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Abstract

This paper discusses the sizing and parameter estimation of a case-mounted permanent magnet synchronous motor de-
signed for integration into a counter-rotating hybrid electrical compressor. The motor features a toroidal winding stator and
a sinusoidal Halbach array permanent magnet rotor. The structure of the motor is modeled as several 2D hollow cylindrical
layers for analysis and simulation. The motor model is developed with a focus on estimating parameters such as motor
mass, power, and efficiency. Based on this model, a motor design algorithm is created to generate a motor design map.
Serving as part of a multidisciplinary design approach, the electrical motor design map is generated as a look-up table for
interfacing with other design disciplines, such as aerodynamic design, mechanical design, and propulsion system design.
Therefore, motor design parameters are selected with particular emphasis on geometry and mechanical performance. The
full factorial experimental method is applied to create the design map. Finally, comparative studies are conducted using the
controlled variable method to analyze typical relationships between motor geometry, mass, power, efficiency, and design
parameters.
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NOMENCLATURE m Mass [kal
Acronyms N Number [-]
AC Alternating Current R Resistance [
CIPH Cycle-Integrated Parallel Hybrid r Radius [m]
COs Carbon Dioxide Re Reynolds Number [
DC Direct Current S Area [m?]
PM Permanent Magnets T Torque [Nm]
PMSM Permanent Magnet Synchronous Motor 7 Volume [m3]
SHAR Sinusoidal Halbach Array Rotor 7 Cylinder Rotor Volume [m?]
TWS Toroidal Winding Stator w Additional Parameters (Vector)

Symbols X Design Parameters (Vector)

Az Magnetic Vector Potential [V.sim] v Design Results (Vector)

B Magnetic Flux Density [TT s Resistivity [©-m]
C,D Coefficients in Az Ll w Permeability [H/m]
f Frequency Hz] ., Viscosity [Pas]
H Height ml o Rotational Speed [rpm]
I Current Al o Magnetic Flux [Whb]
J Current Density Am’] Mass Density [kg/m?]
k Factor/Coefficient (1 o Angle [rad]
Krp Motor Aspect Ratio [-]

L Length [m]
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Superscripts

i Index of Region
I1-VII Regions

sum Sum

Subscripts

ag Air Gap

Cu Copper

dc Direct Current Component
e Eddy-current

Fe Iron

h Hysteresis

m Mechanical Component
max Maximum Value

p Particular Solution

ph Per Phase Component
pm Permanent Magnet

pp Pole Pairs

r Radial Component
rou Roughness

rY Rotor Yoke

slot Per Slot

sy Stator Yoke

T Torque

t Turns

0 Tangential Component
v Per Unit Volume

wd Winding

Wind Windage

1. INTRODUCTION

The aviation industry, a significant contributor to global
carbon dioxide (C'O2) emissions, is under growing pressure
to reduce its environmental impact. Electrification offers the
potential to mitigate C O, emissions through the use of fully
or partially electric propulsion systems. One innovative con-
cept aimed at reducing emissions is the Cycle-Integrated
Parallel Hybrid (CIPH) turbo-shaft engine, which incorpo-
rates electrification into either a single compressor stage
or an entire compressor section [1]. In this context, a
case-mounted electrical motor presents an opportunity for
a tip-driven rotor stage within the compressor assembly.
This configuration allows for a departure from the tradi-
tional compressor design, where each stage consists of a
single rotor and stator, and introduces the possibility of a
novel layout with counter-rotating rotors. This novel layout
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is being investigated as part of the LuFo VI-2 “HybVer”
project. One proposed concept involves driving one set of
compressor rotors using the engine shaft, while the case-
mounted electrical motor powers another set. However,
implementing such a hybrid electrified system within an
aircraft engine presents practical challenges, particularly
due to the limited installation space within the compressor,
especially in the axial direction. Therefore, the sizing and
parameter estimation of the electrical motor are critical for
the successful integration of hybrid electrical compressors.
Additionally, power losses in the electrical motor can lead to
increased energy consumption from sources such as fuel
or batteries, and contribute to an increase in overall aircraft
weight. As a result, it is essential to study the motor design
parameters to evaluate their impact on installation space,
power output, mass, and overall efficiency in the context of
hybrid electrical compressor integration.

