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Accurate sub-domain model for magnetic field computation in electrical

machines with HTS materials

Yong Chang' and Guangqing Bao” ¥

Abstract The primary aim of this study was to develop and validate an
accurate sub-domain analytical model to estimate the magnetic field of
electric machines with high-temperature superconducting (HTS) excitation
and armature windings. The model was developed by utilizing the separa-
tion variable and harmonic analysis methods to solve Laplace’s or Poisson’s
equations of the vector magnetic potential in two-dimensional polar coor-
dinates. The theoretical derivations of the final analytical equations for the
magnetic flux density distribution in the air-gap and in permanent magnets,
electromagnetic torque, and no-load back-electromotive force (back-EMF)
are explained in detail. Finally, the magnetic vector potential, flux den-
sity distribution of each sub-domain, no-load back-EMF, and inductive
reactance of the armature winding were solved by considering the critical
parameters of the superconducting materials, and the influence of higher
harmonics. The finite-element method (FEM) was used to validate the
accuracy of the developed analytical method for the investigated HTS gen-
erator. The results show the developed analytical method is accurate and
time-saving.

Keywords: high-temperature superconducting (HTS), the separation vari-
able method, air-gap magnetic density, analytical calculation of magnetic
fields, superconducting bulk, generator, FEM

Classification: Electromagnetic theory, superconducting electronics

1. Introduction

Compared to the same topology of conventional machines,
HTS machines have the advantages of small size, high
power density, high efficiency, low temperature rise, and
low iron loss [1, 2, 3, 4, 5]. Therefore, HTS machines
can be applied in particular fields to further improve equip-
ment performance, such as fully electric aircraft, ship-driven
equipment, and offshore wind-power generation components
[6,7,8,9,10, 11, 12].

HTS machines use a non-magnetic fixture because it gen-
erates higher magnetic flux density compared to conven-
tional machines. Therefore, the traditional magnetic field
calculation method is no longer suitable for HTS machines.
At present, the general methods for calculating motor field
include the finite element method (FEM) [13, 14, 15], con-
formal transformation method [16, 17, 18, 19], equivalent
magnetic circuit method [20, 21, 22, 23], and sub-domain
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analytical method [24, 25, 26, 27].

In this paper, we present an accurate sub-domain analyti-
cal model for calculating the magnetic field of a synchronous
generator with high-temperature superconducting (HTS) ex-
citation and armature windings that have a non-magnetic
fixture. This scheme may provide a more accurate calcu-
lation compared to previous work because it considers the
critical parameters of the superconductor and the influence
of higher harmonics. The simulation results show that the
proposed analytical model has simpler mathematical equa-
tions and a lower computational burden than the FEM. The
FEM demonstrates highly accurate results of the developed
technique.

2. Problem definition and assumption

The magnetic field distribution of HTS machines differs
from that of conventional ones. The rotor excitation and
stator armature winding of HT'S machines are fixed on non-
magnetic structures. Therefore, we make the following basic
assumptions in this paper [28, 29].

1) Ferromagnetic core with infinitely large magnetic perme-
ability.

2) HTS material is superconducting and stable at 77 K.

3) Ignore end effect.

4) Excitation and armature winding permeability are con-
stant.

5) HTS winding core is non-magnetic.

3. Analytical calculation of magnetic field

3.1 Boundary and interface conditions
As shown in Figure 1, the magnetic flux density at the edge
of the local region with the same permeability is continuous
[30]. The boundary conditions of the Laplace and Poisson
equations can be written as follows:

For sub-domainI, R, <r < R;,0 <6 < 2x, and

dA(r,0) -0
or rer ()
dAI(r,0)
-7 = £(0
o |k, [
For sub-domain I, R < 7 < Ry, 5 + 3% < 6 < % 4 27,

2km

—%g % g <% 4 KT ang
P 2 P
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CAy (r,0) _ OAy (r,0) _
or or

y(6)

Fig.1 Different sub-domains and boundary conditions.

