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Abstract: The article presents selected issues related to the development and testing of the
diagnostics systems dedicated for superconducting electromagnets. The systems were con-
structed to assess the production quality of superconducting electromagnets of the SIS100
synchrotron, a new accelerator being built as part of the Facility of Antiproton and Ion Re-
search (FAIR). One of the systems is used for automatic checking of electrical connection
parameters and the continuity of electric circuits. The role of the second device is to assess
the quality of winding insulation and to estimate circuit parameters of electromagnet coils
using the capacitor discharge method. The work presents measurements and analysis of
current and voltage waveforms acquired during discharges on a magnet coil simulator and
on the SIS100 main dipole electromagnet.
Key words: diagnostic, discharge method, superconducting electromagnets

1. Introduction

The Facility for Antiproton and Ion Research (FAIR) which is currently under construction in
Darmstadt, Germany, will be one of the largest research laboratories in the world available to the
physics community [1]. One of the most important machines of FAIR will be the superconducting
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(SC) SIS100 synchrotron of which the main magnetic lattice is constructed from fast-cycling SC
dipole and quadrupole electromagnets [2] (Fig. 1). SIS100 superconducting electromagnets are
of the super-ferric window-frame type, with coils made of Nb-Ti Nuclotron-type cable [3–5].
Their magnetic yokes are made of a 1 mm thick steel sheet [2, 6–8].

Fig. 1. Superconducting SIS100 dipole magnet at the test bench in GSI Darmstadt, Germany

SC magnets are complicated and expensive devices; therefore, an important issue is the
assessment of production quality and technical conditions during maintenance shutdowns of the
machine. The assessment of the quality of insulation and continuity of the main winding circuits
and sensor circuits are important SC diagnostic tests. The team from the Faculty of Electrical
and Control Engineering of the Gdansk University of Technology (GUT) has developed two
measurement systems dedicated to SC magnet diagnostic [9–12]. The first device is designed
to perform an automatic check of the connection correctness and continuity of electric circuits.
The task of the second device is to assess the quality of winding insulation using the capacitor
dischargemethod as well as to estimate circuit parameters of SC electromagnet coils. It is assumed
that an inter-turn coil insulation fault affects the resultant value of resistance and inductance. The
measurement of insulation resistance between the SC electromagnet coil and its housing is
conducted at applied high dc voltage (3 kV). This paper focuses on the practical aspects of the
development and testing of the capacitor discharge diagnostic system (CDDS).
The SC cable (Nuclotron-type) used for the coils of the main SIS100 magnets has a complex

mechanical structure [13–15]. In the middle of the cable (Fig. 2), there is a CuNi cooling
tube, surrounded by a layer of superconducting transposed strands. The strands are attached by
NiCr wire and insulated with polyimide tape (Kapton) [4]. The SC electromagnet operates at
temperature 4 K. Table 1 shows the parameters of the SIS100 dipole electromagnet.
The estimation of the SC winding circuit parameters (resistance and inductance) in the

dissipative state requires high electrical current density. However, the test time should be limited
in order to not damage the conductor. The developed diagnostic systemuses the capacitor discharge
method. It is a non-destructive diagnostic method commonly used to find turn-to-turn insulation
failures in electrical machines [16,17]. In this method, the transient current and voltage waveforms
observed during the discharge of the capacitor connected to the tested winding, are recorded and
analyzed. An important issue is the influence of the internal circuit parameters of the diagnostic
system (such as the capacitor bank, electronic switch based on insulated gate bipolar transistor
(IGBT), and connection cables) on the analyzed waveforms. Additionally, based on the tests
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Table 1. SIS100 dipole magnet parameters [14]

Parameter

Max air-gap field, T 1.9

Effective magnetic length, m 3.062

Layers 𝑥 turns 1 × 8

Operating current, kA 13.2

Critical current @ 2.1 T, 4.7 K, kA 19.84

Outer diameter of cooling tube, mm 5.7

Number of strands 23

Strand diameter, mm 0.8

Cable cross-section, mm2 6.09

(a) (b)