This study specifically investigates the feasibility of a com-
pressor case-mounted electrical motor. The chosen config-
uration is a Permanent Magnet Synchronous Motor (PMSM)
featuring a toroidal winding stator (TWS) and a sinusoidal
Halbach array rotor (SHAR). The sinusoidal Halbach array
rotor provides high efficiency and power density, while the
toroidal winding stator enhances the compactness of the
motor design by routing the end-windings outside the sta-
tor yoke, significantly reducing the motor’s length in the ax-
ial direction. In this paper, the motor structure is simpli-
fied into several 2D hollow cylindrical layers, which include
key components such as the rotor yoke, sinusoidal Halbach
array permanent magnets, airgap, toroidal windings, and
stator yoke. The motor size and mass estimation models
are derived directly from geometric parameters. The motor
torque and power estimation models are developed using
an analytical approach based on the magnetic field distri-
bution. The motor efficiency estimation model is formulated
based on classical motor loss models, accounting for arma-
ture winding losses, core losses, and windage losses. The
motor design assessment focuses on key parameters such
as power output, size, mass, and efficiency. Finally, a de-
sign algorithm is introduced to explore the design space and
generate a motor design map. Comparative analysis is con-
ducted by varying motor design parameters to observe their
effects on power output, mass, and efficiency. Serving as
an interface with other design disciplines in the “HybVer”
project, the motor design data provides essential informa-
tion from the electrical drive system to support further in-
vestigations and analyses of the hybrid electrical propulsion
system. Key parameters such as motor dimensions, mo-
tor mass, and motor efficiency contribute to both the design
and off-design models of the propulsion system [2]. The mo-
tor’s output power directly affects the degree of hybridiza-
tion, which in turn influences the aerodynamic design and
the overall performance of the compressor [3]. Additionally,
the heat generated by motor losses, which is dissipated via
the cooling system, impacts the design of the thermal man-
agement system [4].

2. METHODS

2.1. Design Objective

In this paper, the case-mounted TWS-SHAR-PMSM is rep-
resented as several 2D hollow cylindrical layers. The axial
direction of the compressor is defined as the Z-axis. The
cross-sectional view along the compressor axial direction is
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shown in Fig. 1, and different parts of the motor are defined
by their radius r as follows:

1) r1 > r > 0: compressor (region I)

re > 1 > r1: rotor yoke (region I1)

: sinusoidal Halbach array PM (region I11)
3. airgap (region IV)

: inner part of toroidal winding (region V)

: stator yoke (region V1)

r7 > r > rg: outer part of toroidal winding (region VI1I)
r > r7. outer space

FIG 1. Cross-sectional view along the compressor axial direc-
tion of the TWS-SHAR-PMSM

The height of each hollow cylindrical layer is defined by the
difference in radius as follows:

(1) Hy=r2—11
2) Hym =13 — 12
(3) Hog=14—713
(4) Hypqa =15 — 74
(5) Hs,y =16 — 15

where H,, is the height of the rotor yoke, H,., is the height
of the PM, H,, is the height of the airgap, H..q is the height
of the inner part of toroidal winding, and H, is the height of
the stator yoke. To ensure the current density of the inner
and outer toroidal windings in one phase is the same, the
outer radius r7 is related to r4, r5, and rg as:

(6)

The cross-sectional view perpendicular to the compressor
axis is shown in Fig. 2. The center dashed line represents
the axial direction of the compressor. The grey region corre-
sponds to the rotor, which consists of the rotor yoke and the
permanent magnets, while the yellow region corresponds to
the stator, which includes the stator yoke and toroidal wind-
ings.

