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ABSTRACT

This paper represents the performance of a squirrel-cage High Temperature Superconducting Induction/
Synchronous Motor (HTS-ISM) based on nonlinear electrical equivalent circuit. The structure of the HTS-
ISM is the same as that of the squirrel-cage type induction machine, and the secondary windings are
fabricated by the use of the HTS wires. It has already been shown that based on the experiments that even
this simple replacement realizes the excellent improvement of the performances such as coexistence of slip
and synchronous rotations, higher efficiency (due to the synchronous operation), and robustness against the
overload. In this paper, the transient modeling of this motor is performed by Matlab Simulink. Also, it is
shown by FEM that starting and synchronous torque is extremely dependent on input voltage and critical
current of superconducting tapes of the rotor. So, the starting and synchronous torque of the HTS induction
motor can be improved with adjustment of the input voltage and critical current of the rotor HTS tapes. Also,
in order to optimize both the starting and synchronous torques simultaneously, the relationship between these
torques and the critical current of the HTS tapes have been investigated. Finally, according to the variation of
the critical current, we optimized the design of the motor by analytical hierarchy process with finding the
appropriate critical current for HTS tapes of rotor. The equations obtained are nonlinear, and then the typical
Newton—Raphson method is used for the calculation.
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1. INTRODUCTION
Squirrel-cage induction motors have been widely
utilized as the conventional type, because of the simple

et al have already reported experimental results from
using a rotor fabricated with Bi-2223/Ag tapes [1], [2],
and shown that the synchronous torque has successfully

structure, low cost, easy maintenance, availability of
mass production, etc. The aforementioned merits are
crucial from the point of view of practical applications,
even though the energy conversion efficiency of this type
of motor is generally not so high compared to that of
synchronous counterparts. For instance, it is known that
all inverter-fed motors in electric trains have been
fabricated by means of the squirrel-cage-type induction
motor in the world. Therefore, the target is the
application of HTS tape conductors to such a motor in
order to make a breakthrough for the rotating mechanism
as well as the rotation control method of the motor. With
respect to the aforementioned HTS induction motor, Sim

been observed. To the authors’ knowledge, these are the
first direct reports of the coexistence of slippage and
synchronous torques. Unfortunately, the theoretical
discussions for the explanation of the tested results in
their reports are inadequate, and more detailed tests are
also necessary in order to clarify the rotating mechanism
of the motor. Ishigohka et al have also reported
experimental results for a similar type motor with
fractional horse power [3]. Their group, unfortunately,
has not yet succeeded in observing the synchronous
torque, due to the problems of the HTS end rings. The
group at Kyoto University also has been developing such
that motor in several cases and they calls this motor an
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‘HTS induction/synchronous motor: HTS-ISM’, because
such a motor has both slippage and synchronous modes:
even the structure of this motor is the same as that of the
squirrel-cage type [4]-[8]. This group also reported the
rotating mechanism of the Aforementioned HTS
induction motor based upon the electrical equivalent
circuit, in which the nonlinear current transport properties
are taken into account [9], [10]. They have already
shown, based on analysis and experiment, that simple
replacement of the secondary windings with Bi-2223
multifilamentary tapes realizes exciting characteristics,
such as co-existence of slip and synchronous rotation,
almost constant torque versus speed curve, etc.

In the theory, the motor starts rotating when the HTS
secondary windings transit from a zero resistivity state to
a flux-flow state (not a normal conducting state). The
rotating speed increases at the slip mode by increasing
the input voltage, and then the motor is finally pulled in
(synchronous speed), by trapping the interlinked
magnetic fluxes in the secondary windings. This
mechanism indicates the really important point that the
simple replacement of the squirrel-cage windings with
HTS conductors results in the possession of both of
asynchronous and synchronous torques. These
characteristics are impossible to obtain in the case of any
conventional (normal conducting) motor. It should be
noted that our subject motor is still categorized as an
induction motor, even though it has the above-mentioned
synchronous mode; for example, the armature reaction is
considered not to have occurred in this motor. In other
words, the motor is an ultimate induction motor, as that
has zero resistivity secondary windings. Further, the
rotating process, i.e., ‘starting’ — ‘acceleration’ —
‘synchronism’, can automatically be realized with the aid
of nonlinear current density versus electric field relations,
i.e., so-called automatic secondary resistance control.

