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An LTspice Electrical Circuit Model
of the HTS Dynamo

Mark D. Ainslie, Senior Member, IEEE, Tayyab Baig, and Zhenan Jiang, Senior Member, IEEE

Abstract—The high-temperature superconducting (HTS) dyna-
mo enables injection of large DC currents into a superconducting
coil, without the need for bulky and thermally-inefficient current
leads. For practical applications of such technology — like energiz-
ing superconducting coils in superconducting rotating machines
and NMR/MRI magnets — modelling and understanding the be-
havior while charging a coil is of great interest. From an electrical
circuit point of view, the HTS dynamo can be modelled as a cur-
rent-controlled voltage source in series with an effective (internal)
resistance. The overall charging curves of a coil by an HTS dyna-
mo can be accurately (and quickly, in seconds or less) predicted us-
ing such an electrical circuit model by connecting an RL load rep-
resenting a coil and any circuit resistance. In this work, an electri-
cal circuit model of the HTS dynamo built in the circuit simulation
software LTspice is described. The model is then used to simulate
the charge of an HTS coil under different practical scenarios, and
the results validated against both numerical and experimental re-
sults published in the literature.

Index Terms—High-temperature superconductivity, HTS dy-
namo, HTS modelling, electrical circuit model, flux pump, super-
conducting coil charging

I. INTRODUCTION

THE high-temperature superconducting (HTS) dynamo en-
ables injection of large DC currents into a superconduct-
ing coil, without the need for bulky and thermally-inefficient
current leads. Because of this important advantage, there is
significant interest in using such technology to energise super-
conducting coils in superconducting rotating machines [1], [2],
[3], [4], [6] and NMR/MRI magnets [6], [7].

In recent years, several different numerical models of the
HTS dynamo have been developed and have played a key role
in elucidating the underlying physics of such devices. Such
models also provide useful, cost-effective tools to optimse and
and improve HTS dynamo designs [8]. For practical applica-
tions of such technology, modelling, understanding and pre-
dicting the behaviour while charging a coil is of great interest
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[5], [9], [10], [11]. Coupled numerical models have been de-
veloped for this purpose [9], [11]; however, such models can
require extensive computational time because the full charging
process may require 1000s of cycles of rotation.

From an electrical circuit point of view, the HTS dynamo
can be modelled as a current-controlled voltage source in se-
ries with an effective (internal) resistance [12], [13]. The over-
all charging curves of a coil by an HTS dynamo can be accu-
rately (and quickly, in seconds or less) predicted using such an
electrical circuit model by connecting an RL load representing
a coil and any circuit resistance, e.g., the resistance of soldered
joints.

In this work, an electrical circuit model of the HTS dynamo
built in the circuit simulation software LTspice [14] is de-
scribed. The model is then used to simulate the charge of an
HTS coil under different practical scenarios, with the results
validated against both numerical and experiment results pub-
lished in the literature. Section Il describes the general electri-
cal circuit model and then the implementation of this model in
LTspice. Section Il validates the results of the model against
the analytical results presented by Ghabeli et al. in [9], based
on the assumptions of the HTS dynamo benchmark problem
[15] applied to charging a load HTS coil. Section IV validates
the results of the model against the experimental results re-
ported by Jiang et al. in [12].

Il. ELECTRICAL CIRCUIT MODELS OF HTS DYNAMO ColIL
CHARGING

A. General Electrical Circuit Model

Fig. 1 shows an equivalent electrical electrical circuit model
of an HTS dynamo, represented by a DC voltage source Voc
and effective (internal) resistance Riyx, connected to a load
HTS coil, represented by an inductance Lsc and equivalent
(variable) resistance Rs. Rc represents the circuit resistance,
e.g., the resistance of soldered joints connecting the HTS dy-
namo to the load HTS coil.

For an ideal coil and/or assuming the circuit current
I(t) << lccoin, the critical current of the load HTS coil, Ry can
be neglected (see Section Ill). In this case, I(t) is limited by
the maximum value of current that the HTS dynamo can de-
liver [9]. The current flowing in the circuit can then be calcu-
lated by
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I(t) = lsa1 — ] )

where lsat = Voc / (Re + Rint) i the saturation current and
7= Lsc / (Rc *+ Riny) is the time constant of the circuit, which de-
termines its charging rate.

To consider saturation of the current when limited by ¢ coil
(see Section V), the equivalent (variable) resistance Rs; can be
included, which can be determined from the measured current-
voltage relationship, Veil(l), for the coil, as described in [12].
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Fig. 1. Equivalent electrical circuit model of an HTS dynamo, represented

by a DC voltage source V. and effective (internal) resistance Riy, connected
to a load HTS coil, represented by an inductance L and equivalent (variable)
resistance Rs. R. represents the circuit resistance, e.g., the resistance of sol-
dered joints.

