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Multidisciplinary analysis of the transient performance of a 20 kW class HTS

induction/synchronous motor cooled with a cryocooler and gaseous air-gap coolant
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Abstract

This paper presents a multidisciplinary analysis procedure for the transient cooling and rotating
characteristics of a 20 kW class high temperature superconducting (HTS) induction/synchronous
motor, this analysis couples the nonlinear voltage equations, equation of motion, and a thermal
equivalent circuit. First, the quantitative accuracy of the thermal equivalent circuit is validated
through comparison with results obtained using the 3D finite element analysis. Then,
multidisciplinary analysis is performed with the assumption that the outer surface of the stator is
cooled by a cryocooler and the air-gap between the stator and rotor is cooled by a gaseous coolant.
It is demonstrated that the transient performance of the motor can be fully determined using our
developed procedure. For instance, we can determine the gas-flow speed in the air-gap required for
cooling of the HTS rotor, by assuming appropriate expressions for the heat transfer in the air-gap.
The analysis procedure and obtained results are effective for investigation of the variable speed
performance of an HTS motor system and for optimal design of the motor cooling structure and

method.
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1. Introduction

Implementation in a rotating motor is one of the promising applications of a high temperature
superconductor (HTS). In particular, transportation equipment, e.g., ships, airplanes, buses, and
trucks, is the primary target for such applications.

Various studies on the ship propulsion HTS motor have been performed internationally [1-8].
The typical rotational speed of a conventional ship propulsion motor is lower than that of an HTS
motor by several hundred rpm, and the Joule-type power loss is, correspondingly, larger. Therefore,
reduction of such dissipation is highly important for realisation of a highly efficient motor, and the
HTS motor is a powerful candidate. American Superconductor (AMSC) group (USA) has reported
pioneering work on ship propulsion motors [1,2], finally developing the world’s largest 36.5 MW
synchronous motor. In this motor, the HTS field winding is cooled by means of gaseous helium,
and those researchers have also succeeded in implementing a full load test [2]. Researchers at
Siemens (Germany) have developed a 400 kW class synchronous motor, in which the HTS rotor is
cooled by a Gifford-McMahon cryocooler (30 W@25 K) [3]. They have successfully performed
various tests over a period of almost 1.5 years, and demonstrated the possibility of long term
operation of an HTS motor. Furthermore, the IHI group (Japan) has developed a 12.5 kW class
fully superconducting axial-gap motor, and has moved to manufacture a 400 kW class motor that
consists of an HTS stator and a permanent magnet rotor [4]. In their motor, the HTS windings are
cooled with circulating liquid nitrogen. The Kawasaki Heavy Industries group (Japan) has
successfully completed development of a 3 MW class ship propulsion motor, in which the HTS
field windings are cooled by circulating helium gas [5]. In addition, the Doosan Heavy Industries
& Construction group (Korea) has been developing a MW class ship propulsion motor using
rare-earth barium copper oxide (REBCO) tapes [6]. Finally, a research group at Tokyo University
of Marine Science and Technology (Japan) has attempted to apply a bulk HTS in a ship propulsion
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motor [7]. Those researchers have also succeeded in fabricating a compact rotary joint, which
allows introduction of liquid cryogen into the HTS rotor [8].

For aircraft applications, the power density (mechanical output per unit mass) is important, and
higher speed motors, e.g., with several hundred rpm, have been targeted [9-13]. Although only a
limited number of conceptual design studies have been performed, realisation of a high-speed
motor is very attractive for advancing the new possibility of an HTS motor. Researchers at Florida
A&M University-Florida State University and their collaborators (USA) have actively reported
concepts and design results for an HTS motor system for aircraft applications [9, 10]. Furthermore,
researchers at Airbus Group Innovations and their collaborators (UK), and at Leibniz
University-Braunschweig University of Technology (Germany), have separately studied
conceptual designs of a distributed aircraft propulsion system using an HTS motor/generator [11]
and a hybrid electric aircraft using HTS rotating machines [12], respectively. Finally, researchers at
the University of Tokyo (Japan) have reported detailed electromagnetic design results for an HTS
synchronous motor [13].

