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Abstract

Recently hydraulic and mechanical-based aircraft systems are replaced by electrical-based ’on board aircraft systems’ because
of their various advantages like less volume and weight, and reliability. So electrical power system architecture needs to be
modified. In spacecraft, a major volume is utilised for the electrical subsystem. The main requirements of the electrical power
system of spacecraft are better reliability, less volume and weight, and improved power efficiency. Separate power-generating
sources are used for propulsion and various auxiliary systems. Solar-based generation, nuclear-based generation, and fuel cells
are some electrical energy sources used in aircraft. More reliable power generation techniques are required for long-duration
space missions. The multiphase alternator is a better choice for reliable power generation. Another constraining factor for space
power systems is volume and weight because of less space availability in the aircraft. Considering these constraining factors
very high power density alternators are suitable for space power systems. Hence, High-Speed Homo Polar Inductor Alternator
(HSHIA) is the most suitable candidate. High-speed operation up to 1 lakh RPM is possible with this machine due to its
better power density and the special structure of the rotor. This machine already finds application in pulse charging as well
as for energy storage by NASA and certain defense organizations. For studying its suitability for auxiliary power generation, a
performance analysis is to be carried out. In HSHIA the performance is classified into three levels such as magnetic, electrical,
and thermal. This paper presents the electrical performance analysis of HSHIA with different load conditions using the 3 -D
Finite Element Method.
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1 | INTRODUCTION

Abstract

Recently hydraulic and mechanical-based aircraft systems are replaced by electrical-
based 'on board aircraft systems’ because of their various advantages like less volume
and weight, and reliability. So electrical power system architecture needs to be mod-
ified. In spacecraft, a major volume is utilised for the electrical subsystem. The
main requirements of the electrical power system of spacecraft are better reliability,
less volume and weight, and improved power efficiency. Separate power-generating
sources are used for propulsion and various auxiliary systems. Solar-based genera-
tion, nuclear-based generation, and fuel cells are some electrical energy sources used
in aircraft. More reliable power generation techniques are required for long-duration
space missions. The multiphase alternator is a better choice for reliable power gen-
eration. Another constraining factor for space power systems is volume and weight
because of less space availability in the aircraft. Considering these constraining fac-
tors very high power density alternators are suitable for space power systems. Hence,
High-Speed Homo Polar Inductor Alternator (HSHIA) is the most suitable candi-
date. High-speed operation up to 1 lakh RPM is possible with this machine due to
its better power density and the special structure of the rotor. This machine already
finds application in pulse charging as well as for energy storage by NASA and certain
defense organizations. For studying its suitability for auxiliary power generation, a
performance analysis is to be carried out. In HSHIA the performance is classified
into three levels such as magnetic, electrical, and thermal. This paper presents the
electrical performance analysis of HSHIA with different load conditions using the 3
-D Finite Element Method.
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windings. This enables operating the machine at a very high-
speed. This machine is operated as a homopolar pulse gener-

High-speed homopolar inductor alternator finds application in
flywheel energy storage systems, capacitor charging systems,
and some other specific applications in aerospace vehicles.
HSHIA has a single piece of iron as a rotor and contains no

ator for the capacitor charging system, otherwise, a complex
circuit is required for this purpose. The electrical performance
analysis of these machines is required to study the possibility
of the application of these machines for general power sys-
tems inside space vehicles. This paper discusses the electrical
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performance analysis of the HSHIA with different load condi-
tions. As the machine structure is complex, the performance
analysis is carried out using 3D model virtually developed in
Finite Element Method. For this analysis, a detailed literature
review has been carried out. The structure with design and
virtual development is presented in [1].G.C.Jain. Design and
optimization of HIA is presented by Qian Wang Chengjun Liu,
and Jibin Zou, H.[2] and the behavior of Homopolar Inductor
MAchine(HIM) is predicted with the help of analysis of the
2D model [3]. Armature reaction has a significant effect on in-
ductance and resistive loads [4]. The influence of the width,
depth, and the number of slots on the eddy current loss is in-
vestigated in the paper by Jiangtao Yang, et. al[5]. It is shown
that the circumferential slits have better performance than the
axial slits to reduce the eddy current loss. The various induc-
tances and saturation effects of inductances are studied in[6].
Electromagnetic performance analysis of homopolar inductor
machine through the nonlinear magnetic equivalent circuit and
airgap permeance function is explained by Jiangtao Yang, et.
al[7]. A new topology with an outer rotor structure is proposed
in[8]by Jiangtao Yang, et. alfor improving the power density.
A comparison of the fault tolerant operation of three phase and
different winding configurations of dual three phase induction
motors is presented with experimental data by Luigi Alberti,
and Nicola Bianchi [9]. The equivalent magnetic model of re-
active homopolar synchronous machine with stator excitation
is presented by Sorin loan Deaconu et.al[[10]. Operation of the
six-phase induction machine presented by Che ,Hang Seng.et
.al[11].The similarity in design and structure of the stator of
HIM and synchronous machine is explained by Ye. Cayong et.
al[12]. Decoupled vector control of dual three phase PMSM
machines is introduced by Kartunen Jussy et.al [13]. Kexun
Yu et.al, describe the eddy current loss of unlaminated struc-
ture of rotor used in homopolar machines used for pulse supply
applications with nonlinear load[14]]. Modeling methods of
asymmetrical six-phase machines are studied by Zabaleta et.
al [15]