0Ay(r,0) = 1(0)

or e, o)
0Aq(r,6)
A v = (0

o |n, w(6)

For sub-domain III, Ry < r < R3,0 < 0 < 2mx, and

0Ay(r,6) )

or e 3
0Am(r,6) ~0

ar r=Ry

where f(6) and y/(6) are periodic functions, 6 has the period

/
ar = 27/p, and /_’;//’; f©)do = [717 y(6)do = 0.

3.2 Laplace equation solution for sub-domain I and III
Sub-domain I: (R, <7 < R, 0 <6 < 2r) and

82 Ax(r,0) .\ 1 0A1(r,0) .\ 1 0*Ay(r,0) _

0 4
or? r or r2 962 @
The solutions are determined from Eq. (4):
N—ooo
Al(r,0) = Z (A,ﬁr”p + B,llr_"p) (C,i cosnpé + D) sin np9)
(5)

where the coefficients AL, B}, C} and D] can be calculated
using Fourier-series expansions of the boundary conditions
p is the number of pole pairs, and n = 1,2,--- ,N — oo.

The unknown coefficients A}, Bl, C!, and D} can be
obtained from Eq. (1):

np+1
n 2np 2np
np (R1 -R; ) ©
2np pnp+1
Bl = _ R""R,
np (R?"p - R;"p)
1 _P ~/p
C,== f(0)sin(npd)do
T J-xn/p
/p N
pl=" £(6) cos(npf)do
T J-n/p
Sub-domain III: (R4 <r < R3,0 <6 < 2m) and
0?Am(r,0) 10Am(r,0) 1 0%Am(r,0
m(.60) 10Am(r0) 1 0°Am(.6) ®)

or? r  or rr 062
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Fig. 2 Schematic of direction of current coil.

According to Figure 2, there is no electric current in the
air-gap, so the solutions obtained from Eq. (8) are

N—>o

Am(r,0) = Z (Aflr”p + Bflr*”p) (Cz cosnpf + D? sin np@)

n=1
€))
where A3, B}, C3, and D} are the unknown coefficients.
The unknown coefficients A2, B>, C}, and D} can be
obtained from Eq. (3):

n 2n 2n
Ay = R np (R3 "R, p)
n 2n 2n 2n
B, = RY" R, [np (R3 "R, ,,)
7/p
=2 [ y(g)sintnpoydo (10)
T J-n/p
p n/p
D, == Y() cos(np)de
T J-n/p

3.3 Poisson equation solution for sub-domain II

Sub-domain I: (Ry < r < Ry, § + 2% < 9 < G + 21,

—F+ A <g< -G 4 A

0*Au(r,0)  10Au(r,0) 1 8*Au(r,6)
+ = + = =

or? r or r2 002

According to the superposition principle, the solution of

the Eq.(11) obtained in sub-domain II is the sum of the

particular and general solutions.

A particular solution of the Poisson equation can be writ-
ten as follows:

—Hoj (11)

N —o0
AP0 =r> " [CEsin(np6) + D} cos(np)]  (12)

n=1

where C2 and D? are determined based on inserting Eq. (12)
into Eq. (11).

Combining Eq. (2) and Eq. (12), the unknown coefficients
C? and D? are obtained:

Ho

2 _
Cn_ 2 2_4];
P (13)
2 _ Ho c

n = n2 pz 4"
Here, J;; and Jf are the coefficients of the current density
function in the Fourier-series expansion; that is,



p n/p
J = —/ J(0) sin(np0)do

T Jn/p

» lp (14)
Jo = —/ j(0) cos(npd)do

T J-n/p

The particular solution of the Poisson equation satisfies the
boundary conditions for Eq.(2). Combining Eq.(2) and
Eq. (12), the general solution boundary conditions of the
Laplace equation can be obtained:

A% (.0 Now
% = f(0) + 2R, Z |Cx sin(np8) + Dy cos(npb)]
g r=R, n=1
A% (.0 Now
% =y(0)+2R; Z [C,% sin(npd) + Df, cos(np@)]
,
r=R3 n=1

15)
The method of separation of the variables was employed to
solve the Laplace equation, and the analytic expression is
obtained:

N—-ox

o TRy (/R 4 (/R
A0 = D T By — (s Ry
Ry (r/R)™"" +(r/R)"P

+D; cos(npb)) — np (R3/R)™™ = (R3/Ry)"™

(D;, sin (np6)

x E; sin(npb) + E;, cos(npb)

(16)

where DS = C! + 2R,C2, D¢ = D} + 2R,D2, ES = C} +
2R;C2%, and ES = D} + 2R3 D2.

