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A Rogowski coil based sensor for current measurement in a cryogenic environment and results of its application for paralleled
high temperature superconducting (HTS) coil current sharing are presented. The current sensor consists of a Rogowski coil and
an integrator, where the coil output voltage is proportional to the derivative of primary current and the integrator transfers the
differentiation to normal state. The Rogowski coil has promising applicability at cryogenic circumstance because its body is made
of low temperature materials. The integrator ensures a large bandwidth with feasible magnitude, which is vital for dynamic current
measurement during the quench of the HTS coil. The proposed current sensor is used for current sharing measurement of two
paralleled Bi2223 HTS coils, and the experimental results show that the measurement precision is better than 0.5%.
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1. INTRODUCTION

THE PROMISEof low-cost high temperature superconduct-
ing (HTS) conductors coupled with reasonably priced re-

frigeration systems has encouraged application of this tech-
nology to a variety of magnets and power equipments [1].
Unfortunately, as the conductor ampacity and withstand volt-
age are limited, it is crucial to connecting the conductors in
series/parallel configurations to meet the voltage and current
requirements. Therefore, the voltage and current sharing of
used conductors become a vital part during design and assem-
bling, since unbalanced current or voltage may be a threat to
safety operation of the conductor, or even cause damage.

As the voltage can be lead out from cryogenic to room
temperature without losses, conventional voltage measure-
ment skills are available to voltage sharing testing. On the
other hand, conventional current measurement devices cannot
work at cryogenic temperature (<100 K), copper current leads
are commonly inserted so that conventional current measure-
ment devices at room temperature can be used. However,
the impedance of inserted current leads may seriously af-
fect the current distribution of parallel conductors sincethe
impedance of an HTS conductor is relatively small. Thus, it
is better for us to measure the current in liquid nitrogen with-
out long current leads.

Current sensing techniques are mainly based upon Ohm’s
law of resistance, the Faraday effect, magnetic field sensors
and Faraday’s law of induction [2]. The current sensors based
on Ohm’s law of resistance, like shunt resistor and trace re-
sistance sensing, often provide the advantage of lower costs
compared with other sensing techniques, and have the repu-
tation of being reliable due to their simple working principle.
However, a significant drawback for the application of such
kind of current sensor is the unavoidable electrical connection

between the current to be measured and the sensing circuit,
which is undesirable at deep low temperature.

Current sensors based on Faraday effect, like fiber-optic
current sensor, are especially useful in high voltage systems
because of the inherent electrical isolation, and in systems
with high electromagnetic-inference levels, but not suitable
for low temperature application as the fiber-optic deforms at
extremely low temperature, which deteriorates the accuracy.

Magnetic field sensors provide an attractive alternative ba-
sis for both alternating and direct current sensing. These
magnetic field current sensors based on the Hall-effect, flux-
gate principle and magneto resistance effect are widely used
and accepted nowadays in conventional current measurement.
However, the most serious limitation is the degaussing cycle
required after an over-current incident, and the distinct tem-
perature related drift of the output voltage, which is not appli-
cable for cryogenic temperature situation. Superconducting
quantum interference device (SQUID) is extremely useful for
magnetic field measurement in a cryogenic environment, but
it is difficult to use at a high voltage situation [3].

Current transformer based on Faraday’s law of induction
is the most widely used current sensing device [4]. However,
the magnetic core material may cause the HTS tape to quench,
and the size is relatively large in order to measure large cur-
rent. The Rogowski coil is another kind of current sensor
based on Faraday’s law of induction as current transformer.
The Rogowski coil usually uses non-magnetic core, and the
sensing probe structure is very simple, which are very impor-
tant for low temperature application [5]. A distinct feature of
the Rogowski coil is that it does not exhibit saturation, andis
inherently linear [6, 7]. It has been widely used in impulse
[8], large-magnitude [9], and some high-frequency [10] cur-
rent measurement.