From the study of literature carried out, it is seen that a detailed
performance analysis of HSHIA has not been carried out.
For the applications mentioned, a detailed analysis of HSHIA
based on requirements such as power density, efficiency, and
losses is to be done. This paper proposes a detailed perfor-
mance analysis of HSHIA.

This paper is organized into five sections, after the introduc-
tion second part is discussed the structure and principle of
operation of HSHIA. Its design and virtual development are
explained in section 3,and section 4 deals with the perfor-
mance analysis. The result and discussion and conclusion are
presented in sections 5 and 6 respectively.

2 | STRUCTURE AND THE PRINCIPLE OF
OPERATION

&

Field winding

Figure 1 Structure of HSHIA

The structure of HSHIA is shown in Fig.1. The main parts
include the stator, rotor, stator winding, and field winding. The
rotor of HSHIA is a toothed wheel with slots and teeth dis-
placed by 180-degree electrical. The number of teeth is equal
to the designed number of poles. The rotor contains no wind-
ing and field winding is provided surrounding the stator core.
When field winding is energized, emf is induced across stator
conductors due to the variable reluctance of air gap.

As shown in Fig.1,this machine has stator core made up of steel
laminations. The concentrated field winding encircles a rotor
structure. Distributed six-phase winding is provided in the ax-
ial slots provided on the inner part of the stator core. The rotor
is constructed with unlaminated steel and it has an equal num-
ber of projected poles on either side which are differed by 180
electrical degrees. An outer cover is provided which acts as a
path for magnetizing flux. When field winding is excited with
a constant current, the homopolar magnetic flux is formed, and
the corresponding air gap flux density distributions are shown
in Fig.2.[12]
In HSHIA, the magnetomotive force (MMF) of opposite po-
larity is generated on left and right air gaps. It is given as
Ngl

FRight :_FLeft: % (1)
Where Fg;,p,, and Fy,;, are MMF created by the field winding
acted upon the left and right side of the air gap. Flux created
in the air gap shown in Fig. 2. It can be seen that direction
of magnetising flux on the air gap on either side is opposite
to each other due to 180 degrees offset between the poles on
both ends of the rotor. The flux through per turn of of the stator
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Figure 2 Flux density distribution in HSHIA

winding is obtained by

¢winding = /(BL + BR)rldO (2)

Where, r is the radius of stator conductor and 1 is the length of
one turn of stator coil. Generated -EMF per phase of HSHIA

is expressed as
dA

winding
Ephase = Nd— (3)
t
where 4,,,4ins indicates the flux linkage in the winding on

3 | DESIGN AND VIRTUAL
DEVELOPMENT OF HSHIA

The design of HSHIA is started with mathematical equations
(Jain, 2020). The important equations are:

Table 1 Specifications of HSHIA

Parameter Specification
Capacity 2.5kVA
Speed 30000rpm
Frequency 4000Hz

No. pf phases | 6

Q=C,D’Ln, 4)

Where C, is the output coefficientD and L are stator bore di-
ameter and stator core length respectively. n, represents speed

in rps.

T EphaseA 5
PR 444 f k¢ ©)

For design, a 2.5kVA High-Speed Homopolar Inductor Alter-
nator is considered, and Table 1 shows its detailed specifica-
tions. For design purposes, certain assumptions are consid-
ered. The specific magnetic loading is selected to a low value
to minimize the iron losses. The lower value of specific elec-
tric loading reduces the copper loss and improves efficiency.
A smaller value of the winding factor is selected to reduce
the size of the machine. Peripheral speed is limited to a low
value to reduce mechanical stress and improve the rotor in-
tegrity. Assumed values are given in Table 2, and Table 3
shows the significant dimensions obtained from mathemati-
cal design. These dimensions are used to develop a virtual

model of HSHIA. In the conventional design of electrical

Table 2 Assumptions
Parameter Assumptions
Magnetic loading Bav | 0.54
Electric loading ac 9000
Winding factor 0.845