Fig. 2. NbTi Nuclotron-type cable of SIS100 superconducting electromagnet (a),
cross-section of the main dipole coil (b)

performed, it was shown that non-linear resistance of the IGBT switch has a significant impact
on the discharge currents waveforms. Correct estimation of the circuit parameters of the SC
electromagnet coil requires the determination of the internal impedance characteristics of the
diagnostic system and the assessment of their impact on the accuracy of the measurement.
The novel aspects of this work include:

– Presentation of the original and unique programmable diagnostic system with adjustable
properties: capacity up to 3.2 μF, voltage up to 3 kV, programmable sequence of voltages
and discharge capacities.
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– Determination of the nonlinear circuit parameters of the special emulator device for testing
and calibration of capacity discharge diagnostic system.

– Determination of the internal nonlinear circuit parameters of the capacitor discharge system
as a function of maximum discharge current and for different discharge capacitances.

– Determination of the internal resistance of the IGBT switch as a function of discharge
current.

– Proposing methodology for waveform parameters analysis to determine superconducting
winding parameters taking into account the non-linearity circuit parameters of capacity
discharge diagnostic system.

This paper aims to achieve the following objectives:
– Description of the programmable diagnostic system with adjustable properties and diag-
nostic method for estimation of superconducting magnet parameters.

– Description of the special emulator device for testing and calibration of capacity discharge
diagnostic system.

– Estimating the non-linear circuit parameters of the capacity discharge system and emulator
testing device.

– Development of the methodology for waveform parameters analysis to determine super-
conducting winding parameters.

2. Capacitor discharge diagnostic method

The quality of winding insulation will be checked based on the capacitor discharge test
result [16–18]. The discharge test is a non-destructive diagnostic method in which the insulation
condition and circuit parameters are evaluated by an analysis of voltage and current waveforms
acquired during discharge of capacitance bank on the coil under test (Fig. 3).

Fig. 3. Simplified diagram of the capacitor discharge diagnostic system

The capacitor discharge test is performed on a device disconnected from its powering system.
The diagnostic method uses a transient state for winding insulation fault detection. The capacitor
bank, charged to a predefined voltage, is being discharged on the coil. During the test, the current
and the coil voltage are recorded simultaneously.
The following criteria can be used to assess the quality of insulation:
– Waveform parameters analysis – this method is based on calculating and comparing wave-
form parameters like frequency and damping factor. The reference value of the parameters
should be provided to the system or calculated from winding design data (Table 2),
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– Waveform comparison method – measured discharge waveform is compared with a refer-
ence waveform and the quality factor is calculated based on the least mean square error
(LMSE) or error area ratio (EAR) [19].

2.1. Waveform parameters analysis
The waveforms’ shapes depend on the measurement circuit parameters: capacitance of the

capacitor bank (𝐶), resistance (𝑅) and inductance (𝐿) of the tested coil. The insulation quality
is often assessed by comparing the measured frequency with the reference frequency. The effec-
tiveness of this method depends mainly on the number of shorted turns and the short-circuiting
impedance.
The measured current and voltage waveforms of the capacitor discharge through the SC

windings, can be simplified as:

𝑖(𝑡) = 𝐼𝑚𝑒
−𝛽𝑡 sin(𝜔 · 𝑡), (1)

𝑢(𝑡) = 𝑈𝑐𝑒
−𝛽𝑡 ( cos(𝜔 · 𝑡) + 𝛽

𝜔
sin(𝜔 · 𝑡)

)
, (2)

where: 𝐼𝑚,𝑈𝑐 represent the current and voltage amplitude, 𝛽 = 𝑅/2𝐿 is the damping,𝜔0 = 1/
√
𝐿𝐶

is the resonance frequency and natural frequency:

𝜔 = 2𝜋 𝑓 =
√︃
𝜔20 − 𝛽2 =

√︄
1
𝐿𝐶

−
(
𝑅

2𝐿

)2
. (3)