In this paper the performances of this motor were
analyzed by means of the theoretical and numerical
methods based on the electrical equivalent circuit. A wide
range of electric field versus current density in HTS film
is formulated based on the Weibull function, and
analyzed as a non-linear resistance in the equivalent
circuit. The equations obtained are nonlinear, and then
the typical Newton—Raphson method is used for the
calculation. The theoretical results are compared with
experimental one. The transient state of this HTS
induction motor is modeled by Matlab Simulink. Also it
is shown by FEM that starting and synchronous torque
extremely is dependent to input voltage and critical
current of superconducting tapes of rotor and so the
starting and synchronous torque of the HTS induction
motor can be improved with adjustment of critical current
of rotor HTS tapes. Furthermore, large synchronous
torque can also be realized by trapping the magnetic flux
in the rotor circuit because of the persistent current mode.

Also, the relation of starting and synchronous torque with
changes of the critical current of the HTS tapes to
optimization of these two torques have been investigated
with numerical methods and according to variation of the
critical current we optimized the designing of the motor
by analytical hierarchy process with finding the
appropriate critical current for HTS tapes of rotor.

2. STRUCTURE OF THE HTS-ISM

A commercialized squirrel-cage induction motor,
three-phase, four-pole, 1.5 kW class at room temperature,
is considered in this paper. The number of turns of the
primary windings is 264. The number of slots in the
stator and the rotor is, respectively, 36 and 44.

Only the secondary windings of the above-mentioned
motor were replaced with the superconducting tapes. The
rotor bars and end rings were separately prepared, and
then soldered together. Table I lists the HTS-ISM
parameters in the considered model.

TABLE I
HTS-ISM parameters in the simulation model

Symbol Quantity Value
P Nominal power (kW) 1.5
\ Voltage (V) 200
L Motor length (m) 0.15
D Motor diameter (m) 0.175
g Air gap length (mm) 0.5
Ts Turn number of stator winding 270
p Pole number 4
S¢ Number of stator slots 36
S, Number of rotor slots 44
Rs Phase-resistance of stator winding (Q) 0.12
Xs Phase-reactance of stator winding (Q) 1.82
X Phase-reactance of stator winding (Q2) 1.82
Xm Mutual phase-reactance (Q) 45
R. Phase-core loss resistance 275
Qsr Conversion ratio of stator to rotor 26.7

Table II lists the specifications of the DI-BSCCO
tapes for the squirrel-cage rotor windings [4]. It is used
different kinds of tapes for the rotor bars and end rings.
That is, the width of the tape for the rotor bars is
narrower than that for the end rings. This is because the
slot width of the rotor core is less than 3.3 mm (the width
is dependent on the radial direction of the rotor). In
contrast, there are no spatial limitations for the end rings,
and the wider width, i.e. larger critical current, DI-
BSCCO tapes are utilized in order to always be in the
superconducting (zero resistivity) state. Then, the
nominal critical currents of the tapes are, respectively, 63
A and 138 A, at 77 K and self-field.

TABLE II
Specifications of DI-BSCCO tapes

Symbol Rotor bar End ring
Width (mm) 2.6 4.1
Thickness (mm) 0.18 0.21
Nominal critical current 63 138
@A)
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Fig. 1 illustrates the schematic diagram of the cross
section of a rotor slot. As can be seen, the
superconducting rotor bar is put at the outermost surface
of the rotor, i.e., near the air-gap, in order to reduce the
effect of the leakage magnetic flux [5].

—

HTS tapes (End ring)

HTS tapes (Rotor bar)

Figure 1: Schematic diagram of a rotor with rotor bar and end
ring

As the iron core absorbs almost all of the main
magnetic flux from the slot, the use of such a rotor core
brings about two advantages compared to a machine
without the core. Firstly, there is only a self magnetic
field in the slots, i.e., magnetic field leakage from the
current flowing in HTS bars. In other words, there is no
external magnetic field in them, so the detrimental effect
of the magnetic field on the current transport property in
superconducting HTS can be avoided. Furthermore, the
flux creep induced in the HTS does not need to be taken
into account. Secondly, the reductions of the
electromagnetic force acting on the HTS conductors.
Therefore, we do not need to consider the complicated
structure supporting the HTS conductors [9].