The unknown coefficients C}, D}, C3 and D} are deter-

mined from the condition of the radial flux density at the
boundaries of the sub-domain:

L HoRy 1= (Re/R)PP | (R (R
Co=- In 2 Ky +\ - A K,
2 1- (R4/R|) "P Ry R3

pp = R je L= (RIR)™ o, (&)W+2 (&)% K;
" 2 "1 (Ry/R)"P " R R3 8

a7
R 1=(R4/R 2np R 2np R np-2
=52 (] 3)2 (_2) (—3) K:+K;
2 " = (Re/R)™ \\ Ry R
3 MoR3 cl—(R4/R3)2"p R, 2np Ry np-2 . )
Dn = n n - — Kn +Kn
2 T 1= (Ra/R)™ \\ Ry R,
(18)
1—-(R:/R np+2
K= % (19)
np
1 - (R3/Ry)"P™?
K;:(n;/—_zz)ifantZ (20)

When the origin of the coordinate system is selected, the
coordinates axis coincides with the axis of symmetry of the
current coil (see Figure 2). The current density distribution
is shown in Figure 2, and the mathematical expression is as
follows:

2
JS = ﬁ cos (npa;[2) — cos (npa, /2) (21)
Je =0
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The positive and negative j; represent the current direction
in the current coil, as shown in Figure 3. According to
Eq. (21), the following results can be obtained:

D)=D:=D}=DS=ES=JS =0 (22)

According to Eq. (21), assuming that

_ 2ji cos (npa;/2) — cos (npa, /2)

I (23)
m n
According to Eq. (18) and Eq. (9), assuming that
1 R np+2 R 2np
Ly=—————— K+ (—3) (—4) K;| 4
1= (Ry/R))™ Ry R3
2np np-2
1 R R
() (B ) e
1 —(Ry/R)™ \\ Ry Ry

cl= _%ijZJn (1 - (Rz/Rl)Z"p) Ly (26)

Co= B jeked, (1= (R/RP™”) €0 (20)

Using B = V X A, the components of B can be deduced by
10A 0A

B, =—— and By = —— 28

r 06 and Be or (28)

4. Performance calculation and model evaluation

4.1 Performance calculation

When the period of variation of the magnetic field is equal,
the mutual inductive coefficient of the current coil is obtained
using the energy of the magnetic field [31]. The calculation
formula of magnetic field energy in the superconducting
current coil is

wel / A(r,0)j(r,0)dS (29)
2 Js

where S is the cross-sectional area of the current conductor
and, / the axial length of superconducting tape.

After calculating the magnetic field energy, the mutual
and self-induction coeflicients can be calculated from the
formula W = 1/2L1>.

{MIZ =2W/hi

Ly =2W/I} (30)

where [ is the current of the first group of coils and, I, that
of the second group of coils.

According to Eq. (29) and Eq. (30), the main parameters
of a HTS synchronous generator can be determined, such as
back-EMF with no-load and primary inductive reactance, in
which back-EMF with no-load is defined as

Egur = oM ly (31)

where I and w are excitation current and angular frequency,
respectively.

The inductive reactance of HTS armature winding is de-
fined as follows:

Xq = u)(Ll + M12) (32)

where L; and Mj,are obtained from Eq. (30).



Table I Geometric dimensions of internal structures.

Parameters Symbol Value
Outer diameter of stator magnetic core (mm) R0 196
Internal diameter of stator (mm) R 152
Size of the air-gap size (mm) A 1
Outer diameter of the rotor (mm) Ry 150
Active axial length of the generator (mm) Ls 220
Pole pairs of generator P 3
Phase number of armature winding M 3
Number of teeth (slots) of stator Y4 9
Height of the armature coil (mm) H, 10
Number of turns of armature coil Nkat 48
Height of field coils (mm) Hy 10
Number of turns of excitation coils Wy 68
Rotor winding /operating temperature (K) YBCO 77.48
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Fig.3 Air-gap flux density with no-load.