For land transport equipment, generation of a higher torque in a limited space is required. The
mechanical output target range is a few hundred kW, and a compact, high-efficiency cryocooler is
mandatory for practical application. Researchers at Sumitomo Electric Industries (Japan) has
developed a series-connected direct-current (DC) motor, in which liquid nitrogen cooled bismuth
strontium calcium copper oxide (BSCCO) pancake field coils are adopted [14]. This motor has
been mounted on a middle class passenger car, and an actual running test has been successfully
performed. In addition, researchers at Sumitomo Heavy Industries, Ltd. (Japan) have developed a
Stirling cryocooler for an HTS electric bus [15]. The reported cooling power and coefficient of
performance (COP) are, respectively, 151 W and 0.07 at 70 K. The present authors’ group (at
Kyoto University, with collaborators) (Japan) has been developing a 20 kW class HTS

induction/synchronous motor (HTS-ISM) for transportation equipment such as buses, trucks, and
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middle class car [16]. Recently, we have validated the highly efficient regeneration characteristics
[17] and excellent controllability [18] of this motor.

To realise a practical HTS-ISM motor system, the cooling structure and method must to be
optimised to facilitate a smaller casing (cryostat) with effective cooling capability. Although the
above-mentioned 20 kW class HTS-ISM is currently cooled by liquid nitrogen [16-18], our final
target is realisation of a system cooled by a cryocooler and gaseous coolant, e.g., helium or neon.

In this paper, a quantitative analysis procedure for the transient cooling and rotating
characteristics of a 20 kW class HTS-ISM is developed. First, we develop a thermal analysis
procedure based on a thermal equivalent circuit; the accuracy of this procedure is validated by
comparison with results obtained via the 3D finite element analysis (3D-FEA). Then, we couple
the equations of the above procedure with nonlinear voltage equations and the equation of motion,
and multidisciplinary analysis is performed for the transient rotation and cooling characteristics of
the motor. Here, it is assumed that the outermost surface of the stator is cooled by a cryocooler and
the air-gap between the stator and rotor is cooled by a gaseous coolant. By assuming appropriate
heat transfer characteristics for the air-gap gaseous cooling, analysis results for the transient

characteristics are obtained and discussed.

2. Subject motor

2.1 Structure and specifications

Fig. 1 shows photographs of the fabricated 20 kW class prototype HTS-ISM (3-phase, 4-pole)

[16-18]. Rotor windings are formed by using Bi-2223 superconducting tapes whereas stator

windings employ conventional copper wires. Laminated silicon steels were utilised for both cores of

the rotor and stator, and stainless steel (SUS304) was utilised for the shaft. Table I lists the motor



specifications. A more detailed explanation can be found in [16].

(b) Cu stator

Fig. 1 Photographs of 20 kW class HTS-ISM [16-18]

Table I Technical specifications of 20 kW class HTS-ISM [16-18]

Item Stator Rotor
Pole number 4 n/a
Slot number 48 38
Outer diameter 200.0 mm 119.3 mm
Inner diameter 120.0 mm 50.0 mm
Length 106.0 mm 106.0 mm
Weight 16.0 kg 13.6 kg
Coil material Cu Bi-2223 (HTS)
Turn number/coil 32 n/a




2.2 HTS tape current transport property
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Fig. 2 Electric field, Es, vs. current, /s, curve of an HTS rotor bar at 77 K, obtained from measured

results (inset: Bi-2223 rotor bar) [18]

Fig. 2 shows an electric field, Es, vs. current, /s, curve measured for an HTS rotor bar (inset), which
was installed in an iron core at 77 K [18]. The Es-Is (flux-flow) curve can be expressed by the
following equation:

E(1)=A-1,,)" 6]
where I.m (= 694 A) is the critical current that yields exactly zero resistance, and 4 and »n are a

coefficient and the power-law index, respectively. Further, the temperature dependence of the above

E-I curve is considered to be that of I.m, which is expressed as follows [19]:

T 2v
[ oc(1=2) 2

where Ti: (= 105 K) is the so-called irreversibility temperature, and v (= 0.5) is the static critical
component. It should be noted that the critical current (/.c), which is defined by the typical electric
field criterion of 100 uV/m, is 1157 A; however, Icm 1s always less than /..

