1-0) +R2 (140) }
E(R2-R},) En(R%-R)

(48)

o

+
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where Rp, is the outer radius of the magnet and includes the
circumferential strain at the outer radius generated by the con-
tact pressure. Rg; is the inner radius of the sleeve, which takes
into account the circumferential strain caused by the contact
pressure at the inner radius. AT is the change in temperature of
the rotor components, and a,,, and a; are the magnet and sleeve
coefficients of thermal expansion, respectively. For the purpose
of the mechanical stress calculation, Table 2 provides the ma-
terial properties of the rotor magnet and the sleeve.

3 | DESIGN OF THE SPM FOR
AEROSPACE EHA

The traditional method of finite element can be precise and
applied to non-linear and complex geometrical problems.
However, since it is relatively complicated and computationally
expensive, it might not be always the best design approach
especially at the preliminary design stage. Alternatively, math-
ematical models can give quick and sufficiently accurate results
and can be more effectively employed in optimisation prob-
lems, even at a preliminary design stage.

Thus, this section describes the proposed electrical ma-
chine sizing method. The sizing problem can be formulated as
an optimisation problem by finding the optimum of an
objective function, subject to some constraints on its design
variables and generate some distinct formulations of our
design problem. The optimisation problem can therefore be
defined as follows:

Function min, f (x)

Subject to B(x) <f(x)
T(X) < Tmax (49)
Ib<x<u

Where x is a vector of the design variables. From equations
of the design problem, such as those defined in Equations (22),
(38), and (40), we can introduce the design variables. Hence,
the key input design variables are /pg;, kficb: Deoss Ws.ps, a0d V.
In the proposed optimisation problem, the motor specifica-
tions are described in Table 3, and the fixed and output design

the dependent design parameters are shown in Table 6. f) is
the objective function that needs to be optimised and can be
defined as follows:

[ (%) = Tewror = [abs (Treq - Te)] (50)

where Ty is the required torque at the operating speed, and 7
is the calculated torque that comes directly from Equation (40).

The purpose of the objective function, which is a non-
linear function of the design variables, is to minimise the er-
tor T, between the calculated and the required torque,
without saturating the magnetic core or exceeding the mate-
rial's withstanding temperature. In order to achieve this goal, a
set of design constraints on the outputs are specified. The first
constraint, T,y relates to thermal limitations and ensures that
for any design to be considered viable, the temperature in the
winding must not exceed a predetermined limit, which in this
case is set at 200°C. The second constraint, B .y, represents
the maximum acceptable flux density values in the core in
order to limit both high saturation and iron losses. B . de-
pends on the material used and has a typical value between 1.8
and 2.2 T. [b and ub are the lower and upper bounds on the
design variables.

The flowchart in Figure 2 depicts the complete design and
optimisation process described in this section. As can be seen
in Figure 2, the sizing process consists of four main stages. The
key specifications (i.e., rated power and rated speed) are
specified in the first stage. The fixed geometric parameters and
the material properties are then assigned in the second stage on
the basis of the proposed design requirements.

Starting from a user-supplied initial points, combined with
Equation (40), the electromagnetic torque is calculated at stage
three. Then, in order to solve the optimisation problem, a
Sequential Quadratic Programing (SQP) algorithm was

TABLE 3 Key motor specifications

Requirements Value

Prcc Mechanical power [w] Determined by the designer

. . - Wior Rotating speed [rpm] Determined by the designer

parameters are presented in Tables 4 and 5, respectively. While
TABLE 2 Material characteristics of the rotor

Properties Sleeve (Titanium) Properties Magnet (SM,Coy;)

Density (kg/m”) 4400 Density (kg/m”) 8300

Young's modulus (GPa) 110 Young's modulus (GPa) 190

Poisson's ratio 0.31 Poisson's ratio 0.24

Thermal conductivity (W/m/C) 6.7 Thermal conductivity (W/m/C) 10

Permitted stress (MPa) 550 Permitted stress (MPa) 23

Yield strength (MPa) 825 Yield strength (MPa) 35

Thermal expansion (1/°C) 8.45 x 107° Thermal expansion (1/°C) 11 x 107°

Electrical resistivity (€2.m) 1.78 x 107° Electrical resistivity (€.m) 0.9 x 107°
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TABLE 4 Fixed design parameters