3. DYNAMICAL MODELING OF THE HTS-ISM

In order to analysis with the use of the electrical
equivalent circuit, the nonlinear current transport
property has to be formulated. The following power-law
expression is widely utilized for the approximate
formulation of the flux-flow state. [10], [11]:
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: 2
ic (B,T)= 'co 17T /Te @
1+B /B, 1-T, /T,
no—n, | T ©)
n(B,T): nl+L x—o
1+B/By ) T

Where, Eo denotes the electric field criterion for the
definition of the critical current (Ic). The typical value of
Eo is 0.1 uV/em or 1 pV/em. The power law index n is

called n-value, and shows the steepness of the take-off of
the E-I curve. It should be noted that higher n-value is
important for the realization of the constant torque vs.
slip curve. The value of n for the curve of Fig. 2 is 4.

100

90

Electrical field (uv/m)

0 1] 40 [} 80 100 120 140 160 180 100
Current (A)

Figure 2: Typical curve of electric field (E) vs. current (I)
property at 77 K and self-field in Bi-2223/Ag multifilament
tape utilized for the rotor bars. The tape shows zero resistivity
until the current reaches about 63A (critical current).

Therefore, unlike conventional induction motors with
a fixed secondary resistance at all current and rotor
speeds, the secondary resistance of HTS induction motor
will change in each current flowing through the
superconducting tapes of rotor. In fact for each current
and speed of the motor, there will be a specific secondary
resistance. Fig .3(a) demonstrates equivalent circuit of
slip mode that the secondary resistance is changeable. On
the other hand, when the above-mentioned resistance
becomes zero by accelerating, i.e., the corresponding slip
frequency reduces; the persistent current mode will be
realized. in that case the interlinked magnetic fluxes will
be trapped in the windings, and then the voltage source,
V’5 ,equivalently appears at the secondary windings, i.e.,
synchronous mode (Fig.3(b)) [4].
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Figure 3: Electrical equivalent circuit of HTS induction motor
for one phase. (a)slip mode (flux flow); (b)synchronous mode.
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In order to obtain the changes in torque, speed, current
and resistance of superconducting tapes during the
starting and achieving to steady state mode of induction
motor, Matlab Simulink can be used. Thus, the procedure
is first obtain the voltages of the q and d axis by using
Park convertor., followed by the flux and current of q and
d axis is obtained and ultimately we can obtain dynamic
curves of torque and speed of HTS induction motor. Note
that here there is that unlike a conventional squirrel cage
induction motors with constant rotor resistance, the
resistance of superconducting rotor of HTS induction
motor was variable and depends on the current changes
induced by the stator flux. So the HTS power law can be
applied in the modeling of superconductor tapes, and the
resistance changes of superconducting rotor tapes during
the simulation process and the effects of this variable
resistance on torque, speed and current of the HTS
induction motor was investigated.

Parameters used in the dynamical simulation of this
motor are given by the following relations.
The voltages of each phase are given by:

= 4
Va =V cos(2rft) “)
2r 5
Vp =V cos(2xft _T) )
B 2 (6)
Ve =V cos(2zft + T)
The voltages of g-axes and d-axes are given by:
1 (7
Vqs = g(Z\/a—Vb V¢ )
®)

1
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The fluxes of g-axes and d-axes of stator and rotor and
also mutual flux of them are given by:
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The resistance of superconducting rotor is variable

and it depends on induced current from stator rotational
flux to rotor superconducting tapes, so its relation is
given by:

\N (16)
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The currents of g-axes and d-axes of stator and rotor
given by:
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Is
Vds ~ ¥
g = ds — “dm (18)
S X
Is
' Yar ~ Y
iqr:u (19)
XIr
S Ydr ~Ydm
gy = (20)
XIr

Therefore, the stator and rotor currents for each phase are
as follows:

o =igs @1
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So at the end the induced electrical torque and rotor
speed are obtained as follows:

3(p) 1 . .