The superconducting layer resistance, Rs, is defined as Egl/I;, where [ denotes the HTS rotor
winding length. Moreover, the HTS rotor windings consisted of not only a superconducting layer

but also a normal conducting layer. That is, the Bi-2223 tape included a normal conducting layer
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(Ag or its alloy), which is crucial for production of high quality tape. The resistance of this layer,
Rag, also acted as the so-called stability resistance, and the accidental over current /oy bypassed the
superconducting layer if I,y was larger than /... The HTS windings further included the solder
resistance between the HTS rotor bars and the HTS end-rings, R.. The equivalent circuit of the
above resistances is shown in Fig. 3. Therefore, the HTS rotor bar resistance, R, is expressed as
follows:

R=R /IR, +R, 3)

Using Eq. (3), both losses of superconductor (Rs) and normal conductor (R.; and R¢) can be
estimated. Note that almost DC current flows in the HTS rotor windings in the synchronous speed

rotation mode, the AC loss and the coupling loss is small correspondingly.

RSC
— ; —
RC
Rag

Fig. 3 Equivalent circuit of HTS rotor bars (Rs.: superconducting layer resistance obtained from Egs.
(1) and (2), Rag: silver layer resistance, Rc: solder resistance between HTS rotor bars and HTS

end-rings)

2.3 Thermal property

The thermal property values of the materials used in the 20 kW class HTS-ISM (77 K) are
presented in Table II [20-22], and these values were used for the thermal analysis. The temperature
dependencies of the aforementioned values were also considered in the thermal analysis.

It should be noted that the thermal diffusion time constant of the rotor teeth (0.731 s) was more
than 7 times higher than that of the HTS (Bi-2223) rotor bars (0.104 s), and the heat generated in

the HTS rotor bars could be immediately removed to the rotor core, when the thermal resistance
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between them was sufficiently small.

Table II Materials used in 20 kW class HTS-ISM (77 K) and their thermal property values [20-22]

Rotor Stator
Item Shaft Sleeve
yoke teeth bar yoke teeth Coil
Material SUS304 35JN210 35JN210 Bi-2223  35JN210 35JN210 Copper SUS304
Volume (mm?) 208131 455517 362971 157563 1402071 366077 348037 699319
Thermal conductivity
14.8 92.6 92.6 159 92.6 92.6 755 14.8
(W/m/K)
Heat capacity 792 497 396 96 1528 399 15260 2662
(J/K)
Thermal resistance
- 12.2 1.85 1.07 6.24 2.04 0.25 9.67
(mW/K)
Thermal diffusion
- 6.081 0.731 0.104 9.536 0.814 3.820 25.744

time constant (s)

3. Analysis method

3.1 Nonlinear voltage equations and equation of motion

The rotating characteristics of the HTS-ISM can be discussed based on the voltage equations and
equation of motion. For the voltage equations, the three-phase electrical quantities are usually
transformed to two-axis quantities to allow intuitive and easy understanding of the motor
characteristics [23]. In this study, a static stationary orthogonal (ab-axis) coordinate system was
considered. Note that the rotor structure of the HTS-ISM was a squirrel cage, and the corresponding

equations are expressed as follows:



R +L, 4 0 M 4 0
dt dt
vas las
o RrR+LL 0 YA

0 L Loy rer 4 By |k
0 dt 2 i

_Ea)mM i _Ea)m T Rl’ +Lr 5

L dt 2 dt |

where v and i are the voltage and current, respectively. The subscripts ‘a’ and ‘b’ denote the a- and
b-axis values, respectively, and the subscripts ‘s’ and ‘r’ denote the stator and rotor values,
respectively. Furthermore, R, L, and M correspond to the resistance, self-inductance and, mutual
inductance, respectively; @m is the mechanical angular frequency; d/d¢ is the time operator; and P is
the pole number, which was fixed to 4 in this study. Using Eq. (4), the torque, 7, can be expressed as

follows:
P
2-251\4(ibsiar _iasibr) (5)

The superconducting properties of the HTS rotor windings are taken to be indicated by the R; of Eq.
(4). That is, the nonlinearity of R; is calculated from Egs. (1), (2) and (3). In a previous study, we
demonstrated that the nonlinear behaviour of R; is crucial for stable rotation of the HTS-ISM [24].
For example, if the value of R; is simply taken to be 0, the motor cannot begin rotation because no
electromotive force is generated in the rotor windings. Then, the flux flow curve in Eq. (1) is crucial
for starting. Such nonlinear resistance is also important for realise stable rotation against variable
speed control.