Table 3 Assumptions

Parameter Value
Bore diameter 57.29mm
Length of Armature 33.7mm
Pole pitch 11.24mm
No. of slots 96 Nos.
No. of conductors 800Nos.
Width of slot 5.54mm
Height of slot 16.63mm
Outer diameter 101.58mm
Diameter of Rotor 56.69mm
Area of cross-section of stator conductor | 1.9828mm

machines, the cognitive equations according to lumped pa-
rameters of the linear magnetic circuit are considered. The
slots of the machine are assumed to be rectangular in shape,
and the core is working under saturation. Due to the Com-
plex geometry and non-linear material used in HSHIA these
assumptions are invalid. Because of the non-uniform air gap
present in the structure of HSHIA, the mathematical formula-
tion for specifying the boundary is complex, and the selection
of material parameters is tedious. The finite element method is
most suitable for the design and modeling of the HSHIA with
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a non-uniform air gap and non-linear material with complex
geometry. Fig.3 shows the cross section of the virtual model of
HSHIA. The design of HSHIA using FEM helps to determine
the significant parameters such as flux linkages, generated
EMF, and losses. In FEA, the performance of HSHIA is anal-
ysed accurately without any assumptions. ANSYS Maxwell
is a high-level interdependent simulation platform based on
FEM to solve three-dimensional (3D) electric, magnetostatic,
eddy current, and transient problems. In this work, electrical
transient solver is used for analysis.

|

o= oy
v

Figure 3 Cross Sectional view of virtual model

4 | ELECTRICAL ANALYSIS

The outcome of electrical analysis includes generated volt-
age, current and electrical parameters,and losses. For electrical
performance analysis, a six-phase 30000rpm 4kHz 2.5kVA
High-Speed Homopolar inductor alternator is considered and
its electrical circuit is shown in Fig 4.

In this work, a six-phase system is realised by two three phase
subsystems. The dual three-phase machine is supplied by two
three-phase subsystems with a displacement of 30 electrical
degrees with respect to the other[13]. This approach replaces
both three-phase winding sets with equivalent d-q windings in
two pairs of d-q equations and Fig.5 shows the dual three-phase
winding system[[13]

Vg =rig+ow, +py, (6)
Vi =rig + 0w, + pyy (N
Vo =rnip+ow,+py, ¥
Vip = ryigy + 0.9 + pyyn ©)

The matrix for transformation [C] for a dual three phase ma-
chine with a phase shift of 30 degrees between two three phases
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Figure 5 Dual three phase winding

is given.
[ 1 -1/2 -1/2 0 0 0]
—V3/2 =372 0 0 0
12 12 172 0 0 0
0 0 0 —v3/2-v3/2 0
0 0 0 12 172 -1
0 0 0 12 172 1/2

In each row, the coefficients represent two separate three phase
transformations, affect only the phase variables of one of the
three phase systems. The first three rows represent «,,f,, and
zero sequence components for the first three-phase system
and the next three rows represent a,, ff,, and zero sequence
components for the second three-phase system. With this, the
two three-phase systems are addressed separately[[15]].

As a result, it can be confirmed with the application of the
"double d-q transformation”, both the three phase systems
are considered separately. This is equivalent to two separate
three-phase machines with 30- degree phase shifted windings.
The physical consequence of this approach is that it produces
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two parallel three-dimensional subspaces to which the details
of each of the three-phase system are mapped. Direct and
quadrature axis equivalent circuit for six phase HSHIA is
shown in Fig.6.

wyql
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Figure 6 d-q transformed circuit of six phase HSHIA

I=1,+jI,
Ey=V +1Ir,+jIX,+ j(X;— X1,

(10)
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Figure 7 Phasordiagram of HSHIA

The phasor diagram of the HSHIA is given in Fig.7 where E,,
is the generated emf,V is the terminal voltage, I is the sta-
tor current per phase I, = Icos6 is the direct-axis current,
Iq = [sin@ is the quadrature-axis current, r, is the arma-
ture resistance, X, is the direct-axis reactance, and X q is the
quadrature-axis reactance. From the phasor diagram it can be
seen that the generated EMF is the sum of terminal voltage,
resistive drop, and drop in direct and quadrature reactance. An-
gle v is the power factor angle, 0 is the internal power angle
and § is the load angle[14]

S | RESULTS AND DISSCUSSION

For doing performance analysis the specified HSHIA is con-
sidered. Different steps in the analysis process in MAXWELL
3D are explained in the process flow diagram of Fig.8.