2 2 2 2
T —Tg =T — Ty

To simplify the modeling and analysis, the following assump-

tions are made:

1) all parts of the motor are simplified as hollow cylinders
with the same axial length L;

2) the end winding of the motor is neglected;

3) the rotor bandage and the stator sleeve are neglected;

4) the same assumptions are made as in paper [5], for the
analysis of the electromagnetic field distribution;
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FIG 2. Cross-sectional view perpendicular to the compressor
axis of the TWS-SHAR-PMSM

5) only a single parallel path in the stator winding;
6) Litz wire is used
7) the bearing structure is neglected;

2.2. Motor Mass Estimation Model

The total mass of the motor includes all its solid parts,
namely the stator and rotor. The rotor consists of the rotor
yoke (region II) and permanent magnets (region III).
The stator consists of the stator yoke (region VI) and
the windings (region V and region VII). All components
are simplified as hollow cylinders, and the mass of each
component is calculated based on its mass density and
volume as follows:

(7) m' =gV = gL (b — i)
where: i € {II,II1I,V,VI,VII}

The pi is the material’s average mass density of each region,
L is the axial length, and r;,,, and r;,, are the outer and inner
radius of each hollow cylinder, which has:

(8)

With the assumed utilization of Litz wire, the slot fill factor
ksi0t is considered. Due to the slotless structure of the TWS,
each copper coil is treated to occupy a virtual slot. Thus, the
pt of region V and VIT has:

)

where pc., is the mass density of the copper. For other re-
gions, the material’s average mass density is simplified as
the mass density of the main material. The total mass of the
motor is calculated by summing the masses of all relevant
components:

i i
Tout> Tin € {T1,T2,..77}

0° = ksiot X pou,i € {V,VII}

(10)  m™™ =Y "m'i e {II,III,V,VI,VII}

3

2.3. Motor Power Estimation Model

The analytical model of the magnetic field distribution in the
TWS-SHAR-PMSM is introduced in [5]. The magnetic vec-
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tor potential A% for regions ITI, IV, V, and VII is ex-
pressed in the cylindrical coordinate system as follows:

(11) b = (Cir™er o Clr =) sin(N,,p6)
+ (Dier’ + DérfN”p)cos(Nppe) + Ain

where: i € {I1I,IV,V,VII}

Here, N, represents the number of motor pole pairs. The
coefficients C{, C%, D%, and D3, as well as the particular
solution Ain, are derived from the motor parameters. From
the magnetic vector potential, the magnetic field distribution
is calculated as follows:

(12) B = %8;2,1‘ € {III,IV,V,VII}
; AL
(13) By =——57i€ {II1,1V,V,VII}

where B! and B} are the radial and tangential components
of the magnetic flux density, respectively. The electromag-
netic torque is calculated using the Maxwell stress tensor
and is expressed as:

_ 2nLN;,(C{Y D3 — C3V DY)
o

(14) T

where po is the magnetic permeability of vacuum. The me-
chanical power P,, is calculated from the torque and the ro-
tational speed (2,,, as follows:

Pm:T-2—7TQm

(15) 60

2.4. Motor Efficiency Estimation Model

There are various types of losses in PMSM, including arma-
ture winding losses, armature core losses, rotor core losses,
losses in the PM, rotational mechanical losses, and windage
losses, among others [6]. Rotor core losses and losses in
the PM are typically negligible compared to losses in the
stator. Based on the assumptions made earlier, rotational
mechanical friction losses are also neglected. Therefore,
the main losses considered in this paper are the armature
winding losses Pc.,, armature core losses Pr., and windage
losses Pwinq. The motor efficiency is expressed as:

Pout

Pz'n N

P

16
( ) P77L+PCu+PFe+PWind

77:

2.4.1. Armature winding losses

The armature winding losses, also known as copper losses,
represent the resistance losses in the armature windings.
In a three-phase motor, these losses are calculated based
on the winding resistance R and the winding current I, as
follows:
(17) Po, = 3I°R

According to [6], the armature winding resistance per phase
for DC current Rg. is calculated based on the resistivity of
copper dc., the average length of the armature turn Ly,
the cross-sectional area of copper per slot Ssot,cu, and the
number of turns per slot NV, as follows:

Lpn

18 Rgc -
( ) ¢ Sslot,Cu/Nt

:5Cu'
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Since it is assumed that there is only a single parallel path in
the stator winding, the average length of the armature turn
is calculated as:

(19) Ly = 4Ny, Nt L

The copper area per virtual slot Ssiot,cw is calculated from
the area of the virtual slot S,;,: and the slot fill factor k.;o¢,
as follows:

(20) Sslot,C'u, - kslot : Sslot
m(r3 —ri)

21 slot =

@ Suor = T

The phase current is calculated based on the current den-
sity, the copper area per virtual slot, and the number of turns
per virtual slot, as follows:

_ J - Sslot,Cu

(22) N,

I
When the motor is driven by AC current, especially at high
fundamental frequencies, AC proximity and skin-effect
losses need to be considered in the armature winding
losses, referred to as AC losses. According to [7], the
utilization of Litz wire can significantly reduce these AC
losses. Therefore, in this paper, the armature winding
resistance per phase is approximated to be equal to the
armature winding resistance per phase for DC current, as:

(23) R~ Rdc

2.4.2. Armature core losses

The armature core losses considered in this paper include
both hysteresis loss P, and eddy current loss P.. The per
unit volume armature core losses P, are estimated as fol-
lows [8]:

(24) P’U = Ph + PE = k}LBEy.mazf + kEB?y.mazfQ

where B,y .maz iS the peak magnetic flux density in the sta-
tor yoke, k, is the hysteresis loss coefficient, k. is the eddy-
current loss coefficient, and f is the frequency, which is cal-
culated as:

Qi

(25) P60

f = Np
Therefore, the armature core losses are estimated as:

(26) PFe = PUVVI = Pv . TI'L(’/’% — 7”52))

2.4.3. Windage losses

According to the paper [9], the windage losses from the ro-
tating cylinder mantle are estimated as:

1 2 3 4
ikrouk‘ a me 2 B L
3 TP 9(60 )7 (2r3)
where k..., is the roughness coefficient, and & is the torque

coefficient which can be obtained using equation (28) based
on the Reynolds number Re.

(27)  Pwina =

(Hag/’r';j)()‘a

10 Heslr Re < 64

28 k= 2(}1;/7035)0303 64 < Re < 500
1.03- (ealr2) " 500 < Re < 10*
0.065 - ealms)™" 50 Re
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— pa9r3Hag . 219

(29) Re o 60 S m

where p,, is the viscosity of the air.
3. DESIGN ALGORITHM AND PARAMETER STUDY

3.1. Design Algorithm

In this paper, the motor design parameters are defined as
a vector X, and the motor design results are defined as a
vector Y.

(30)
(31)

X = [leKLDyHagaHanandaQMa J7 Npp’ Nt]
Y = [msuma 777 P’m}

In X, the element r, represents the outer radius of the com-
pressor, and the element K;p represents the geometric
shape of the motor. The motor aspect ratio K, p is defined
as:
(32) Kip =L

1
The main design results Y include motor mass, motor
efficiency, and motor power, which are the primary outputs
of the motor models. All other auxiliary parameters neces-
sary for the motor models, such as material mass density,
copper resistivity, hysteresis loss coefficient, eddy-current
loss coefficient, and similar properties, are defined as ad-
ditional parameters W. The algorithm for the design of full
factorial experiments is shown in Fig. 3, labeled as DOE in
yellow. The output of this algorithm is the motor design map
as a look-up table, which provides the results for various
combinations of design parameters and design results.

To maintain similarity between the motors, the magnetic flux
density in both the stator yoke and rotor yoke remains con-
stant as the design parameters change. In this paper, they
are designed to be 1.8T. Assuming an even distribution of
the magnetic flux density in the rotor and stator yokes, the
peak magnetic flux densities are estimated as:

_ Pry
(33) Bry.maa: - Hry
_ Psy
(34) Bsy.maz = Hsy

where ¢, is the per-half-pole magnetic flux in the rotor yoke,
and ¢., is the per-half-pole magnetic flux in the stator yoke.
The normal component of the magnetic flux passing through
the boundary of the stator and rotor yokes per half pole is
calculated as:

(35) (]5ry _ /2Npp B'I{IIlT:’l‘zde
0

@) = [ (BY oy + B )8
0

The iterative method is employed in the design algorithm to
determine the appropriate values for H,., and H,,. For each
motor design parameter set X;, the values of H,, and H,,
are initially assigned. Subsequently, the peak magnetic flux
densities Bry.maz and Bsy.maz are calculated. The devia-
tion of B,y.mae aNd Bsy.mae from the target value of 1.8T is
computed as ABry.maz @and ABsy.mas. If the deviation ex-
ceeds a specified threshold, which is 1mT in this paper, the
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new values for H,, and H,, are updated by multiplying the
deviation by factors ¢; and c,. Once the deviation falls below
the threshold, the valid motor design result Y; is computed.
Inthe relation Y; = f(Xj, W), the function f represents the
motor mass estimation model, the motor power estimation
model, and the motor efficiency estimation model. The al-
gorithm is illustrated in Fig. 3, where the motor model for
each iterative loop is highlighted in green.

DOE motor model of each iterative loop
S :
Motor model.
Define design input as Xj,W
parameters vector l

X as factors

Initialization of

Define design Hry. Hsy
results vector Y as
responses =1
¥

Invalid
motor
Yj =NaN

Define levels
for each factor

Get motor
design ABry =Bry-1.8
result as Yj ABsy = Bsy-1.8
full factorial
No™ combination,/ Yes
Valid motor
Yj = (X W)

Motor design Hry =Hry + cl1*ABry
look-up table Hs;r = Hs':\.' + CE*ABS-}' ~
X.w.Y] k=k+1
End

FIG 3. Design algorithm

3.2. Results Analysis

In this paper, the definition of levels for design parameters
X is presented in Tab. 1

Name Values
1 [20,40,60,80,100,120,140,160,180,200]x 10>

Krp [0.1,0.3,0.5,0.7,0.9,1,1.5, 2,25, 3]
H,, [5, 10, 15]x1073
Hpm [5, 10, 15]x1073
Huya [5, 10, 15]x1073
Qm [10, 20, 30]x 103
J [5, 10, 15]x 108
Npp [3, 4, 5]
N [5, 15, 25]

TAB 1. Definition of levels for design parameters

3.2.1. Study on the relationship between motor torque

and motor geometry

To study the relationship between motor torque and motor
geometry, an auxiliary variable V. is defined to represent
the volume of the cylindrical rotor. It is calculated as:

37)

V. = 7r7’§L
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o Data:Hpm=5.00e-03
Fit:Hpm=5.00e-03
Data:Hpm=1.00e-02
Fit:Hpm=1.00e-02
Data:Hpm=1.50e-02
Fit:Hpm=1.50e-02

vV, * J[Am]

x10°

FIG 4. Typical relationship between motor torque and motor
geometry with varying height of permanent magnets

In this study, 71, Kp, Qm, J, Npp, and N, are treated as un-
controlled variables, while H,y, Hpm, and H,q are treated
as controlled variables. In each study case, the value of
the uncontrolled variables is allowed to vary freely, while the
controlled variables remain constant. The typical relation-
ship between motor torque and motor geometry is shown in
Fig. 4. In this specific study, the controlled variables are set
to Hyg = 10mm and H,,q = 10mm, while the controlled vari-
able H,,, is varied between 5mm and 15mm, as defined by
the full factorial levels. Each point in the figure represents a
design result from the algorithm. It is observed that for each
value of Hp.,, the motor torque has a linear relationship with
the factor V;. - J, indicating that motor torque is proportional
to the cylinder rotor volume and the winding current den-
sity. In other words, to double the motor design torque, one
could either double the motor length L, double the winding
current density J, or increase the rotor outer radius rs by
a factor of v/2. The reason for this linear relationship be-
tween motor torque and the factor V,. - J can be explained
by Esson’s Rule [10]. According to this rule, motor power is
proportional to the rotational speed of the motor, the D21,
factor, and the peak fundamental component of the AC sur-
face current density K1, as follows:

(38) P o< QDAL Ko

The D, refers to the inner diameter of the stator, and I. is
the effective length of the stator, which is equal to L in this
paper. Since the airgap height is relatively small, the D21,
factor can be approximated as the cylindrical rotor volume
Vi

(39) Vi o Dile

The peak fundamental component of the AC surface current
density K, is proportional to the winding current density J,
as follows:

(40) J o< K

According to equation (15), power divided by speed gives
the torque. Therefore, the motor torque is proportional to
the product of the cylindrical rotor volume and the winding

current density:
(41) TxV,.-J

The linear polynomial curve fitting is applied to each condi-
tion of Hp, in Fig. 4. It is observed that the slope of the
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Vi

linear curve has a positive correlation with the design vari-
able H,.,, indicating that, to produce the same amount of
torque, a larger height of the permanent magnet results in a
smaller required motor volume. Similar analyses have been
conducted with the controlled variables H,, and H,,q4, and
the analysis results are presented in Tab. 2. In the table, the
symbol "+" denotes a positive correlation, and the symbol "-"
denotes a negative correlation.

+

Slope -

TAB 2. Correlation of the slopes in the fitted linear polynomial
curve with varying values of controlled variables in the
relationship between motor torque and motor geometry

3.2.2. Study on the relationship between motor torque

and motor mass

Since the total motor mass includes both the stator and rotor
components, in this study, the variables H.,q, Hpm, Hag, J,
and N, are treated as controlled variables, while 1, K1 p,
Q.m, and N; are treated as uncontrolled variables. The num-
ber of pole pairs N,,, is included as a controlled variable due
to its influence on the height of the stator yoke. The typical
relationship between motor torque and motor mass is shown
in Fig. 5. In this specific study case, the controlled variables
are set to H,y, = 10mm, Hp,, = 10mm, H,q = 10mm,
and J = 5A/mm?, while the controlled variable N,, is var-
ied from 3 to 5. It is observed that the relationship between
motor torque and motor mass follows a linear trend, with the
slope of the fitted linear polynomial curve showing a positive
correlation with N,,. The reason for this positive correlation
is the inverse relationship between N,,, and the stator yoke
height H,,. According to equations (34) and (36), increas-
ing the number of pole pairs N, reduces the per-half-pole
magnetic flux in the stator yoke, thereby reducing H,, when
the peak magnetic flux density Bsy.maz IS kept constant in
the design.

2500 [

2000

©  Data:Npp=3.00e+00
Fit:Npp=3.00e+00
Data:Npp=4.00e+00
Fit:Npp=4.00e+00
Data:Npp=5.00e+00
Fit:Npp=5.00e+00

1500

T [Nm]

1000

500 [

200 300 400
msum [kg]
FIG 5. Typical relationship of motor torque and motor mass

with varying number of pole pairs

Similar to the previous analysis of the relationship between
motor torque and motor geometry, the correlation of the
slopes in the fitted linear polynomial curve with varying
values of controlled variables in the relationship between
motor torque and motor mass is presented in Tab.3.
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Hoy Hpm Hwa J Npp
Slope - + + + +

TAB 3. Correlation of the slopes in the fitted linear polynomial
curve with varying values of controlled variables in the
relationship between motor torque and motor mass

3.2.3. Study on the relationship between motor power

and motor efficiency

In this study, Hwq, Hpm, Hag, J, and N, are treated
as controlled variables, while r1, Kr.p, Q,., and N; are
treated as uncontrolled variables. The typical relationship
between motor power and motor efficiency with varying
height of permanent magnets is shown in Fig. 6. In this
specific study case, the controlled variables are set to
Hay = 10mm, H,g = 10mm, J = 5A/mm?, and N,, = 4.
It is observed that the relationship between motor power
and motor efficiency exhibits a "J" shape, where efficiency
has a positive correlation with motor power in the low power
range and a slight negative correlation in the high power
range. Two auxiliary parameters, the knee point efficiency
Nmaz @nd the maximum motor power P, q2, are defined
to describe the "J" shape curve. The knee point efficiency is
the highest efficiency the "J" shape curve reaches, typically
around the knee point. The maximum motor power is
the highest design power the motor can achieve under
specific controlled design variable conditions. Both 7,44
and P,,.maq, are marked in Fig. 6 for Hy,,, = 5mm as an
example. Itis observed that both 7,42 and Py, ma Show an
overall positive correlation with Hy,,,. FOr 1,42, this positive
correlation is more pronounced when H,,, is relatively
small, while it becomes less significant as H,,, increases.
As previously discussed in Fig. 4, motor torque T has a
positive correlation with H,,,,, which explains why P, max
similarly exhibits a positive correlation with H,,.