4.2 Model evaluation

To corroborate the effectiveness of the calculation method, a
section of the 3 kW HTS synchronous generator is taken as
an example. ANSYS Maxwell software was used to perform
the analysis and calculations. The initial data and geometric
dimensions are given in Table I.

IEICE Electronics Express, Vol.20, No.4, 1-6

Table I Primary harmonic amplitude value and error.

Number of Flux density(T)
harmonics Analytical method T FEM Error (%)
Base wave 1.436 1.436 0
3 0.1677 0.169 0.76
5 0.02269 0.023 1.35
7 0.05675 0.057 0.44
13 0.004308 0.0034 26.7
19 0.002784 0.002 39.2
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(b) Harmonic spectrum

Fig. 4 Phase A back-EMF comparison of analytical method and FEM.

Figure 3 shows the radial air-gap flux density at r =
(Rsi + Ryo)/2. The analytical method and FEM show the
2D waveforms of the radial air-gap flux density calculation,
which carries the Fourier transformation from the two wave-
forms to obtain the primary harmonic amplitude. As shown
in Figure 3(b), amplitude errors of the fundamental wave
and each harmonic are minor and the error is less than 1%.
The error is calculated on the basis of the results of the FEM.
As shown in Table II, the analytical method has high accu-
racy in calculating the no-load air-gap magnetic field. 3D
distribution of radial flux density is shown in Figure 3(c).

Figure 4 shows the no-load back-EMF of the analytical
method was compared with the FEM results. The analyt-
ical calculation is consistent with the FEM results and the
waveforms are similar to sinusoidal waveforms. The mi-
nor difference is that the FEM uses the actual geometry of
the electric machine. The theoretical basis of the analyti-
cal method is the Laplace equation and Fourier series. The
highest order of the Fourier-series expansion should ideally
be infinite. However, the highest order can only be set to an
appropriate finite value in the actual calculation. Otherwise,
the dimension of the matrix equations will be too large to
be solved, which will cause some calculation errors. The
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Fig. 6 On-load comparison of analytical method and FEM computation
of inductances.

results of the analytical calculation method show that the
phase voltage total harmonic distortion (THD) is 4.299%.
The results of the FEM show that the phase voltage THD is
7.2%.

Figure 5 shows the electromagnetic torque. Once again,
it can be seen that the results of the analytical method are in
close agreement with those of the FEM.

Figure 6 shows the self-inductance and mutual inductance.
The on-load characteristics were provided for a field current
of 60A. Active resistance was used as a load for the generator.
Therefore, the power factor is equal to 1.

5. Conclusions

Analytical equations from the derivation are universal, con-
sidering the critical parameters of superconducting materi-
als, pole pairs, number of per-pole slots, and phase g of

IEICE Electronics Express, Vol.20, No.4, 1-6

high-order harmonics, which can be applied to the magnetic
field analysis and calculation of ring armature winding elec-
tric machines. Compared with previous studies, the FEM is
combined with the analytical method in this paper to verify
the validity of the parameter calculation, which can be used
to calculate and optimize the design parameters of HTS elec-
tric machines. This method is taken as the theoretical basis
for the magnetic field analysis and parameter calculation of
HTS bulk electric machines. The results of the proposed
model are in close agreement with those realized by the 2D
FEM and saving-time.
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Abstract; An improved subdomain analytical method is proposed to solve the problem that tradi-
tional subdomain analytical methods have a high dimension of the coefficient matrix and complex
calculation process in the calculation of magnetic field of surface-mounted permanent magnet ver-
nier machines (SPMVMs) rich in airgap harmonic magnetic fields. The proposed method trans-
forms the Laplace equation or Poisson equation of the vector magnetic potential of each subdomain
in the two-dimensional polar coordinate system into the equation form in the quasi-Cartesian coor-
dinate system through coordinate transformation and uses the separation variable method to ob-

tain the general solution of the vector magnetic potential equation of each subdomain. According