The waveform parameters can be estimated based on the analysis of the measurement wave-
forms. The natural frequency of the oscillation signal is calculated based on the period determined
as the time between adjacent zero crossings of the signal. The damping factor is determined as:

𝛽 = Λ 𝑓 , (4)

where Λ is the logarithmic decrement of damping; determined from the ratio of subsequent
amplitudes (𝐴𝑛) of the measured signal:

Λ =
1

𝑚 − 𝑛
ln

(
𝐴𝑛

𝐴𝑚

)
, (5)

where 𝐴𝑛 and 𝐴𝑚 denote the 𝑛-th and 𝑚-th discharge waveform peak or valley, respectively.
The waveforms parameters can be also determined using the nonlinear curve fitting method
(Levenberg–Marquardt) [20, 21]. In this method, the waveform equation, measurements points
and initial parameters are defined as an input. The best-fit parameters are calculated to minimize
the weighted mean square error between the measurement waveforms and the best nonlinear fit.
Based on the waveform parameters (𝛽, 𝜔), the parameters of the equivalent circuit of the

tested magnet winding can be calculated as:

𝐿 =
𝑈𝑚

𝜔𝐼𝑚
,

𝑅 = 2𝛽𝐿 = 2
𝑈𝑚

𝐼𝑚

𝛽

𝜔
.

(6)



328 M. Michna et al. Arch. Elect. Eng.

The choice of reliable and effective acceptance criteria is an important step in the development
of the diagnostic system. Typically, frequency and damping factor (𝛽) analysis are used for the
comparison and evaluation of the V-I waveforms. In the case of SC electromagnets of SIS100,
the discharge circuit is characterized by a high dynamic resistance due to induced AC losses in
the yoke. Therefore 𝛽 is high and frequency-dependent. The V-I waveforms vanish after a few
oscillations. The application of various analysis methods based on FFT is limited due to the high
𝛽 which distorts the frequency spectrum.

2.2. Waveform comparison method
The waveform comparison method consists in comparing the measured current or voltage

waveforms with the reference waveforms for the tested winding. To evaluate the differences
between the two waveforms, the quality factor is calculated based on the least mean square error
(LMSE) or error area ratio (EAR).
The LMSE factor is calculated based on the least mean square method:

LMSE =

(
1
𝑁

𝑁∑︁
𝑖=1

(
𝑊

(ref)
𝑖

−𝑊
(test)
𝑖

)2) 12
, (7)

where: 𝑊 (ref)
𝑖

is the 𝑖-th point of the reference waveform, 𝑊 (test)
𝑖

is the corresponding point of
the test waveform, 𝑁 is the number of data points that are compared. The reference waveform is
generated on the basis of the model described by Eq. (1) or (2) and the rated values of resistance
and inductance of the tested winding.
The EAR factor is calculated based on the equation:

EAR =

𝑁∑
𝑖=1

���𝑊 (ref)
𝑖

−𝑊
(test)
𝑖

���
𝑁∑
𝑖=1

���𝑊 (ref)
𝑖

��� . (8)

Two identical waveforms just have the zero value of the LMSE end EAR factors. If the value
of the factors changes by more than the value expected (threshold), this is an indicator of poor
insulation quality or detection of short-circuits in windings of a tested magnet.

3. Diagnostic system

The diagnostic system for SIS100 SCmagnets insulation quality testing developed at the GUT
consists of two devices: the main capacitor discharge diagnostic system placed in a mobile rack
stand and the SC winding simulator (SCWS) placed in the suitcase (Fig. 5).