Nevertheless, the thermal expansion may change the cross-
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sectional area of the coil, which is extremely apparent in a
liquid nitrogen environment and affects the accuracy. On the
other hand, compared with the current transformer, the sensi-
tivity of the Rogowski coil is small. More turns on the coil or
large integrator gain could increase the sensitivity. However,
more turns increase the self-inductance and distributed capac-
itance, whereas a higher integrator gain requires an amplifier
with large gain-bandwidth product, which reduces the circuit
bandwidth [11]. A bandwidth of 2.5 kHz is enough for the
measurement of power grid current harmonics [12], and we
could have a trade-off between the bandwidth and the number
of turns [13]. When plunged at cryogenic temperature, the
coil resistance, distributed capacitance, and self-inductance
are all changing, which changes the coil output voltage.

This paper solves the problem of alternating dynamic cur-
rent measurement at cryogenic temperature using the Ro-
gowski coil. Considering the measurement requirement of
the developed superconducting equipment, a Rogowski coil
with a bandwidth of 1.67∼ 2000 Hz is developed, and the
thermal expansion and essential impedance change of the
coil from room temperature to cryogenic temperature are dis-
cussed. The cross-sectional area change may extremely af-
fect the measurement accuracy, thus the materials for both
coil core and turns are carefully selected as Stycast 2850 FT
and copper, since they have relatively small and similar ther-
mal expansion coefficient and low-temperature characteris-
tics. Consequently, the current sharing of paralleled HTS coils
is measured using those calibrated low temperature Rogowski
coil current sensors. The experimental results show that the
developed Rogowski coil has an accuracy around 0.5% at low
temperature with the frequency of 1.67 Hz∼ 2000 Hz and
current range of 100 Arms∼ 2000 A, and we could acquire
exactly the current distribution of paralleled HTS coils.

2. PRINCIPLE OF THEROGOWSKI COIL CURRENT

SENSOR

2.1. Fundamentals

Turn 

 L Core

Magnetic Flux

 (t) 

Cross-Section

Dc Primary Current 

ip(t)

IntegratorE(t) V(t)

Fig. 1: Rogowski coil with an integrator

The basic layout of a current sensor using the Rogowski
coil is shown in Fig.1, where the Rogowski coil usually com-
prises an annular core with a turn of uniform density and area
[14]. According to Faraday’s law of induction, an AC (alter-
nating current) primary currentip(t) generates an AC mag-

netic fluxφ(t) in the cross-section areaDc surrounded by the
turns. Consequently, the AC magnetic fluxφ(t) induces the
electromotive forceE(t). It is not difficult to find that the
electromotive forceE(t) is proportional to the differential of
primary currentip(t). Therefore, an integrator is necessary
for the sensor.

The working principle starts with Ampere’s law that defines
the path integral of the magnetic flux densityB inside the coil

˛

ΩL

~B·d~l = µ0ip(t) (1)

The primary conductor currentip(t) flows through the area
enclosed by turnΩL. To simplify the theoretical analysis, we
assume that:

A0. The cross section diameter of the Rogowski coil is
much smaller than its radius.

A1. The currentip(t) is centered inside the Rogowski coil.
A2. The cross-section of the Rogowski coil is the same for

the full length of the core.
A3. The turn around the core is uniform.

2.2. Error source caused by thermal expansion
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Fig. 2: Rectangular section

A Rogowski coil with rectangular section is shown in
Fig. 2, wheredint and dext are the internal and external di-
ameters, respectively, and 2h denotes the height of the coil.
With the above assumption A0-A1 and (1), the magnetic flux
densityB at one spot at distancerC from the coil becomes

B=
µ0ip(t)

2πrC
(2)

whererC is the distance from the axis of primary current lead
to the specific spot on the coil, andµ0 = 4π × 10−7 H/m is
space permeability. By applying the Faraday’s law of induc-
tion and (2), a measured currentip(t) induces an AC magnetic
flux φ j(t) in one turn,

φ j(t) =
µ0ip(t)