Wk H . 2023-01-25,  AEEMIAv: ®H QS B LA ) HCEGEER . . L. AR . MLESW., X£WH.
E R ARPEE SR HE (51967012) 5 H 4 5 U0 & 1F 3 B8 B3 H (20YF8GA055) 5 H Ol 44 7 45 B £ 56 4 11 Jl B¢ By 7ot
H (22JR5RA807) .,

W 2% YRR ] . 2023-03-15 W 2% AR Ak . https: / kns. enki. net/kems/detail/61. 1069. T. 20230314, 1214. 003. html

11



%57

B A R B T ST AR 1 2 0 R T U A R ML A T O 63

to the boundary conditions, the undetermined coefficients are calculated and the analytical solu-

tions of each vector magnetic potential are expressed in the form of hyperbolic functions. Finally,

the no-load back-EMF, airgap magnetic density, and electromagnetic torque are calculated and

compared with those obtained using the traditional subdomain analytical method and finite ele-

ment method (FEM). The results show that the relative error is less than 1% between the im-

proved subdomain analytical method and the FEM. Compared with the traditional subdomain ana-

lytical method, the calculation accuracy of no-load back EMF, airgap magnetic density, and elec-

tromagnetic torque is improved by 1. 7%, 0.87% , and 3. 66 % respectively. The calculated wave-

forms of the no-load back-EMF for the experimental prototype are consistent with the measured

waveforms, which verify the effectiveness and feasibility of the proposed analytical method.

Keywords: surface-mounted permanent magnet vernier motor; subdomain analytical model;

hyperbolic function; the separation variable method; quasi-Cartesian coordinates system;

finite element method
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Analytical calculation method for energy-based hysteresis model
parameters
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Abstract : The traditional hysteresis modeling method does not consider the energy changes of magnetic
materials such as electrical steel sheets during the magnetization process, resulting in limited simulation
accuracy of the hysteresis characteristics of ferromagnetic materials in actual complex magnetization envi-
ronment conditions. An energy-based analytical calculation method was proposed for hysteresis model pa-
rameters. By the method the relationship was analyzed between the applied magnetic field and the reversi-
ble magnetic field corresponding to the pinning point, and then the distribution function W(h) and the
pinning distribution density of different magnetic field intensity peaks were determined through the varia-
tion curve of coercive force with the peak value of the hysteresis loop. Based on the relationship between
the pinning distribution density and the peak value of the applied magnetic field intensity, the pinning

field strength and weight were calculated, and an energy hysteresis model was established. The discrete
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equation of the model was transformed into a continuous equation and vectorized, and an analytical calcu-

lation formula based on the energy hysteresis model was provided, and the model parameters were identi-

fied through analytical methods. Finally, the experimental data measured at different frequencies were

compared with the predicted results of the analytical model, and error analysis was conducted. The results

show that the analytical method has high computational accuracy, recognition speed, and robustness.

Keywords : electrical steel sheet; energy-based hysteresis model ; pinning field distribution density; write

criterion ; reversible magnetic field intensity; analytical calculation
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Abstract: Magnetic materials, as the core components in the energy conversion of motor equipment, are vital in enhancing equipment
efficiency and ensuring stable operation. The design of high-power density motors necessitates precise modeling and characterization
of the hysteresis properties of the selected magnetic materials, thereby providing a theoretical basis for calculating motor iron losses,
analyzing magnetization curves, and conducting saturation analysis. Various models for describing hysteresis characteristics have
been proposed, which can be categorized into physical and phenomenological models based on their modeling perspectives, with
typical models including Preisach, Jiles-Atherton(JA), and Stoner-Wohlifarth. The basic principles of several prevalent hysteresis
models are introduced, current research statuses are reviewed, limitations and applicable scopes of various hysteresis models ae
analyzed, and the significance of hysteresis modeling in motor design is underscored. Finally, some challenges faced in simulating
hysteresis characteristics and the future trends in this field are presented. By continuously improving hysteresis modeling methods,

this research aims to facilitate the design of new power devices and high-efficiency novel motors for industrial applications.
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