Requirements Value

2p Number of poles Determined by the designer

Q Number of slots Determined by the designer

Airgap length Determined by the designer

S, Slot opening width Determined by the designer
apy PM span electrical angle Determined by the designer
B, PM residual flux density Based on the selected material
hont PM height Determined by the designer
te Inlet coolant temperature Determined by the designer

TABLE 5 Output design parameters

Requirements Value

Dy Inner stator diameter Determined by the optimisation

L. Stack length Determined by the optimisation

TABLE 6 Dependent design parameters

Requirements Value

hu; Stator yoke height Determined by zBCBﬁaPM%

Wee Outer slot width Determined by m(Dg + 2h,)/Q — w,
w, Tooth width Determined by Ps — ws

P Slot pitch Determined by 7 D;;/Q

by Slot height Determined by A * w;

ws Slot width Determined by w;_ps * P

considered for the multi-objective optimisation problem, as it
is an efficient method which allows to deal with constrained
non-linear optimisation problems [27, 28]. This algorithm
converts the standard optimisation model Equation (40) into a
quadratic programming sub-problem at each iteration and
guides the quest path towards the solution [29].

In the implementation of the problem, the fmincon solver
from MATLAB is used. The fmincon solver attempts to find
the design variables, such that the value of the objective
functional T, is minimised, subject to the given constraints
[29]. According to the optimal design variables, the machine
design parameters and output performance are determined.

4 | COMPREHENSIVE SENSITIVITY
ANALYSIS

For the verification work, a detailed sensitivity analysis is pre-
sented in this section to assess the effect of the most effective
design parameters on machine performance. However, as
compared to the other design variables, the aspect ratio /p,
cooling channel fill factor Ky 5, flow rate v, slot height over slot
width B, and slot width over slot pitch w; _ps are more of
concern for PMSM cooled by channels installed in stator slots.

Define Key Motor Specifications

Rated Rotating
Power Speed

Assigned Fixed Design Parameters

PM thickness
/ span

Slot opening

No. of Slots /
width

poles

Airgap length ‘

l

Machine Sizing and Torque calculation

44 Ip<Tnitial design variables < up |

[ Dependent design parameters based on

Radial Eqgs. in Table 6
“Parallel

*Quasi-Halbach Machine design for PMSM
~Full-Halbach

Magnetic loading based on
B, Eq. (22)

Current loading based on
K. Eq.(38)

Electromagnetic torque calculator based on
T. Eq. (40)

l

Optimization tool
Design constraints - Objective function
based on Eq. (49) H DA | based on Eq. (50)

No Objective /
Constraints satisfied

Yes

Retum the optimal values and continue
the machine design

I
'

Performance evaluation of the final machine design
*  Electromagnetic calculator (i.e. efficiency based on Egs. 44 and 45)
* Mechanical calculator (i.e. rotor stress based on Eqs. 46, 47.and 48)

FIGURE 2 Description of the multi-physics sizing tool.

Figure 1 shows the geometric structure of the investigated
PMSM to show the influence of the above-mentioned design
parameters. The major parameters and corresponding variation
used in the comparison are reported in Table 7. Under the
condition that the machine is equipped with a slot cooling
channel, the main motor specifications as well as the values of
the copper fill factor, air gap thickness and magnet thickness can
be determined by the specific design requirements. All solutions
of the sensitivity analysis satisfy thermal and magnetic con-
straints with a fixed output power of 160 kW at a speed of
32,000 rpm.

The analysis has been performed, and the results are
shown in Figures 3—6, which depict the different versions of
feasible machine designs considered throughout the study.
These machine designs are obtained according to the pro-
cedure outlined in Section 3, considering various design pa-
rameters, namely the aspect ratio Ipg, cooling channel fill
factor Ky 4, flow rate v, slot height over slot width Dyps, and
slot width over slot pitch w; . In this study, the design ver-
sions, namely A (1_¢) to J (-10), vary with the aspect ratio from
0.5 to 5 over 10 steps.