Te = 5(5] @ [l//ds Igs —¥gsids } @7n
1

or = [Ty ~Trgg ~Tp it (28)

By applying above equations in Matlab Simulink,
diagram of Fig. 4 can be produced.
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Figure 4:
Simulink

Dynamical model of The HTS-ISM in Matlab

The applied load torque is equal to 9Nm. By running
above program for the duration of 2s from starting to
reaching the steady state mode can obtain any of the
output electrical torque curve, motor speed, stator current
and resistance of the superconductive rotor respectively
in Figures 5, 6, 7 and 8. In the Fig. 6, program running is
continued to 10 s and the final speed is stabled in 1799.3

rpm. The slip equivalent of that is 0.0004.
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Figure 5: Dynamical torque of The HTS-ISM
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Figure 7: Stator current of The HTS-ISM
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Figure 8: Superconducting rotor resistance was transferred to
the stator side

Fig. 5 shows the motor electrical torque. Damping
Torque intended for the motor is zero. The applied
mechanical load torque is equal to Nm 6 so the electric
torque produced in the motor at the steady state is equal
to 6 Nm. Fig. 6 shows the motor speed curves that as it is
clear despite of sufficient mechanical load, the motor
could ultimately increase its speed to synchronous speed.
Fig. 7 shows the current drawn from the source that the
balance of the current at the starting moment and also in
steady state mode of motor is clear. Fig. 8 shows the
superconducting rotor resistance variation that from the
value of 6 ohms at the starting moment to value of zero at
the steady state mode has decreased.

4. GENERATION CONDITIONS OF STARTING TORQUE
FOR THE HTS-ISM

In a three-phase squirrel-cage induction motor the
rotating stator field Bg induces a voltage in the rotor bars.
The rotor voltage produces a rotor current follow, which
lags by 0, behind the voltage because of the inductance of
the rotor.

-1 X,
6 =tg " —") (29)
R r
The X, and R; denote the leakage reactance and ohmic
resistance of the rotor respectively. The rotor current
produces a rotor magnetic field Br lagging 90° behind
itself, and By interacts with Bg to produce a torque in the
machine. The induced Torque in the motor is given by:

T =k BrBS sin(7/2+6,) 30)

While the rotor bars are in the superconductivity state,
the resistance of the rotor is very low and 0, is around
90°. So the induced torque in the motor would be
approximately  zero. Then as long as the
superconductivity tapes are in the non-resistant state,
there will be no starting torque at the motor and in no
way the motor will start. If the critical current of HTS
tape be high, in this case the induced current can’t
remove the HTS tapes from superconductivity to flux
flow state. So for critical current of 189A, the distribution
of the flux density in the rotor at the 0.01s and 0.1s of
starting time are shown in Figs. 9 and 10. As it is clear at
this state the rotor acts as a field shielding.
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Figure 9: Distribution of flux density for the critical current of
189A at t=0.01s.
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Figure 10: Distribution of flux density for the critical current of
189A at t=0.1s.

This mode continues until the total currents induced at
the HTS tapes are less than the critical current. But when
the critical current is low enough, so the induced current
passing from any HTS bars reaches its critical value,
HTS tapes will go to flux-flow state (mixed state) and
will undergo some resistance. The resistance of the
superconducting tapes will not be zero by going to flux
flow state; and by the increase of this resistance, the
motors’ capacity to create the necessary torque will be
launched. So for critical current of 63A, the distribution
of the flux density in the rotor at the 0.01s and 0.1s of
starting time are shown in Figs. 11 and 12. As it is clear
at this state the rotor can start itself.
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Figure 11: Distribution of flux density for the critical current of
63A at t=0.01s.
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Figure 12: Distribution of flux density for the critical current of
63A at t=0.1s.

As it is clear in this case the motor has been able to
starting and increasing its speed to 442.7rpm after 0.1s.
In this time the motor has rotated 130°.