2π

ˆ h

−h

ˆ dext/2

dint/2

1
x

dxdy=
µ0ip(t)h

π
ln

dext

dint
(3)
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According to A2, if the cross-section of the Rogowski coil
is the same for the full length of the core, the electromotive
force in the Rogowski coil is

E(t) =
N

∑
j=1

−
dφ j(t)

dt
=−

µ0Nh
π

ln
dext

dint

dip(t)

dt
(4)

whereN is the number of turns. From the above equation (4),
the electromotive forceE(t) is proportional to the derivative
of the primary currentip(t). Therefore, the transfer function
between the primary current and the electromotive force be-
comes

E(s) =−sNφ j(s) =−s·
µ0Nh

π
· ln

dext

dint
· ip(s) (5)

The above (4) is the foundation for using the Rogowski coil
for current measurement. It is based on the assumption A2,
that the cross-section of the Rogowski coil is the same for the
full length of the core, which is reasonable in common appli-
cation. However, the shape and circuit parameters of the coil
vary when soaked into liquid nitrogen. Although the varia-
tion of dimensions will lead particularly to variation of cross-
section areaDc, some relation between the dimensions will
remain the same. Nevertheless, it is important for us to in-
vestigate the effect of such low temperature around 77K. The
impact of geometry change on magnetic fluxφ j(t) is:

∂φ j(t)

∂h
=

µ0ip(t)

π
ln

dext

dint
(6a)

∂φ j(t)

∂R
=

µ0ip(t)h

π
1

dext
(6b)

∂φ j(t)

∂ r
= −

µ0ip(t)h

π
1

dint
(6c)

Thus,

∂φ j(t) =
µ0ip(t)

π

[

ln
dext

dint
·∂h+h

(

∂dext

dext
−

∂dint

dint

)]

(7)

Therefore, the impact of geometry change on the electromo-
tive force becomes

∂E(s) =−
µ0Nsip(s)

π

[

ln
dext

dint
·∂h+h

(

∂dext

dext
−

∂dint

dint

)]

(8)

Remark 1. From (8), the output of a Rogowski coil with rect-
angular section is proportional changes to the axial and ra-
dial variation. As the value of2h decreases, the signal gain
decreases proportionally, namely, a variation by height re-
sults in the same percentage of measurement error. However,
the variation of height does not affect the phase. It is not diffi-
cult to find that the error caused by coil external diameter dext

is similar to that of coil height2h. However, compared with
external diameter dext, the internal diameter dint enlarges, and
the signal gain increases.

E(t)

i0(t)
R0

C0

Rs

Vs(t)

L0

Fig. 3: Lumped-element model of a Rogowski coil

Fig. 3 shows the lumped-element model of a Rogowski
coil, whereR0, L0, C0 are the lumped resistance, inductance
and capacitance of the coil, respectively, andRs denotes the
terminal matching resistance of the coil.E(t) andVs(t) are
the induced electromotive force and coil output voltage, re-
spectively, andi0(t) is the loop current of the coil.

Therefore, the transfer functionG0(s) of the Rogowski coil
with terminal matching resistor is

G0(s) =
Vs(s)
E(s)

=
Rs

s2RsL0C0+s(L0+R0RsC0)+R0+Rs
(9)

Since the impedance of a Rogowski coil changes at low tem-
perature, we get the impact from (9)

∂G0(s)
∂R0

= −
Rs(1+sRsC0)

∆2 (10a)

∂G0(s)
∂L0

= −
sRs(1+sRsC0)

∆2 (10b)

∂G0(s)
∂C0

= −
sRs

2(R0+sL0)

∆2 (10c)

where∆ ∆
= s2RsL0C0+s(L0+R0RsC0)+R0+Rs.

Remark 2. (10a)-(10c) present the influence of self induc-
tance L0, resistance R0, and distributed capacitance C0, re-
spectively. Comparing those three equations with(6a)-(6c),
they do not affect apparently the signal magnitude and phase
as the coil dimension does. What needs a specification is
that temperature obviously affects the resistivity, and the re-
sistance R0 has more serious impact than L0 and C0.