B. LTspice Model

LTspice has been previously used successfully to model the
HTS transformer-rectifier flux pump in [16], [17]. Fig. 2
shows the LTspice implementation used here in this work of
the equivalent electrical circuit model in Fig. 1.
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Fig. 2. LTspice implementation of the equivalent electrical circuit model

shown in Fig. 1.

The HTS dynamo is represented using three voltages
sources. Firstly, Voc is a DC voltage source with a voltage
value set to the open-circuit voltage, Voc, from the dynamo’s I-
V curve (note this circuit element’s series resistance is set to
0 Q). Next, H1 is a current-controlled voltage source. This
circuit element applies a voltage between its nodes equal to
the value of its transresistance (input as —Rint) times the current
flowing through the voltage source Vref which here acts as a
reference (or dummy) voltage source for this purpose. Rc is
simply a resistor (representing the circuit resistance). Finally,

Rsc and Lsc are a resistor and inductor representing the
equivalent (variable) resistance and the inductance of the load
HTS coil, respectively.

I1l. VALIDATION AGAINST BENCHMARK PROBLEM

To validate the LTspice model, we first compare the results
of the model with the results presented in [9]. In [9], the I-V
curves of the modelled HTS dynamo — based on the assump-
tions of the HTS dynamo benchmark problem [15] — are cal-
culated using two numerical modelling frameworks (MEMEP
and the segregated H-formulation). These curves then provide
the parameters Voc and Rin: for the equivalent electrical circuit
model.

Table | summarises these parameters (Voc, Rint) as calculated
in [9] for an HTS dynamo airgap of 3.7 mm and rotation fre-
quencies of 4.25, 25 and 50 Hz. An ideal HTS coil is assumed
with L = 0.24 mH (and Rsc = 0 Q), and the circuit (joint) re-
sistance R¢ = 0.88 uQ. Also included in Table I are the calcu-
lated values for Is;: and 7 for each frequency.

TABLE I. ASSUMED PARAMETERS FOR VALIDATION
AGAINST THE BENCHMARK PROBLEM IN [9]
Voe 10.177 uV
Rim 0.324 },lQ
425 Hz lat 8.45 A
T 199.34 s
Voe 59.219 uV
Rint 1.7235 pQ
HTS dynamo 25Hz len 2975 A
T 92.18 s
Voc 117.911 pv
Rint 3.3415 uQ
S0 Hz lea 27.93A
T 56.85s
) Inductance, Ls 0.24 mH
Load HTS coil
Resistance, R 0Q
Circuit (joint) resistance, Rc 0.88 uQ

Current[A]

200
Time [s]

300 400 500

O Analytical 4.25 Hz O Analytical 25 Hz
——LTspice 4.25 Hz ——LTspice 25 Hz

A Analytical 50 Hz
——LTspice 50 Hz

Fig. 3. The calculated charging current curves of the HTS coil in LTspice,
compared with the results from the analytical equation (1), for three HTS dy-
namo frequencies of 4.25, 25 and 50 Hz, and an airgap of 3.7 mm.



Fig. 3 shows a comparison of the calculated charging cur-
rent curves of the HTS coil in LTspice and the results of the
analytical equation (1), for three HTS dynamo frequencies of
4.25, 25 and 50 Hz, and an airgap of 3.7 mm. There is excel-
lent agreement between these two methods.

IV. VALIDATION AGAINST EXPERIMENTAL RESULTS

To validate the LTspice model further, we now modify the
assumed model parameters to enable a comparison with the
experimental results reported in [12]. Firstly, we calculate the
parameters Vo and Rin: for the experimental HTS dynamo —
which consists of two co-aligned circular arrays of 12 N38
NdFeB permanent magnets that rotate past a single HTS wire
— for rotation frequencies of 48, 192 and 600 Hz, from the I-V
curves measured in [12]. These parameters are listed in Table
I1. In addition, the experimental HTS coil has an inductance L
= 2.4 mH, and to take into account the limitation of the coil
due to its critical current lI¢coi Via its equivalent resistance Rse.
Rsc is calculated using the measured I-V curve of the load HTS
coil in [12], shown in Fig. 4(a), which is fitted in Fig. 4(b) us-
ing the function:

Rsc(1) = Ro(I/1¢,coit)" 2)

where R is the equivalent resistance at the critical current,
lecoit IS the measured critical current, and n represents the
steepness of the transition between the superconducting and
normal state. Since the coil length is 4000 cm, for a character-
istic electric field of 1 uV/cm, the corresponding voltage is
4000 uV, which in turn corresponds to l¢coit = 55.315 A. Thus,
Ro = 72.3 pQ, and trial and error found n = 35 to fit the curve
best. Ry is programmed into the circuit element Rsc in the
LTspice circuit as R = 7.23e-5*(I(Vref)/55.315)**35. Finally,
the circuit resistance R is the same as Section IlI.