5. APPEARING THE SYNCHRONOUS TORQUE IN THE
HTS-ISM

The HTS-ISM is simulated by FEM. The no-load
speed of motor from starting to reach the stable speed is
shown in Fig. 13. The considered frequency in the FEM
design is 50 Hz.
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Figure 13: No-load speed of motor from starting to reach the
synchronous speed

As it is clear the motor started hardly and at the end
has reached to synchronous speed. The synchronous
speed obtained for two reasons. Firstly the rotor
resistance of rotor at the stable state is very slow. So in
this case the nominal speed will be very larger. Secondly
at the high speed the induced current to the rotor HRS
tapes is slow, so at the passing state of the rotor from
flux-flow state (having resistance) to superconducting
state (no resistance) can create persistent current in the
rotor loops. So the field trapped in the rotor can provide
the synchronous speed to motor. Since, the rotor
resistance is not absolute zero, so the persistent current is
temporarily. The time constant is calculated by:
.

Rr

The distribution of flux density at the synchronous
speed is shown in Fig. 14.
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Figure 14: The distribution of flux density at the synchronous
speed

The persistent current in an HTS bare of rotor at the
synchronous speed is shown in Fig. 15.
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Figure 15: Persistent current density in an HTS bare of rotor at
the synchronous speed

6. STATIC MODELING OF THE HTS-ISM

To optimization of the HTS-ISM, it is necessary to
modeling of the operation characteristics of the motor in
static state. So in this part the process of this modeling is
described

The non-linear equation of resistance for the HTS
rotor in each phase transferred to the stator side can be
expressed as follows:

K n
arly

iC
agrly

The current of superconductivity nonlinear resistance
is expressed as follows:

' Vso
r e N2
(X X, )2+ i)
Is Ir S s

IE,
Al Al

. | )
rr('r)zgasr Sr (32)

(33)

In fact because of that the current and rotor resistance are
independent to each other, to obtain the current and rotor
curves, we should solve equations (32) and (33) for all of
the s values from 1 to 0 with the step iteration at 107

On the other hand the induced rotor voltage on the
stator versus current changes can be calculated according
to motor speed as follows:

Al Al Al
~ Fdp) ~ rr(ir)i.
s s '

This induced voltage also can be calculated with the

following equation.

(34)
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E = (VSgo) —(x|s+x|r) (Ir) —Iei,
In this case, the output power is as follows:
K ep) 2
P0:3E|r:3 s (Ir)

Finally, the torque induced to superconductivity rotor
can be modeled in the following.
_ PRy

2oy,
Where the p is the number of poles and ® is angular
velocity of frequency of power supply.

(36)

e (37)

A. Minimum starting voltage of the HTS-ISM

In the experimental results it is shown that a minimum
starting primary voltage is necessary to transit the HTS
secondary windings from the zero resistivity state to a
flux-flow state to obtain the ability for starting the motor
[4]. Here we obtained the results by applying above
equations in an algorithm. The flow chart of the
algorithm used for calculating the minimum starting
voltage is reported in Fig.16. The equations obtained are
nonlinear, and then the typical Newton—Raphson method
is used for the calculation. The comparison between
analysis result and experimental one corroborates our

results

| Input motor parametrs I

| Solve the equations | |V:V+1|

Figure 16: Flow chart of the algorithm used for finding the
minimum starting voltage for HTS-ISM.
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Figure 17: Rotating speed (N) versus input voltage (V1) curves
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Figure 28: Primary current (I1) versus input voltage (V1)
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Figure 19: Rotor resistance (r’2) versus input voltage (V1)
curves

Fig.17. shows analytical results of the rotating speed
(N) versus input voltage (V1) curves and in the no-load
condition. All results were carried out under the
condition that the motor was in a steady state. As can be
seen, the motor does not start rotating when the input
voltage is low enough. This is because the rotating
magnetic fluxes supplied from the three-phase primary
windings @’,, are shielded from the HTS rotor windings,
due to the superconducting (dissipation less) shielding
current. That is, the following relation (Kirchhoff’s
voltage law) is validated by the condition that the
resistance of the secondary windings is zero. In this case,

the torque is not generated due to Fi(I)=0 in Fig.17. In
order to generate the starting torque, the magnetic fluxes
must interlink the HTS squirrel-cage windings. This
condition can be realized when the shielding current
overcomes the HTS rotor bar’s critical current, at which
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the rotor bars are in the flux-flow (dissipative) state. It
has been called the threshold voltage for entering this
state the minimum starting voltage, Vi, [7]-