3. SELECTION OF THE MATERIAL AND INTEGRATOR

Achieving ideal performance in a practical Rogowski coil de-
mands considerable care in its design. According to the afore-
mentioned impact of low temperature on a Rogowski coil, the
material for such coil should be carefully selected.

3.1. Material for core and turns

The core of the Rogowski coil can be made of any non-
magnetic material [15]. Some magnetic materials are also
used to enhance the induced voltage. From Remark1, in or-
der to maintain the coil performance, it is vital that the cross-
sectional area remains essentially constant when the coil is
immersed in liquid nitrogen.
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Table 1: Linear thermal contraction [16, 17, 18]

Material ∆l/l293(10−4) 293 K to 80 K
Al 39.0
Cu 30.2
Pyrex glass 5.4
Al2O3 ceramic 15
Stycast 2850 FT 47.8 (77 K)
G10(⊥) 64
G10(‖) 21

However, almost all materials experience a change in phys-
ical dimension when cooled to cryogenic temperatures, which
is usually referred to as thermal contraction. The contrac-
tion in volume can have profound effect on the design of de-
vices operating at low temperature, largely because the ther-
mal contractions of different materials, as well as their me-
chanical properties, vary considerably. Unfortunately, engi-
neering devices operating in cryogenic systems are composed
of a number of different materials, therefore, the interaction
and matching of used materials becomes the major concern.

Integral thermal contraction of some materials is presented
in Table1. The coil conductor needs to be non-ferromagnetic
material, thus iron and stainless steel are not suitable. Besides,
the magnet wire on the market is usually made of copper, thus
the copper magnet wire other than aluminum is used for the
coil turns. From Table1, the thermal contraction rate of the
Al2O3 ceramic and pyrex glass material is small, but they are
more complicated to process and more brittle at low temper-
atures. From Table1, the thermal contraction ratio of G10
type glass fiber reinforced epoxy composite materials is sig-
nificantly anisotropic, which is inappropriate to the uniform
requirement of the coil. Commonly used cryogenic tempera-
ture epoxy Stycast 2850 FT material with catalyst 24 LV has
a thermal contraction rate of 47.8× 10−4 at 77 K, and it is
good of strength at cryogenic temperature and easy for plas-
tics molding. Although its thermal contraction rate is larger
than copper magnetic wire, the Stycast 2850 FT is used to
build the coil core for its mechanical strength at cryogenic
temperature. In order to decrease the linear expansion rate,
some fiberglass is added to the coil core, and the fiberglass is
carefully knitted to decrease the anisotropic.

3.2. Circuit of integrator

The processing circuit is composed of matching terminating
resistor, amplifier, integrator, and a low-pass filter.

The overall parameters of the designed Rogowski coil are

shown in Table2, whereM
∆
= µ0Nh

π · ln dext
dint

is the mutual induc-
tance coefficient. The number of turns is decided according
to the measurement dimension requirement and the frequency
response from (5) and (9). To ensure that the coil has an ap-
propriate damping, overshoot, and rise time, the terminating
resistance should be [19]

Rs =
L0

√

2L0C0−R2
0C

2
0

(11)

Table 2: Rogowski coil parameters

Parameter Value(300 K)

Inner diameterdint (mm) 25

External diameterdext (mm) 45

Height 2h (mm) 15

Coil wire diameterdw (mm) 0.23

Number of turnsN 335

ResistanceR0 (Ω) 5.79

Self inductanceL0 (µH) 66.3

Mutual inductanceM (µH) 1.1815

Distributed capacitanceC0 (pF) 129

Namely,Rs = 507Ω for the designed rectangle cross section
Rogowski coil.