However, among the different versions of feasible machine
designs considered in this analysis as shown in Figures 3-0,
only a specific design with a fixed aspect ratio (e.g, 2) is re-
ported in Tables 8—11. The aspect ratio value was selected in
this analysis to allow for an appreciable comparison of
different parameters of the machine designs and their
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TABLE 7 Design specifications and parameters of PMSM

Symbol Parameters Motor
Proed Rated torque 160 kW
n Rated speed 32 krpm
g Air gap thickness 8 mm
Mr Magnet thickness 16 mm
T max Maximum winding temperature 200°C
te Inlet coolant temperatute 120°C
Lg Sleeve thickness 6 mm
Ipsi Machine aspect ratio [0.5-5]
Ve Volumetric coolant flow rate [10-150] L./min
Kr o Cooling channel fill factor [0.1-0.5]
Dias Slot height over slot width [1-1.5]
Weps Slot width over slot pitch [0.4-0.8]
1057 L4
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FIGURE 3 Variation of power density and efficiency for feasible
machine solutions for different aspect ratio and cooling channel fill factor
with a fixed output power at 160 kW and fixed winding temperature at 200°
C (Design variations A- are with Kf ¢h = 0.1, B- are with Kf ch = 0.2 and
C- are with Kf ch = 0.3).

performance. An example of this, the breakdown results are
highlighted by A (4 to J 4 as shown in Tables 8-11.

Figure 3 shows the variation of power density and effi-
ciency with the aspect ratio /pg; and cooling channel fill factor
Kf_C/O. While, the breakdown of the results for A4, B4 ,and C4
are shown in Table 8. Clearly, increasing the cooling channel
area in relation to the copper area (K ch) significantly de-
creases the overall power density and efficiency.

This can be attributed to a decline in the copper area as a
result of the cooling channel cross-section. Thus, the machine
volume is consequently increased to compensate the reduc-
tion in the current density while also respecting the machine's
thermal limit, allowing the maximum temperature of the
winding to remain constant and the required torque to be
achieved. On the other hand, as the aspect ratio increases, the
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FIGURE 4 Variation of power density and efficiency for feasible
machine solutions for different aspect ratio and slot width over slot pitch
with a fixed output power at 160 kW and fixed winding temperature at 200°
C (Design variations D- are with ws_ps = 0.5, E- are with w; , = 0.66 and
F- are with w,_,, = 0.8).

10.5 0.962
. 0.96
10 - *—12
n o :"3 0.958
= .
2 95 e 0.956
= H3 14 —
X 8 . 0954 X
> a H4 15 >
% o 0952 2
G3 H5 16 2
[}
< 85 . 095 =
o G4 H6 g ° ]
é 8l G5 HT 8 e 0940
G6 o Hs ¥ © W04
7510 G7 e Ho WO
s o Hifilloo4s
7 ! ‘ ‘ G 0.942
0 1 2 3 4 gio

Aspect ratio (-)

FIGURE 5 Variation of power density and efficiency for feasible
machine solutions for different aspect ratio and slot height over slot width
with a fixed output power at 160 kW and fixed winding temperature at 200°
C (Design variations G- are with A, = 1, H- are with b, = 1.2 and I- are
with by = 1.4).

efficiency decreases significantly because copper losses
become dominant. Further, an important observation can be
made when the slot width over the slot pitch ws ps is ana-
lysed and discussed, considering the data presented in
Figure 4. In this figure, three differently values for ws ps are
investigated. Having a high value of ws ps results in higher
power density and efficiency for the possible aspect ratio
combinations. An example of D4, E4, and F4 machines is
given in Table 9. The increase in ws ps from 0.4 to 0.8 re-
sults in an increase in efficiency and power density of 1.46%
and 26.65%, respectively. Figure 5 shows the variation of
power density and efficiency with Ip; and the slot height
over the slot width Ag.,. It can be seen that for a fixed output
power, the power density increases as the A, increases for
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various values of [pg, whereas the efficiency is nearly con-
stant with a small variation of less than 0.4%, as highlighted
by the designs G4, H4, and 14 shown in the breakdown of
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FIGURE 6 Variation of power density and efficiency for feasible
machine solutions for different aspect ratio and inlet coolant flow rate with

a fixed output power at 160 kW and fixed winding temperature at 200°C
(Design vatiations J- are with Ve = 10, K- are with Ve = 50 and L- are with

Ve = 100).

TABLE 8 Feasible machine designs with varied Ipsi and Kf_c/?