B. Torque characteristics for different critical currents

With the changes of critical current of HTS tapes, we
can get different torque versus slip curve characteristics
for motor. The characteristic curve of output torque,
stator current and rotor resistance versus slip for different
currents is obtained by above equations as Figs.20, 21, 22
respectively. The parameters derived are calculated for
different slip, s. The slip is changed from 1 to 0 with the
step iteration at 107,

As it is clear, by increasing the critical current, the
starting torque is reduced. But the input current of motor
is increased (Fig.21) and also its resistance is decreased
(Fig. 22).
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Ie=TOA
Ie=80A
Te=90A
Ie=100A

e Ie=110A

Y —re=1204

Te=130A

le=140A

Torque (Nm)

1 0 ll:!ﬂ 0.7 0.6 s 0.4 03 0.2 0l l‘!
Slip s
Figure 20: Torque curve changes vs. slip for different critical

currents
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Figure 21: Input current changes vs. slip for different critical

currents
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Figure 22: Resistance curve changes vs. slip converted into the
primary side for different critical currents.

But for the synchronous mode, with increasing the
critical current, unlike starting torque, the synchronous
torque is increased. The reason is that with increasing the
critical current, rotor bars regain their superconductivity
at higher current (Fig.21) and torque (Fig.20) and so the
synchronous torque in this current will be higher. Rotor
resistance will be zero at synchronous mode (Fig.22).

7. DEPENDENCE OF THE STARTING AND SYNCHRONOUS
TORQUES TO CRITICAL CURRENT

To obtain the starting torque diagram according to the
critical current changes, we can use the above equations
by placing slip value s = 1 and numerical solving the
equations, achieve this curve in Fig.24 that is shown in
blue. Red curve shows the synchronous torque that is
obtained by detecting point to point of the amount of slip
in which the tape current is reached the critical current of
itself and the changes of equivalent torque for this slip of
the critical currents have been achieved. The flow chart
of the algorithm used for calculating the synchronous
torque is reported in Fig.23.

Gtar

Input motor parameitrs

|Ic,m-.,=? & ICya=" |

I =+ ISol‘& e the equatlonsl IIC:Ic—O—l I

I Save the values of 0 & T I

Yes -
t

Figure 23: Flow chart of the algorithm used for calculating the
synchronous torque
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Figure 24: Starting and synchronous torque curves vs. changes

of critical current

The reason of that the starting and synchronous
torques any way do not exceed from 28 Nm is that
Because that the maximum amount of torque that has
obtained by a specified primary current of motor will not
exceed that maximum torque according to the following
optimization equations:

' 2 N2 ,
_3pv. I,
find =7 5y
With placing (38) at (39) the output torque curve
according to changes of primary input current is achieved

in Fig.25. It is clear that the maximum amount of
induction torque T.=28Nm is obtained for I'=22A.

(3%)

(39)
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Figure 25: Induced torque curve vs. primary current changes

Fig. 24 can be divided into three regions. The first
area (Ic=0-60) where starting and synchronizing torques
both increased with increasing critical current. This area
certainly can not be a good area to select the optimum
critical current for HTS tapes because purpose of
optimization is to finding the maximum value for booth
the starting and synchronous torques and only the
terminal point of this area (Ic =60) is most appropriate for

this region. The third area (Ic >180) also can not be an
optimal area for starting and synchronous torque for this
motor, Because in this area, both starting and
synchronous torque curves reduce with increasing the
critical current and the most appropriate for this area will
be elementary point of this area (Ic=180). So the most
appropriate area for selecting the critical current is the
second area. In this area by increasing the critical current
of HTS tapes the starting torque reduces but synchronous
torque increases Therefore, the critical current selection
in this area depends on HTS induction motor design
condition. In this case if a high starting torque is needed,
so the elementary points of this area would be suitable.
But if you need to design with a high synchronous
torque, then the end parts of this area will be suitable
certainly. Of course, it is clear that more synchronous
torque can be so important for our designing in HTS
induction motors, so we can select the critical current
during the end parts of this area and due to low starting
torque of the motor firstly the motor start without load
and at the synchronous state the load can be applied to
the motor.