3.1. Capacitor discharge diagnostic system
The block diagram of the capacitor discharge diagnostic system (CDDS) is shown in Fig. 4

and the CDDS unit is shown in Fig. 5. The main task of the device is to perform a discharge
test. The measurement sequence consists of the following steps: charging the main capacitor,
calibrating the capacitance, applying a voltage to the winding under test via the IGBT power
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Fig. 4. The general structure of the capacitor discharge diagnostic system connected
to the magnet under test (MUT)

Fig. 5. Front-right view of the capacitor discharge diagnostic system unit (left) and SC winding simulator
(right): 1 – control computer, 2 – NI PXI chassis with NI PXI remote control module, NI PXI DAQ card and
NI PXI DIO card, 3 – main capacitor bank, 4 – test leads, 5 – HV test leads connection points, 6 – banana

jumper for CDS configuration
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switch, and measuring the current and voltage waveforms. The CDDS is equipped with systems
for controlling ambient conditions (internal and external temperatures and humidity). Control
and measurement functions of the diagnostic system were implemented using a set of National
Instruments [21] devices and the measurement control software was developed in LabVIEW
graphical programming environment [22].

3.2. SC winding simulator
SC winding simulator (SCWS) is the special device for emulating the inductance and resis-

tances of SIS100 dipole electromagnet windings both in undamaged and damaged conditions
(Fig. 5). The core element of the SCWS is a double-layer air coil, with a lead-out in 1/4 of
the winding’s length. The SCWS enables emulating of two faults: an inter-turn short-circuit and
a short-circuit after overvoltage of 1 kV. A banana jumper is used to change the emulator config-
uration. The outer dimensions of the suitcase are 31 cm long, 45 cm wide and 15 cm high. The
total weight of the SCWS is approximately 8 kg.

4. Measurement results

The CDDS was designed to test the quality of winding insulation of various types of SC
magnets used in the construction of the SIS100 synchrotron. Considering circuit parameters of
these coils, it was found that the range of expected frequencies of discharge waveforms is from
300 Hz to 8 kHz and the expected maximum value of the discharge current from a few amperes
up to 215 A (Table 2). Therefore, it is important to analyze the CDDS parameters as a function
of the frequency and discharge current.

Table 2. Reference parameters of the tested SC coils

Coil types U [V] C [uF] R [𝛀] L [mH] f [Hz] Imax [A]
corrector CS 1 100 1.0 63 47 726.3 5.1
corrector MO 1 100 1.0 60 7.4 1 734.0 13.6
corrector MQ 1 100 1.0 40 1.1 3 828.0 41.6
corrector MS 1 100 1.0 50 5.6 2 004.6 15.6
corrector QJ 1 000 2.0 0.021 0.33 6 195.1 77.8
corrector SH 1 100 1.0 70 28 930.1 6.7
corrector SV 1 100 1.0 70 28 930.1 6.7
main DP 3 000 2.0 0.235 0.55 4 798.6 180.9
main F1 3 000 2.0 0.235 0.55 4 798.6 180.9
main F2 3 000 2.0 0.132 0.39 5 698.6 214.8
main LQ(X) 1 100 2.0 70 140 298.1 4.2
main LQ(Y) 1 100 2.0 70 140 298.1 4.2
main QD 3 000 2.0 0.132 0.39 5 698.6 214.8
DP symulator 1 100 2.0 0.304 0.206 7 840.0 108.4
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4.1. SCWS ant test leads impedance

The Keysight E4990A impedance analyzer was used to measure the impedances of the
SCWS and test leads. Based on the measurements, the resistance and inductance characteristics
were determined as a function of frequency (Fig. 6, Fig. 7). The simulator was made as a coil

Fig. 6. Resistance (red) and inductance (blue) of the SCWS winding as a function of frequency: crosses
mark the measuring points, the dashed line indicates a fitting function described by Eq. (9)

Fig. 7. Resistance (red) and inductance (blue) of the series-connected kelvin crocodile clips, the test lead
and the socket as a function of frequency: crosses mark the measuring points, the solid line indicates a fitting

function described by Eq. (10)
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without a ferromagnetic core, therefore the inductance is constant in a wide range of frequencies
(𝐿SCWS = 210 μH). The increase in the SCWS resistance is influenced by the skin effect, which
reduces the active cross-section of the coil wires. The change in SCWS resistance and inductance
as a function of frequency can be approximated by:

𝑅SCWS ( 𝑓 ) = 106.0 + 13.3 · 10−3 𝑓 − 85.0 · 10−9 𝑓 2 [mΩ], 𝑅2 = 99.6%,

𝐿SCWS ( 𝑓 ) = 208.04 + 4.5 · 𝑒−75.2·10
−6
𝑓 [μH], 𝑅2 = 99.8%.