Outer Inner Stack Total Power
Design diameter diameter length Mass density 7
version (mm) (mm) (mm) (kg) (kW) (%)
A4 114.8 72.6 150.2 16.3 9.8 95.5
B4 121.5 76.6 158.4 19 8.41 95.1
C4 126.2 79.3 164 21 7.63 94.8

TABLE 9 Feasible machine designs with varied /p; and ws_ps

Outer Inner Stack Total Power
Design diameter diameter length Mass density 7
version (mm) (mm) (mm) (kg) kW) (%)
D4 118 74.6 154.1 17.62 9.08 95.3
E4 117.2 68.5 141.6 15.1 10.6 96.2
F4 118.1 65 134.4 13.91 11.5 96.7

TABLE 10 Feasible machine designs with varied /py; and s

Outer Inner Stack Total Power
Design diameter diameter length Mass density M
version (mm) (mm) (mm) (kg) kW) (%)
G4 118.46 78 161.21 18.77 8.52 95.2
H4 118.1 74.27 153.49 17.5 9.14 95.3
14 118.41 71.86 145.52 16.85 9.49 95.4

the results in Table 10. For the range of feasible aspect ratios,
higher coolant flow rates result in higher power densities, but
at lower efficiency, as shown in Figure 6 and the breakdown
of the results for J4, K4, and L4 in Table 11. The coolant
flow rate increment increases the heat transfer coefficient,
which improves the heat transfer rate from the motor. This
enables more current to be supplied and the machine's vol-
ume to be reduced, which results in higher power density.
However, the efficiency variation with the increase in coolant
flow rate drops in the range of 1%. The mechanical stress
and the sleeve safety factor for the various design variables,
namely [pg, Kf ch, ws ps, hyys and Ve are also plotted in
Figure 7. In this figure, the sleeve safety factor represents the
limit for achieving the highest power density with acceptable
mechanical stress. It can be noticed that the machines are
mechanically limited to a lower aspect ratio (i.c., less than 1.5)
due to higher mechanical stress in the sleeve.

In general, the aforementioned design variables appear to
be effective for the design of electrical machines intensively
cooled by slot cooling channels and should be considered as
preliminary design parameters due to their major influence on
electromagnetic, thermal, and mechanical performance.

TABLE 11 Feasible machine designs with varied /pg; and Ve
Outer Inner Stack Total Power
Design diameter diameter length Mass density "
version (mm) (mm) (mm) (kg) (kW) (%)
J4 119.78 75.59 156.23 18.36 8.71 95.3
K4 108 68.71 142 13.51 11.84 95.2
14 105.43 67.21 138.91 12.57 12.72 95
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FIGURE 7 \Variation of a sleeve safety factor for feasible machine
solutions for different aspect ratio and cooling channel fill factor, slot width
over slot pitch, slot height over slot width and coolant flow rate with a fixed
output power at 160 kW and fixed winding temperature at 200°C (Design
variations A- and C- are with Kf ¢h = 0.1 and Kf ch = 0.3, D- and F- are
with ws_ps = 0.5 and ws_ps = 0.8, G- and I- are with b, = 1 and A,
ws = 1.4, J- and L- are with Ve = 10 and Ve = 100).
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5 | SIZING TOOL VALIDATION

In order to show the feasibility of the proposed methodology
in this section, the described sizing procedure is carried out on
a previously developed 9-slot/8-pole PMSM (see Figure 8) for
an aerospace pump application [7]. Due to the high power
density, space constraints and other challenging requirements
associated with this application, a machine has been designed
with a power level of 9.6 kW and a rated speed of 8700 rpm [7].
The machine is actively cooled using an oil-flooded stator
cooling channel as that presented in Figure 8a. Figure 8b il-
lustrates the prototyped machine (reference motor), and
Figure 9 presents the experimental test rig. The test setup and
the experimental stage of the work are described in Ref. [7].
Despite the fact that the experimental work is presented in
the research done in Ref. [7], the main purpose of the present
work lies in the verification of the sizing tool for SPM ma-
chines with slot oil cooling. Following the steps described in
Section 3, a 9.6 kW SPM machine is designed. The demanded
torque is 10.5 Nm at the rated speed of 8700 rpm. The oil inlet
temperatute is 90 °C, and the flow rate is limited to 4.2 L/min
due to the specification of the hydraulic pumping system.
Table 12 lists the input vatiables optimised together with the
respective ranges, while Table 13 highlights the key design
constraints. The optimisation results are presented in
Figure 10. This figure shows the feasible design points
resulting from the machine sizing tool. Among all solutions,
the rational value range of the aspect ratio is reduced to the
range of 1.92-2.1, contributing to determining the feasible
optimal set that satisfies all the constraint conditions reported
in Table 12, which means they respect the maximum phase
current, DC link voltage, total machine mass, rotor moment of
inertia, and envelop size. As the design constraints are satisfied,

Power Side

FIGURE 8 PMSM prototype (teference motor). (a) Stator core with
winding and details of the cooling channel. (b) Assembled PMSM.