8. OPTIMIZATION OF THE HTS-ISM

So far the starting and synchronous torque curves
depending on changes of the HTS tapes critical current of
rotor was investigated. Two other important parameters
that severally affect the design of the HTS induction
motor are:

e HTS tapes cooling loss

e HTS tapes volume
Here optimization process of superconducting induction
motor based on changes in the HTS tapes critical current
is represented.

A. AHP Structure and Formulation

Goal: Finding optimal HTS |
tapes critical current |7

———

HTS tapes Synchronous torque
volime
——

HTS tapes cooling bss | Starting torque

P v v v

Te=20A Ig=d0A Te=60A Ig=60A Te=1004 Ie=1204  Ig=1404 Ie=160A  Lc=150A Ie=2090A

Figure 26: Hierarchy process for optimal scheme.

The first step of the AHP (Analytical Hierarchy
Process) is to structure the problem into graphical module
comprising goal (optimal critical current), criteria, and
alternatives (the 10 points of critical currents). Fig. 26
shows the structure of the winding scheme selection.
Iterating from top to bottom, it contains optimal critical
current at first level, criteria (four evaluation parameters)
at the second level, and alternative ratings at the end.
Here the alternative ratings are the points of critical
current points that divide the critical current to 10
sections.
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Using the curves of synchronous torque and starting
torque in Fig. 24, the weight values relative to these
criterions are achieved.

As previously expressed in HTS
induction/synchronous motors, during the starting
moment that the induced current is high launched during
induction is high which cause to the HTS tapes go from
superconducting state with no resistance passing outside
to flux flow state having resistance loss. in the way of
stage operation If the induced current be increased high
enough that even cause the HTS tapes may go to quench
state with higher resistance., and increase the HTS ohmic
losses caused due to more warming of HTS tapes. This
causes that ultimately will make impossible to control
temperature of HTS tapes and the tapes will cause
damage. So we can consider the cooling loss as starting
torque curve. The weight values relative to HTS tapes
cooling loss criterion is achieved by inversing the starting
torque criterion. HTS tapes volume can be appropriate to
increase the critical current and the number of HTS tapes
and considered linearly and so relative to HTS tapes
volume criterion these weight values are related to value
of critical current. The weight values for each alternative
relative to each criterion are achieved through computer
calculation with the help of expert choice (EC).

The weight of critical currents due to synchronous
torque, starting torque, HTS tapes cooling loss, and HTS
tapes volume are shown in Figs. 27-30, respectively.
Considering Fig. 27, the Ic=180A has the largest weight;
and in Fig. 28, the Ic=60A has the largest weight. From
Fig. 29, the Ic=200A has the largest weight. From Fig.
30, the Ic=20A has the largest weight, and it can be seen
that in all of the figures the rate of inconsistency is equal
to 0.

The weight of criteria is shown in Fig. 31. It can be
seen that the rate of inconsistency is 0.00776 and the
starting torque has the largest weight. The final weight of
the proposed critical current values calculated by EC is
shown in Fig. 32. It can be seen that the Ic=60A has the
largest weight, whereas the Ic=80A, 1c=40A, Ic=100A,
Ic=120A, and..., have lower weight, respectively. This
result confirms the critical current of 63A that have been
selected by Kyoto University group in designing of the
HTS-ISM in reference [4].

Priorities with respect to:

Goal:Select the best point of critical current
>Synchronous torque

critical current 20 .026
critical current 40 .051
critical current 60 .067
critical current 80 .082
critical current 100  .103
critical current 120 .118
critical current 140 .133
critical current 160 .139
critical current 180 .144
critical current 200 .138
Inconsistency = 0.

Figure 27: Weights of critical currents due to synchronous
torque

Priorities with respect to:
Goal:Select the best point of critical current
>Starting torque

critical current 20 .12
critical current 40 .191
critical current 60,214
critical current 80,191
critical current 100 .12,
critical current 120 .07
critical current 140 .038
critical current 160 .02
critical current 180 .015
critical current 200,008
Inconsistency = 0.

Figure 28: Weights of critical currents due to starting torque
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Priorities with respect to:

Goal:Seled the best point of critical current

>HTS tapes cooling loss
critical current 20 .026
critical current 40 017 [
critical current 60 .015 [l
critical current 80 017 [l
critical current 100 026 [l
critical current 120 .042 [N
critical current 140 .084 NN
critical current 160 .140 |
critical current 180 .211 [
critical current 200 421
Inconsistency = 0.