The rotating characteristics of the motor are expressed as follows:

r=J % +Do, +1,, (6)

where J and D are, respectively, the moment of inertia and damping coefficient of the rotor, and 7ioad

is the loaded torque.
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We can calculate the dynamic characteristics of the HTS-ISM by combining Egs. (1)-(6), and

have already reported the accuracy of their analysis [17,18].

3.2 Thermal equivalent circuit

Transient thermal analysis was also performed based on the thermal equivalent circuit. Fig. 4
illustrates the circuit developed for the 20 kW class HTS-ISM, which consists of heat flow, thermal
resistance, and heat capacity elements. We considered two circuits parallel to the radial direction,
i.e., with and without slots. Although the number of stator slots (48) differed from the number of
rotor slots (38), we assumed the same number (38) for simplicity. The validity of this assumption is
discussed below, through comparison with the results of a 3D-FEA.

Furthermore, we assumed that the heat leakage of the shaft from outside (room temperature)
was 44 W; this value was estimated based on an experiment. The Joule losses for both slots of the
rotor (HTS) and stator (Cu) were considered. The iron losses of the cores were calculated using two
dimensional FEA analysis of Fig. 1 (JMAG designer® : JSOL Corp., Japan) for various input
voltages and frequencies, and used for the multidisciplinary analysis.

In the considered design, the stator sleeve is cooled by means of the cryocooler (500 W@80 K).
Therefore, the following equation was taken to represent the temperature dependence of the
cryocooler cooling power, Pc:

P =12.5x(T -40K) (W) (7)

That is, the lowest realised temperature was assumed to be 40 K.
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Cryocooler

Iron loss(stator)

Heat conversion(gap)

Copper loss(rotor)

/

Iron loss(rator) ™~

—5— Heat flow
——— Thermal resistance

Heat leak(shaft) —i— Heat capacity

Fig. 4 Thermal equivalent circuit of 20 kW class HTS-ISM

3.3 Expression of cooling in air-gap

We considered two kinds of gaseous coolant heat transfer in the air-gap. The first one was the
radial-direction heat transfer produced by the rotation of HTS rotor (O:), and the second one is the
axial-direction heat transfer produced by axial flow of a gaseous coolant (Qa.). O: is expressed as

follows [25]:

O.=UA(T -T)) (W) (®)
U75 - 0.21(Vr2 fz O pys ) 9)
\% r

where T: and Ts are the surface temperatures of the rotor and stator, respectively; 4 and r are,
respectively, the external surface area and radius of the rotor; ¢ is the air-gap length; v: is the
circumferential speed of the rotor; P; is the Prandlt number; U is the heat transmission rate; A is the

gas thermal conductivity; and vis the gas kinematic viscosity coefficient of the gaseous coolant.
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In addition, Q. is expressed as follows [26]:
0,=hA(T, -T,) (W) (10)

D, D, D v.D
7= =0.0015(1+ 2.3 =8)(52)04 (2222 )08 plis i 0
2 ( L)(Dr) (—==)"F, ) (11)

D,

where De (= 20) is the equivalent diameter; v, is the axial flow velocity of gaseous coolant; 4 is the
heat transfer coefficient; L is the distance from the heating point; and D: and Ds are the outer
diameters of the rotor and stator, respectively.

Fig. 5 is a schematic diagram of O and Q.. We assumed that the cooling characteristics of the

gaseous coolant in the air-gap are a superposition of Or and Qa.

VS N

Fig. 5 Schematic diagram of radial direction heat transfer (Q) and axial direction heat transfer (Qa)

of gaseous coolant in HTS-ISM air gap

3.4 Multidisciplinary analysis

By combining the equations presented in sections 3.1, 3.2, and 3.3, multidisciplinary analysis was
performed to investigate the transient cooling and rotating characteristics of the HTS-ISM. A flow
chart of the analysis procedure is shown in Fig. 6. First, the rotation speed, frequency, and voltage
were determined as the input information. Then, the input and output quantities, e.g., the input
power and mechanical output, were obtained from the nonlinear voltage equations and equation of

motion (section 3.1). Using the above quantities, the Joule losses were calculated and the
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corresponding temperature was obtained from the thermal equivalent circuit (sections 3.2 and 3.3).
From the calculated temperature, the rotor resistance of the HTS windings could be obtained and

used for the next time step.