Rx

Ry

Vs(t)

R2

R1

C2

C1

R5

R4

Vout(t)

C4

C3

R3

Amplifier Integrator Low-pass filter

Fig. 4: Circuit of integrator

Fig. 4 shows the circuit of integrator, which includes an
amplifier, an integrator, and a low-pass filter. The amplifier
is used to amplify the weak Rogowski coil output signal, and
meanwhile, to increase the loading capacity. Since the out-
put of the Rogowski coil characterizes the differential of the
current to be determined, an integrator is applied to recon-
struct the current. A large negative feedback resistanceR2 is
used to prevent the saturation caused by long term zero drift
of the operational amplifier in the integrator. However, such
kind of negative feedback integrator amplifies low frequency
and direct current. Therefore, a large capacitanceC1 is allo-
cated before the integrator to suppress the unwanted director
extremely low frequency interference signals. On the other
hand, to eliminate the high frequency interference signal cou-
pled in the signal channel, a low-pass filter is employed. The
used low-pass filter is a second order Butterworth filter with
cut-off frequencyfc = 2000 Hz.

Consequently, we get the transfer function of the integrator
from Fig.4:

Gint(s) =−
Rx

Ry
·

sR2C1

(1+sR1C1)(1+sR2C2)

·
R5/R3

1+sC4R4R5

(

1
R3

+ 1
R4

+ 1
R5

)

+s2C3C4R4R5

(12)

Thus, the transfer function of the designed current sensor is:

G(s) =
Vout(s)
E(s)

=
Vout(s)
Vs(s)

·
Vs(s)
E(s)

= Gint(s) ·G0(s) (13)
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whereG0(s) is denoted by (9), andGint(s) is the transfer func-
tion of the integrator in (12).

According to reference [19], large negative feedback resis-
tor R2 broadens the bandwidth, but too large a resistor makes
the amplifier work under strong negative feedback and un-
stable. Therefore, the value of negative feedback resistorR2

in the integrator is chosen to be 1 MΩ. Taking the signal
gain, bandwidth, and sensitivity into consideration, we choose
R1 = 10kΩ, C2 = 0.5µF.C1 is used to suppress the unwanted
very low frequency interference signal, which should be much
larger thanC2. Thus,C1 is chosen to be 10µF.

As was mentioned before, the cut-off frequency of low-pass
filter is 2000 Hz. Based on the Butterworth filter designing
rules, denoteC3 = 5 nF,C4 = 470 pF,R3 = 20kΩ, R4 = 40kΩ
andR5 = 66kΩ.

By adjusting the value ofRx, we set the proportional co-
efficient of this Rogowski coil current transducer to be 400.
Namely, the rated output of integrator is 5V, while the pri-
mary conductor current is 2000 A. First, letRy = 1kΩ, then
Rx is approximately 3.3kΩ.
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Fig. 5: Bode diagram of current transducer

Fig.5 shows the bode diagram of the Rogowski coil current
transducer based on (9) and (12). The low and high cut-off
frequency at 3 dB is 1.67 Hz and 2000 Hz, respectively. The
purpose of this design is to measure the current change of the
HTS tape for power system application, and the current does
not change as fast as the pulsed one. Therefore, a high cut-off
frequency of 2000 Hz is introduced to suppress the high fre-
quency interference. On the other hand, the low-frequency or
DC component of the input current is not linearly amplified as
the middle-frequency band is, and the low-frequency interfer-
ence may be amplified. Thus, a low cut-off frequency about
1.67 Hz is selected.

Remark 3. Within the above settings, the values of the de-
signed Rogowski coil at 300 K are shown in Table2. When
soaked in liquid nitrogen at 77 K, the coil shrinks about0.5%,
namely, the height2h becomes about 14.925 mm and the ex-
ternal diameter becomes about 44.775 mm. However, the in-
ner diameter enlarges about0.5%. Therefore, according to

(7), the impact of geometry change on the electromotive force
is−2.2%, which affects the final output with the same propor-
tion.
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Fig. 6: Variation ofVs(t) caused by circuit parameters: (a)Rs =
507Ω, (b) Rs = 598.6Ω

Fig. 6 shows the variation of∆Vs(t)
Vs(t)

× 100% caused by
circuit parameters from (9). The conductor resistivity de-
creases and the permittivity and permeability of used ma-
terials changes at low temperature. However, no permit-
tivity and permeability value of the used coil core material
epoxy Stycast 2850 FT is known, neither at room nor low
temperature. It is believed that the variation of permittivity
value and dimension affects the capacitance, and permeability
value and dimension affects the inductance. According to our
test, the circuit parameters in Fig.3 vary from R0 = 5.79Ω,
L0 = 66.3µH andC0 = 129pF to R0 = 1.23Ω, L0 = 81.7µH
andC0 = 114pF.