Figure 29: Weights of critical currents due to HTS tapes
cooling loss

Priorities with respect to:
Goal:Select the best point of critical current
>HTS tapes volume
critical current 20 182 [
critical current 40 .164 [
critical current 60 .145 [N
critical current 80 127
critical current 100 100 [N
critical current 120 001 [
critical current 140 .073 [N
critical current 160 .054 [N
critical current 180 .036 NN
critical current 200 .018 [
Inconsistency = Q.

Figure 30: Weights of critical currents due to HTS tapes
volume

Priorities with respect to:
Goal:Select the best point of critical current

Synchronous torque .00 [

Starting torque 544 I
HTS tapes coolingloss 100 [N

HTS tapes volume 056 [N

Inconsistency = 0.00776

Figure 31: Weight of different parameters.
Syntheam with resped o
GoatSelect the best point of oitical cument
Creerafl Inconssiency = .01

X

Figure 32: Final weight of different critical currents

It is important that we know that the Synchronous
speed will continues for how much time in the motor for
this optimized critical current of 60A. In another words
we should calculate the time that the persistent currents
will be remain in the HTS tapes of the rotor. The leakage
inductance of the HTS is constant and equal to 6.77uH
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for each phase [9]. The rotor resistance at the below of
the critical current (superconducting state) can be
calculated with equations bellow:

E (40)

PHTS =

41
LhTs @1

RHTs = PHTS
HTS
(42)

1
't =35rRuts

The calculated rotor resistance in superconducting
state is equal to 3.67u€2. So the time constant in equation
(31) is obtained as 1.84s. This short time is sufficient to
reach the motor to synchronous speed. For the next times
that the persistent current is decreased and accordingly
the synchronous torque will be decreased and so the
speed will fall down slightly. In this case the motor can
increase the torque by inducing current in HTS rotor and
reaching its speed to synchronous again and this process
will repeat to end.

B. Sensitivity Analysis

For various designers with different valuations (due to
their miscellaneous concept from initial judgment
results), changes in options can occur. Sensitivity
analysis denotes content of algorithm flexibility. As such,
the pair-wise comparison matrix of different designs due
to various parameters is determined by HTS-ISM
designers.

Fig. 33 shows the sensitivity analysis for synchronous
torque, starting torque, HTS tapes cooling loss, and HTS
tapes volume, from which the Ic=60A is the optimal
point for an HTS-ISM. For instance, considering Fig. 34,
a new sensitivity analysis is shown so that the weight of
starting torque is decreased from 0.55 to 0.37 and the
synchronous torque is increased from 0.30 to 0.42. It can
be seen that with these new weights, the Ic=80A is the
best followed by the Ic=60A. However, the weighting of
these parameters depends on designer priority.
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Figure 33: Sensitivity analysis.
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Figure 34: Sensitivity analysis with changing of the weights.

9. CONCLUSION

We studied the performance of a squirrel-cage High
Temperature Superconducting Induction/ Synchronous
Motor (HTS-ISM) based on nonlinear electrical
equivalent circuit. The performances of this motor were
analyzed by means of the theoretical and numerical
methods based on the electrical equivalent circuit. The
various specific curves torque versus slip of the HTS-
ISM was obtained with numerical methods by changing
the critical current of HTS tapes of rotor and it was
shown that we can optimize the starting and synchronous
torque of the HTS-ISM with changing this critical
current. The curves obtained for synchronous and starting
torque shown that the variation range of the amount of
critical current of HTS tapes of the HTS-ISM considered
in this paper can be from 20 A to 200 A. Here, four
criteria, synchronous torque, starting torque, HTS tapes
cooling loss and HTS tapes volume, according to changes
of critical current of the HTS tapes, were analyzed by EC
software and were optimized by AHP. It was observed
that with changing the weights of any of the criteria
related to the ultimate goal depending on designer
priority, we can chose the most optimal critical current
for HTS tapes of HTS-ISM. Also, for the HTS-ISM
considered in this paper, the most optimal critical current
was obtained as 60A. This result confirms the critical
current of 63A that have been selected by Kyoto
University group in the design of the HTS-ISM.
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