FIGURE 9 Experimental test bench.

the parameter variation of the feasible solutions is moving
within a limited geometrical space (i.e., rational values range).
And to select the optimal design point for this work, the so-
lution presenting the highest efficiency and power density is
marked by a red cube with an aspect ratio of 2, and the cor-
responding results are listed in Table 14. This table compares
the analytical results of the optimal design obtained through
the sizing procedure with the reference motor designed in Ref.
[7]. From the table, the optimal results of the design variables
fulfil the design requirements, which confirm that such sizing
tool is valid for the PMSM.

Furthermore, the proposed tool's accuracy in estimating the
machine's design performance has been demonstrated by
comparing the optimised solution of the sizing tool with the
actual performance of the developed prototype. Indeed, the
analytical results are quite consistent with the measured values,

TABLE 12 Input design parameters

Input design variables Range properties

I 0.5-5

- 0.4-0.7
s 1-1.5
Kr_ch 0.1-0.2

TABLE 13 Key motor constraints

Requirements Value
Torque @ 8700 rpm 10.5 Nm
Dc link voltage 270 dc
Rated cutrent <80a

Moment of inertia <1x 107 kg * m?

Weight <25ke
Stator outer diameter <70 mm
Machine active length < 80 mm
Max. winding temperature 210 C

0.91
4.8 0i9
Kl
= 40 Selected design point 0.89
£ —
X 44 0.88 2
2 >
2 42 0.87 g
S 086 ‘G
s 2
2 w
0.85
2 38
= 0.84
3.6
Rational values range 0.83
34
0.82
3.2

0.5 1 1.5 2 25 3 35 4 45 5
Aspect ratio (-)

FIGURE 10 Feasible designs resulting from the machine sizing tool.
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TABLE 14 Comparison of key performance as generated by the
sizing tool and the developed prototype (Reference Motor) @ 10.5 Nm and
8700 rpm

Designed motor
Reference motor g

FEM  Analytical

Parameters Prototype

Number of poles (=) 8 8

Number of slots (=) 9 9

DC link voltage (V) 270 270

Maximum current (A) 80 80

Machine aspect ratio (—) 2.13 2

Stator outer diameter (mm) 70 67.81

Stator inner diameter (mm) 37.45 38.22

Stack length (mm) 80 76.45

Slot width/slot pitch (=) 0.708 0.63

Slot height/slot width (=) 1.379 1.23
Channel fill factor () 0.23 0.3

Mass (kg) 2.5 2.31

Volume (L) 0.307 0.276
Efficiency (%) 86.7 86.81 87.4
Power density (kW /kg) 3.58 4 415

which include additional practical manufacturing consider-
ations. Therefore, the proposed sizing tool, which allows for the
search of a wide range of design parameters, has proved to be an
effective method for designing high performance and high-
power-density machines intensively cooled by slot channels.

6 | CONCLUSION

This paper introduced and outlined the approach used for
developing a quick and accurate sizing tool that can be used to
investigate and compare a wide range of various combinations
of electrical machines in the early stages of machine design and
system integration for aviation electrification. An analytical
sizing approach combined with a sub-domain model and the
SQP algorithm has been proposed in this study to efficiently
perform the preliminary design among the design objectives of
an SPM machine that is actively cooled by oil channels placed
in the stator slots.

For the investigated scenario, it was demonstrated that high
levels of kW/kg are achievable by combining the intensive
cooling strategy with integrated optimisation of machine di-
mensions parameters, specifically cooling channel dimensions
and aspect ratio. As a vessel to verify the validity of the pro-
posed sizing tool, a previously developed PMSM [28] for an
aerospace application is considered in this work. The experi-
mental results are consistent with the analytical prediction.

Although the methodology is aimed at maximising power
density, an analogous sizing approach may also be easily
implemented to optimise other objectives and improve PMSM's

capabilities for specific targets. Since the computation time is
fast with acceptable accuracy, the technique described in this
work is intended to be a valuable tool for electrical machine
designers throughout the design stage, allowing them to make
system-level actions. However, a slight difference caused by
ignoring the stator core saturation and machine complex ge-
ometry remains a downside of this approach and hence remains
a challenge to be solved.
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