. dal
* \ir

* Design ]

Select| * Electric transient Solver is selected

1o

» material properties added for different parts

d{ * Assign suitable boundary

A%

= Select Current/voltage as excitation

¢ Refinement of Mesh
* Obtain Mesh Plot

;

— J J W

® Analyse the Model using Electrical Transient Solver

€K

Figure 8 Process Diagram for Electrical Analysis

3-dimensional geometry of HSHIA is developed in
MAXWELL 3D using the data obtained from the design
which is shown in Fig.9. Virtual model of the rotor structure
is shown in Fig. 10

Air gap
Stator core

Rotor

Winding
assembly

Figure 9 virtual model of HSHIA

For performance analysis, materials are selected for every
part of the machine and material properties are added. The
properties of the material include relative permittivity and
bulk conductivity. Relative permittivity has an effect on the
electric field in dielectrics. Conductivity defines whether the
material is an insulator or a conductor. These two are selected
as ’simple’ for the analysis of HSHIA.

The material used to manufacture stator conductors and field
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Figure 10 virtual model of rotor of HSHIA

coils is copper. The silicon steel steel/_1008 is used to develop
the stator and rotor core of the HSHIA. Table 4.0 gives the
Element components and their percentage in steel_1008. De-
tails of materials used to develop the different parts of HSHIA
are given in Table 5.

Table 4 Components of steel_1008

Element Content%
Iron 99.3-99.7
Manganese 0.30-0.50
Carbon 0.10
Sulpher 0.050
Phosphorous | 0.040

Table 5 Materials used in HSHIA

SI. No | Parts Materials

1 Stator core Laminated Steel 1008
2 Stator Conductor | Copper

3 Rotor Solid Steel_1008

Electric Transient Solver is used for electrical performance
analysis. Electric transient solver calculates time-varying
electric fields within lossy conductors and insulators. Time-
varying electric field may be created by transient potential,
distributed charge, or current input. Adaptive mesh refinement
is not provided in transient solvers, so deliberate meshing is
needed. Boundary conditions are to be assigned for defining
the nature of the field at the boundary of the geometry and
on the edges of the region. There are different boundary con-
ditions that can be added in the electrical transient solver as

default boundary, insulating boundary, symmetry boundary,
or Master/Slave boundary. Here, default or no boundary is
assigned which has two types of treatments on boundaries-
natural boundary and Neumann boundary. The natural bound-
ary is assigned to the interface between parts of a different
material. The distribution of surface charge per unit area at the
boundary area influences the normal component of electric
field density across the boundary. Neumann boundary is as-
signed for exterior boundaries of the geometry and an electric
field is tangential to the boundary. A constant current of 10 A
is assigned as the excitation. In solution set up stop time and
step size are assigned.

Time = 600.00000us
Speed =30000.000000rpm P
Position = 10£.000000deg o 40

80 (mm)

Figure 11 Mesh diagram of full section of HSHIA

Time =600.00000us
Speed =30000.000000rpm |
Position = 108.000000deg

Figure 12 Mesh diagram of one fourth section of HSHIA

The geometry of the machine is discretized into finite ele-
ments with tetrahedral shapes. As a result of this,the number
of equations as much as the number of finite elements is
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obtained. The assembly of all these elements is known as
mesh and the processing is known as meshing or discretiza-
tion. Mesh resolution is an important factor in deciding the
accuracy of the computed solution. The automatic refinement
of mesh is done in certain solvers of MAXWELL, which is
called adaptive mesh refinement and is not provided with
transient solvers. When the solution process is initiated, an
initial mesh is created by the software automatically for do-
ing field calculations without any instruction. As transient
solvers do not have the provision for refining the initial mesh,
a suitable mesh operation should be specified or should link
with an adaptive mesh refinement from a static solver. The
mesh operations offered by MAXWELL 3D are ’on selec-
tion/length based’,on selection /skin depth based’, ’inside
Selection/ Length Based’, ’surface approximation’, *model
resolution’, and ’cylindrical gap treatment’. Here ’on selection
/length based’ option is selected for this analysis. This option
refines the mesh by controlling the maximum element size on
the boundary of assigned objects. When the analysis process
begins mesh operations are applied to the initial mesh auto-
matically. Before starting the solution process the quality of
mesh and number of elements can be verified by inspecting
mesh statistics and also by visual inspection of mesh plots.
A mesh plot of the geometry or various parts of geometry is
obtained from MAXWELL 3D which can be used to verify
the validity of each part. The mesh plots of full section and
one-fourth section of HSHIA obtained are shown in Fig.11
andFig 12resprectively[16].
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Figure 13 Generated Voltage of HSHIA at no-load