I — ] -
) + L4 4 i
‘ Set rotation speed Uas B + Ly 0 | Mg 0 | tas
i Ubs | _ 0 Re+ Loy, 0 Mg Ths
Determine frequency from 0 M o SumM R, + Ly SwmLe Ty
synclronous speed 0 - %w,“.-U M % - %Wer R.+ L, % i |
‘ I)
‘ Determine voltage from F/f pattem T= ;i”“t.d}.r — dastbr) (Electrical Ch&l‘&CtGl‘iStiC)
1 2
Solve voltage equations and dew . . o
equation of motion T=J a t- t+ D + Tioad (I\metlc Chfll'flCtGl’lSth)
L
‘ Calculate joule&iron losses ‘ o
G . .
v — C(T) 5 = VE(T)VT + Quoaing + Qe | (Thermal characteristic)
‘ Calculate thenmal equivalent curcuit network ‘ ‘
‘ Calculate R, for next step \ V(D) = A(l — Ia)] , (Superconducting property)
N ™ 'sc R
Te x (l - Il) °
Finish for rotatia z

ommand?

ag

Fig. 6 Flow chart of multidisciplinary analysis procedure for 20 kW class HTS-ISM

4. Results and discussion

4.1 Validation of thermal equivalent circuit by comparison with 3D-FEA results

First, the accuracy of the thermal equivalent circuit was validated through comparison with a
3D-FEA model. Fig. 7 shows the 3D-FEA model used in this study, which was developed using
JMAG designer®. The cooling power (Pe: Eq. (7)) was taken on the outer periphery of the sleeve as

the thermal boundary condition.
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Sleeve Air-gap

Stator core

Stator coil

Fig. 7 3D-FEA model for thermal analysis of 20 kW class HTS-ISM (The outermost surface of the
sleeve is cooled by a cryocooler and the air-gap between the stator core and rotor core is cooled by

gaseous coolant. The heat intrusion from the outside is related to the shaft.)

Figs. 8 (a) and (b) show the temperature contours of the motor cross-section under the no-load
condition, which were obtained from the 3D-FEA. The motor was cooled from room temperature,
and the temporal variation of the temperature was analysed for 30000 s. As Fig. 8 (a) shows, the
stator and rotor temperatures were approximately 244 K and 252 K, respectively, for the elapsed
time of 1000 s. The shaft temperature, however, still exhibited a higher value, i.e., approximately
258 K, due to heat intrusion from outside. The motor reached its thermal equilibrium state when the
cooling time reached 30000 s, and the corresponding temperature contour is shown in Fig. 8 (b). At
that time, the shaft and sleeve temperatures were 71 K and 66 K, respectively; these values are
sufficiently low for safe operation.

Note that the spatial distribution of the temperature was symmetrical in the circumferential
direction of the motor. That is, the temperature was distributed in the radial direction only, and this
result indicates the validity of the thermal equivalent circuit analysis. Next, the analysis results

acquired from the thermal equivalent circuit were compared with the above results.
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Fig. 8 3D-FEA temperature contour results starting from room temperature

Fig. 9 shows semi-logarithmic plots of the temperature vs. elapsed time characteristics obtained
from the 3D-FEA and the thermal equivalent circuit. As apparent from this figure, the temperature
traces of both the 3D-FEA and the thermal equivalent circuit exhibit reasonable agreement; thus, the
validity of the circuit is apparent. The temperature differences between these plots in the steady
state (30000 s) were 3.1 K for the sleeve (FEA: 66.1 K, equivalent circuit: 63.0 K) and 1.0 K for the

shaft (FEA: 71.4 K, equivalent circuit: 70.4 K).
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Fig. 9 Comparison of cooling characteristics of 20 kW class HTS-ISM given by 3D-FEA and