Fig. 6(a) shows the variation expressed as a percentage un-
der the condition that the terminating resistance in (11) is
calculated within parameters given at room temperature, i.e.
Rs = 507Ω. It is not difficult to see that the variation of re-
sistanceR0 has a more serious impact as was described in
Remark2, and the inductance has a positive deviation while
the capacitance and resistance gets a negative one. Besides,
the influence of self inductance and distributed capacitance
increases as the frequency enlarges from 1.67 Hz to 2000 Hz.
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The capacitive reactance ofXC0 =
1

2π fcC0
varies from 617 kΩ

to 698 kΩ, and the inductive reactance ofXL0 = 2π fcL0 varies
from 0.8327Ω to 1.0262Ω, respectively at 2000 Hz. Thus,
from (9) we could see that the coil output voltageVs(t) varies
from 0.9871E(t) to 0.9956E(t). Namely, the overall influ-
ence of self inductanceL0, resistanceR0, and distributed ca-
pacitanceC0 is −0.86%, which affects the final output with
the same proportion as the geometry change does.

Fig. 6(b) shows the variation when the terminal matching
resistance in (11) is calculated within parameters given at
low temperature (77 K), i.e.Rs = 598.6 Ω. Compared with
Fig. 6(a), the influence of the circuit parameters variation is
slightly smaller. This is due to the increase in the terminal
matching resistanceRs, and the impedance variation of the
coil is relatively smaller than that withinRs = 507 Ω. Sim-
ilarly, the overall influence of self inductanceL0, resistance
R0, and distributed capacitanceC0 is−0.73%, is smaller than
the−0.86% in Fig.6(a).

4. MEASUREMENT OFHTS COILS CURRENT SHARING

Since the current distribution of parallelized HTS coil is cru-
cial for the safety operation of superconducting equipments,
we have to measure the current sharing without current lead at
low temperature in order to overcome the impact of additional
copper current lead impedance. First, we have to calibrate the
designed Rogowski coil at low temperature. Thus, the coils
are used for the measurement of current sharing in steady and
dynamic states.

4.1. Calibration of Rogowski coil in liquid nitrogen

After the design and testing of the Rogowski coil at room tem-
perature, we calibrate the current sensor in room temperature.
Thus, the relationship between the coil outputVs(t) and the
output of integratorVout(t) can be obtained exactly, and de-
noteVout(t) = F(Vs(t)). Since the integrator and the matching
resistorRs are not changed when the coil is plugged into cryo-
genic temperature, the functionF(·) does not change. How-
ever, since the relationship between the primary currentip(t)
and the coil outputVs(t) changes, we have to further calibrate
it in liquid nitrogen environment according to the aforemen-
tioned impact of low temperature on the coil output [20, 21].

The developed Rogowski coil is calibrated in liquid nitro-
gen at 77 K, and several Hall-effect current sensors with dif-
ferent measuring range and a bandwidth from DC-10 kHz are
used as reference. Fig.7 shows the measured current error
versus reference current at various frequencies of 1.67 Hz,
10 Hz, 20 Hz, 50 Hz, 100 Hz, 200 Hz, 500 Hz, 1000 Hz, and
2000 Hz. A repeat experiment has produced similar results
that the measured current error at the range of 0∼10% rated
current is larger than 1.0%, and the linearity of the sensor out-
put is better than 0.5% at the range of 10%∼100% rated cur-
rent. Therefore, this coil is not appropriate for the measure-
ment of current lower than 100 Arms. Furthermore, more than
10 times of repeat experimental results show that the mea-
surement error difference at different frequencies is lessthan
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0.1%. However, the measurement accuracy reduces to about
0.5% when the current frequency approaches to the low-cutoff
frequency 1.67 Hz and high-cutoff frequency 2000 Hz.