TABLE II.
ASSUMED PARAMETERS FOR VALIDATION
AGAINST THE EXPERIMENTAL RESULTS IN [12]

Vo 0.75 mV
Rint 13.2 uQ
48 Hz la 56.9 A
T 1705s
Voc 2.84 mV
HTS dynamo 192 Hz Ffi"' 422'63“3
sat .
T 51.6s
Voc 8.45 mV
Rint 130.8 nQ
600 Hz o 648 A
T 18.2s
Inductance, Ls 2.4 mH
Load HTS coil
Resistance, Ry See Fig. 4(b)
Circuit (joint) resistance, R. 0.88 uQ

Fig. 5 shows a comparison of the calculated charging cur-
rent curves of the HTS coil in LTspice and the experimental
results reported in [12], for three HTS dynamo frequencies of
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Fig. 4. (a) Measured I-V curve of the load HTS coil in [12], (b) Calculated
(open symbols) and fitted (dashed line) equivalent resistance for the coil, used
as Ry in the equivalent circuit (see Fig. 1) and LTspice model.

48, 192 and 600 Hz. For all frequencies, there is excellent
agreement between the LTspice model and experimental re-
sults for much of the charging curves, until the current ap-
proaches the saturation current of the circuit. For the lowest
frequency (48 Hz), there is also excellent agreement as the
current saturates; however, for the higher frequencies (192,
600 Hz), the LTspice model tends to under-estimate the satu-
ration current by a few ampere.

One possible explanation for this is that simply treating the
resistive voltage of the load HTS coil as a resistor based on its
measured 1-V curve may not be wholly appropriate, especially
at higher frequencies. Since the coil’s I-V curve is obtained
from a DC measurement, some frequency scaling may be re-
quired to take into account any frequency dependence of the
critical current [18] and hence the coil’s equivalent resistance.
However, in this case — where the HTS dynamo is charging a
load HTS coil — the current waveform is not a simple sinusoid
like that analysed in [18]. The charging current curves shown
in Figs. 3 and 5 actually contain ripples within each cycle, as
described in detail in [9], which cannot be easily captured via
analytical methods or electrical circuit modelling. This is be-
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Fig. 5. The calculated charging current curves of the HTS coil in LTspice,
compared with the experimental results reported in [12], for three HTS dyna-
mo frequencies of 48, 192 and 600 Hz.

yond the scope of this paper, but is to be investigated in future
work.

For reference, the current charging curves when treating the
load HTS coil as ideal (as per Section I1l, where Ry = 0) are
also included in Fig. 5 as dashed-line curves. In this case, the
circuit is limited by the maximum value of current that the
HTS dynamo can deliver, and it is clear that the LTspice mod-
el will significantly over-estimate the saturation current. This
indicates the need for the inclusion of the equivalent (variable)
resistance Rsc when saturation of the current is limited by I coil.

V. CONCLUSION

The overall charging curves of a load HTS coil by an HTS
dynamo can be accurately (and quickly, in seconds or less)
predicted using an electrical circuit model. In this work, an
electrical circuit model of the HTS dynamo — which can be
modelled as a current-controlled voltage source in series with
an effective (internal) resistance — is built in the circuit simula-
tion software LTspice.

The model is firstly validated against the analytical results
presented by Ghabeli et al. in [9], where an ideal HTS coil is
assumed, and excellent agreement is obtained. Next, the model
is validated against the experimental results by Jiang et al. in
[12], where an equivalent (variable) resistance Ry of the load
HTS coil is included in the electrical circuit to take into ac-
count the limitation of the coil due to its critical current l¢coil.
The model shows excellent agreement for much of the charg-
ing curves, but tends to under-estimate the saturation current
by a few ampere for higher rotation frequencies. To improve
the model’s accuracy, future work should investigate frequen-
cy scaling of Ry to consider the ripples contained in the charg-
ing current curves contained within each cycle.

VI. DATA STATEMENT

Data related to this publication are available at the King’s
Open Research Data System (KORDS):
https://doi.org/10.18742/24018519.
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