thermal equivalent circuit

4.2 Transient characteristics

The transient cooling and rotating characteristics were investigated via the proposed
multidisciplinary analysis procedure (Fig. 6). After the motor reached its steady state without
excitation (the system’s lowest temperature), the analysis was initiated. The synchronous rotation
speed and the load torque at steady state were set to 1800 rpm (60 Hz) and 26.5 Nm, respectively.
The corresponding mechanical output was 4.995 kW (25% of the rated output (20 kW)). Note that
this rotation mode is most likely to remain throughout the entire operation of a typical EV system.
We selected an input line voltage of 100 V at 60 Hz. The axial flow velocity of the gaseous coolant
in Eq. (11), va, was assumed to 2.4 m/s in this study. Based on the above condition, the motor speed
was increased from 0 to 1800 rpm for 10 s with an excitation rate of V/f= 100 V/60 Hz. Then, the

motor characteristics were simulated.
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Fig. 10 Analysis results for transient cooling and rotating characteristics of a 20 kW class HTS-ISM
cooled by a cryocooler and gaseous coolant. The rotation speed was increased from 0 to 1800 rpm

(60 Hz) for 10 s, and the steady state load torque was 26.5 Nm (4.995 kW) at 100 V and 60 Hz.

Fig. 10 shows the analysis results for the cooling and rotating characteristics of the motor. As

apparent from Fig. 10(a), the stator and rotor temperatures reached 78.5 -81.9 K and 91.2 -92.0 K,
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respectively, at = 5000 s. That is, the temperature difference between the rotor and stator was
approximately 11 K in the steady state.

Fig. 10(b) shows the corresponding rotor bar resistance with the rotation speed as functions of
time. As apparent from this figure, the rotor bar had a resistance value of approximately 30 pQ in
the initial state, which then gradually increased because of the temperature rise at £~ 1000 s. This
resistance value is largely attributed to the ohmic resistance of R.z and R. (see Fig. 3 and Eq. (3)).
As described in section 3.1, the conventional (normal conducting) induction motor tends to be
unstable rotation state against external disturbance such as temperature fluctuation, when the rotor
bar resistance is ohmic and lower. Nevertheless, the HTS-ISM maintained stable rotation at £~ 1000
s. The reason for such stable rotation is a spike-like rotor bar resistance that is shown in the same
figure. That is, the steep (nonlinear) flux-flow resistance (see Fig. 2 and Eq. (1)) guaranteed the
stable rotation by behave as a damping resistance [24]. In other words, the nonlinear resistance of
the HTS rotor bar is extremely important for stable rotation of the motor. Fig. 10(c) shows the rotor
bar current and the temperature trends over time. The critical current of the bar, which varies with
temperature, is also plotted for reference. The cause of the spike-like current is the same as that of
the rotor bar resistance (Fig. 10(b)).

Fig. 10(d) shows the cooling power of the cryocooler and the gaseous coolant at the air-gap as
functions of time. The temperature traces of the rotor and stator are also plotted. The cryocooler
cooling power increased with the temperature and then reached approximately 480 W in the steady
state. However, the cooling power of the air-gap coolant was lower than that of the cryocooler. That
is, even O was approximately 60 W in the steady state. Furthermore, Q. was quite small, and was
not practically effective. As mentioned above, the axial direction gas flow was assumed to be 2.4
m/s in this study; thus, greater flow speed was required to improve the air-gap cooling performance.
Importantly, the validity of the assumed expressions for the air-gap cooling, i.e., Egs. (8)-(11), has
not yet been experimentally elucidated; this validation is a very important topic for our future
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research. In any case, the developed analysis procedure realises a method for investigating the

transient cooling and rotating characteristics of the HTS-ISM.

5. Conclusion

In this study, we developed a multidisciplinary analysis procedure for the transient cooling and
rotating characteristics of an HTS-ISM, which couples the nonlinear voltage equations, equation of
motion, and thermal equivalent circuit. The validity of the thermal equivalent circuit was first
clarified through comparison with 3D-FEA results. Using the developed procedure, the transient
characteristics were analysed for a 20 kW class HTS-ISM, of which the outermost surface of the
stator was cooled by a cryocooler and the rotor was cooled using the assumed air-gap gaseous heat
transfer. This case study demonstrated that temporal variation of the various quantities of the
HTS-ISM, e.g., the current, losses, output power, rotation speed, temperature, and cooling power,
can be quantitatively analysed using the proposed approach. Hence, the rotating and cooling
characteristics can be comprehensively discussed and optimised. Using our analysis procedure, we

can study the optimal cooling structure and method for the HTS-ISM.
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