Fig. 8 shows the measured current carried out by the de-
signed Rogowski coil after calibration in liquid nitrogen at
50 Hz. It is not difficult to see that the measured current er-
ror at the range of 10%∼90% rated current is less than 0.5%,
which is consistent with the results in Fig.7. However, when
the reference current is less than 10% of the rated current,
the percentage of the measured error increases. The mea-
sured error is about -15% when the primary current of the
coil is 2 Arms. On the other hand, when the reference current
is larger than 100%, the measured error increases too, where
the measured error is about -0.8% at 150% rated current. It is
due to the magnetic-frequency response becoming nonlinear,
as shown in Fig.5.

4.2. HTS coils current sharing

With the calibrated low temperature Rogowski coils, we could
measure the current sharing of HTS coils at both steady and
dynamic states. The used coils are made of Bi2223 from Sum-
itomo with critical current around 170 A.

Fig. 9a presents the structure of the connection, which
shows that the current lead of HTS coil B is longer than that
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(a)

AC

Source

I0 IA RA LA

IB RB LB
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Fig. 9: Testing of paralleled HTS coils current sharing

of HTS coil A. As the resistance of superconducting coil is far
lower than the current lead made of copper, the current shar-
ing of the two coils is determined by the coil inductance and
the current lead resistance. From Fig.9b, RA denotes the re-
sistance of branch A including the current lead resistance,the
contact resistance and the superconducting coil AC resistance,
andRB denotes the resistance of branch B. Besides,LA and
LB denotes the inductance of branch A and B, respectively. In
this experiment,LA = LB = 129µH, but it is difficult to make
a distinction betweenRA andRB. Nevertheless, the resistance
is far lower than the reactance of the coil. However, since the
contact resistance and the coil AC resistance of both coils are
almost the same, the longer current lead of branch B makes
RA 6= RB. According to the testing results,RA andRB are less
than 50µΩ at steady state. Therefore, circuit impedance of
each branch is determined mainly by coil reactance at steady
state.

Fig. 10shows the current of each branch in Fig.9 at steady
state, whereIA, IB, I0 denote the measured current of branch
A, branch B, and the reference main circuit, respectively,
and IA + IB indicates the main current calculated from the
branches.IA, IB are acquired from the calibrated Rogowski
coils. It is not difficult to find that the calculated current
is similar to the reference one with a bias less than 0.5%,
namely, the designed Rogowski coils work well in a cryogenic
environment.

Fig.11shows the current of each branch in Fig.9at quench.
Large current exceeding the critical current makes both of the
paralleled superconducting coils quench quickly, and their re-
sistance rise fast. Therefore, the circuit impedance of each
branch is determined mainly by coil resistance other than coil
inductance. Consequently, compared with Fig.10, the differ-
ence betweenIA and IB is much smaller. Still, we can see
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Fig. 10: Current sharing at steady state: (a) Current of each branch,
(b) Measured current error∆I = I0− (IA+ IB)

that the calculated currentIA + IB is almost the same as the
referenceI0 with a bias no more than 0.5%.

5. CONCLUSION

Several Rogowski coils are designed for cryogenic environ-
ment application. The impact of low temperature on the coil
is carefully discussed, which shows that the thermal contrac-
tion changes the coil output proportionally. The precisionof
the Rogowski coil for current measurement can be better than
0.5% after calibration. Using the designed low temperature
Rogowski coil for current sharing of HTS coils, we could see
that the resistance of current lead affects the current distribu-
tion for each branch at steady state. As the resistance of HTS
coil rises after quench, the current on each branch varies grad-
ually.
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Fig. 11: Current sharing at quench: (a) Current of each branch,(b)
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