Generated emf obtained from the six-phase developed
HSHIA is shown in Fig.13,rotating at a speed of 30000 rpm
for an excitation current of 10 amp under no load condition.
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Figure 14 No-load current of HSHIA
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Figure 15 Total loss at no load condition
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Figure 16 Direct axis Inductance L_d

The Current response is given in Fig.14. The magnitude of
voltage generated is 95V (peak) and a current of 0.001A, and
the frequency of generated emf is 4kHz. The total loss ob-
tained at no load condition is 301 W and it is shown in Fig.15.
d- axis and g- axis components of winding inductance of de-
veloped HSHIA are shown in Fig.16 and 17respectively. Six
phase current is transformed into d-q component using double
d-q Parke’s transformation. Efficiency at no load condition is
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Figure 17 Quadrature axis Inductancel._q

found as 87%.

The performance analysis of HSHIA with different load
conditions is discussed in the following sub-sections. Fig.18
shows the generated voltage at full load at a power factor
unity. From this, it is seen that the magnitude of voltage under
full load condition is 66.5 V (peak) and current per phase is
8.8A (peak) and is shown in Fig.19. When the generator is
loaded, generated emf is reduced due to skin effect and dc
magnetization. The other performance such as flux linkages
of six phases, and total loss at full load condition with unity
power factor are shown in Fig 20 and 21 respectively. The
total loss obtained for full load at upf is 197W and Efficiency
at full load condition is 91%.
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Figure 18 Generated voltage (V) at fulload (upf)

Fig.22 shows the generated voltage at full load at a power fac-
tor 0.8 lag. From this, it is seen that the magnitude of voltage
under full load condition with RL load is 43 V (peak) and
current per phase is (8.8)A peak and is shown in Fig 23. The
total loss obtained for full load at 0.8 pf lag is 165W which
is shown in Fig.24. Performance parameters of HSHIA at
various load conditions are shown in Table 6. Different losses
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Figure 19 Current at fulload (upf)

Table 6 Performance Parameters at various load conditions

Load Generated Current

Condition Efi) v | peakia) Loss (W)
No load 95 0.001 301

V4 Full load 93 2.2 285.8

2 Full load 87.5 4.4 260

Full load upf | 65 8.8 197

Full load

0.8 pf lag 43 8.8 165

Table 7 Losses obtained at Different Load condition

Load Wc(W) | We(W) | Wh(W) | Wcu (W)
No load 300 289 11 0.2832
1
/4 Full 2848 | 2742 |99 035
Load
Half
Full 259 2485 | 985 0.81
load
3
/4 Full 2285 | 2185 | 943 15
load
Full

193 1847 | 83 2.53
load (upf) o
Full
load 162.15 | 15559 | 6.12 2.63
(0.8 pflag)

at no load and full load conditions are obtained from the
electrical analysis. The eddy current loss of 290W, excess loss
of 0.72W, Hysteresis loss of 9.9W, and copper loss of 0.2W.
are obtained for no load conditions. The eddy current loss of
185W, excess loss of 0.52w, Hysteresis loss of 8.36W and
copper loss of 2.53W. are obtained for full load conditions.
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Figure 22 Generated Voltage (V)at fullload (0.8pf lag)

Detailed list of losses obtained with different load condition is
given in Table7.

The major part of the loss in HSHIA is the core loss of which
eddy current loss has a high value compared to the other
losses. Even though the core loss or iron loss is supposed to be
constant irrespective of the load conditions, the core loss is re-
duced considerably from no-load to full load for HSHIA. This
is due to the dc magnetization and the armature reaction effect.
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Figure 23 fullload current (A)(0.8pf lag)
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Figure 24 Total Loss at fullload and 0.8pf

6 | CONCLUSION

This paper presents the performance analysis of HSHIA using
ANSYS MAXWELL software. A 2.5kVA HSHIA is mathe-
matically designed and virtually developed for performance
analysis. The analysis is carried out with a constant current
excitation of 10A at different load conditions. From the analy-
sis, the following observations were confirmed. Generated emf
and current under no-load and at different load conditions with
different power factors were analysed.The loss analysis was
carried out. Full load efficiency is high and so this machine
is suitable for auxiliary power generation in aerospace power
systems. Even though the machine has poor voltage regulation,
due to its high reliability and less weight, HSHIA is suitable
for aerospace systems. This work can be extended to provide
efficient control techniques to improve voltage regulation.
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