%108

451

Pry.maxz @Hpm=5mm

o Data:Hpm=5.00e-03
o Data:Hpm=1.00e-02
Data:Hpm=1.50e-02

Nmaz @Hpm=5mm

0.93 0.94 0.95 0.96 0.97 0.98
efficiency

FIG 6. Typical relationship between motor power and motor ef-
ficiency with varying height of permanent magnets

For all other controlled variables, the relationship between
motor power and motor efficiency similarly follows a "J"
shape curve. The analysis of 940 and Py, .mae With vary-
ing values of the controlled variables in the relationship
between motor power and motor efficiency is summarized
in Tab. 4, where the symbol "=" indicates that the variable
is relatively insensitive to changes.
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Hag Hpm de J Npp
Timax = + + + -
Po.maz - + + + =

TAB 4. Correlation of the 7,4 and Py, ;a2 in J shape curves
with varying values of controlled variables in the rela-
tionship between motor power and motor efficiency

A typical relationship between motor power and motor effi-
ciency with varying air gap height is shown in Fig. 7, where
the controlled variables are set to Hp,,, = 10 mm, H,,q = 10
mm, J = 5 A/mm?, and N,, = 4. For the controlled vari-
able H,,, its negative correlation with Py, ma. is due to the
corresponding negative correlation with motor torque 7'. Ad-
ditionally, the relationship between H,, and nma- shows a
slightly negative, yet insignificant correlation, indicating in-
sensitivity. It is observed that 1,4, for different H,, values
occurs in a similar low power range. Based on the negative
correlation between H,, and the curve slope concluded in
Tab. 2, the similar power output for different H,, motor de-
signs is achieved through adjustments in the motor’s geom-
etry, facilitated by changes in the uncontrolled variables. A
larger air gap generally leads to increased windage losses.
Furthermore, a larger air gap results in a weaker magnetic
flux density, reducing the stator yoke volume and, subse-
quently, core losses. In the design parameter range defined
in this paper, these complex influences lead to an overall
insensitive correlation between Hyy and nmaz-
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FIG 7. Typical relationship between motor power and motor ef-
ficiency with varying height of air gap

A typical relationship between motor power and motor effi-
ciency with varying numbers of pole pairs is shown in Fig.
8, where the controlled variables are set to H,;, = 10mm,
Hpm = 10mm, H,q = 10mm, and J = 5A/mm?. Accord-
ing to equation (25), a larger number of pole pairs results
in a higher frequency, which in turn leads to increased core
losses. As a result, N, has a negative correlation with the

Mmax-

4. CONCLUSION

This paper investigates the design of a case-mounted elec-
trical motor for a counter-rotating hybrid electrical compres-
sor, focusing on how various design parameters affect motor
performance. A motor design algorithm based on full facto-
rial experiments was developed, resulting in a look-up table
that serves as an interface for other design disciplines. The
study reveals that motor torque and motor geometry are lin-
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FIG 8. Typical relationship between motor power and motor ef-
ficiency with varying number of pole pairs

early related through the factor V.- J. To achieve a designed
torque increase by a factor of two, either the motor length
must be doubled or the rotor outer radius r3 increased by a
factor of /2. Additionally, the slope of the linear relationship
between torque and geometry positively correlates with the
height of the permanent magnets H,., and the height of the
windings H,,4, while negatively correlating with the height of
the air gap H,g4. This suggests that motors with larger Hy,
and H,q, and smaller H,,4, are more compact for the same
amount of designed torque. The relationship between motor
torque and motor mass also shows a linear trend. To pro-
duce the same designed torque, motors with larger Hpn,
H.,,q, winding current density .J, and number of pole pairs
Npp, or smaller H,g4, are lighter in weight. Regarding motor
power and motor efficiency, the relationship is more complex
and exhibits a "J" shape. Within the defined design param-
eters, the peak efficiency is higher at moderate power levels
when H,.., Hyq, and J are larger, or N, is smaller. Fur-
thermore, the maximum designed motor power increases
with larger Hprm, Hwa, and J, or smaller Hqg.
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