(9)

The test lead impedance includes the leads themselves that are connected in series with the
kelvin crocodile clips and the socket. The measurement results are shown in Fig. 7. The increase
in resistance at higher frequencies is due to the skin effect. Their resistance and inductance as
a function of frequency can be calculated using the following equations:

𝑅leads ( 𝑓 ) = 45.6 + 1.0·10−3 𝑓 [mΩ], 𝑅2 = 98.8%,

𝐿leads ( 𝑓 ) = 1.8 · 10−6 − 3.94 · 10−12 𝑓 [μH], 𝑅2 = 90.2%.
(10)

4.2. CDDS impedance

The CDDS impedance covers all components of the device, from the main capacitor bank,
through the power IGBT switch, internal connections, up to the test leads. Measurement of the
CDDS impedance allows determine correction functions in order to correctly calculate circuit
parameters of tested SC magnet coils.
To determine the CDDS parameters, a series of discharge tests with the use of SCWS were

performed for two capacitances (1.5 μF and 2 μF) and voltages of the capacitor bank. Figure 8
shows the discharge current waveforms for the 2 μF bank capacity and different voltage levels.

Fig. 8. Discharge current waveforms for different voltage levels and capacitance 𝐶 = 2 μF recorded in tests
using CDDS and SCWS
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The discharge current waveforms were the basis for the estimation of tested circuit parameters
using the Levenberg–Marquardt non-linear curve fitting method (Fig. 9). The capacity values
are correctly identified and amount to 1.5 μF and 1.98 μF. The expected values of the SCWS
inductance for both capacities should be 210.3 μH and 211 μH, and the mean of the estimated
inductance was 213 μH and 215 μH, respectively. A large difference between the estimated and
the expected value was noted in the case of SCWS resistance. The expected resistance should
be 218 mΩ and 203 mΩ, but based on CDDS measurements, average resistance of 390 mΩ and
372 mΩ were obtained. Additionally, a large dispersion of the resistance values identified at
different values of the discharge voltage can be observed (Fig. 9). This means that frequency is
not the only factor affecting the internal impedance of the CDDS.

Fig. 9. Parameters of the SCWS estimated by CDDS as a function of frequency: resistance (red)
and inductance (blue)

Figure 10 shows the CDDS impedance as a function of the maximum value of the discharge
current. The changes in the CDDS inductance are small, of the order of about 4 μH.
A significant nonlinearity is observed for the CDDS resistance (Fig. 11). The CDDS resistance

is the sum of the capacitor series resistance (equivalent series resistance ESR), the IGBT power
switch resistance, the resistance of the internal connections and the socket, the resistance of the
test lead and kelvin crocodile clips.
The capacitor bank was made using a metallized polypropylene film capacitor with low

self-inductance and low ESR. The non-linearity of the CDDS resistance is mainly due to the
non-linearity of the 𝐼𝑐-𝑉𝑐𝑒 characteristic of the IGBT switch (Fig. 12). The internal resistance
of the IGBT switch was calculated as the ratio of the collector-emitter voltage to the collector
current.
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Fig. 10. Estimated parameters of the SCWS as a function of discharge maximum current and for different
discharge capacitances: resistance (red) and inductance (blue)

Fig. 11. Resistance of theCDDSas a function ofmaximumdischarge current, determined frommeasurements
for different capacitance values

The shape of the resistance characteristic as a function of the collector current (Fig. 13)
corresponds to the non-linearity of the CDDS resistance (Fig. 11). This supports the finding that
the main cause of CDDS impedance nonlinearity is the nonlinear conduction characteristic of the
IGBT switch.
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Fig. 12. The characteristics of the IGBT switch: collector current versus collector-emitter voltage in blue,
and IGBT internal resistance versus collector-emitter voltage in red

Fig. 13. The internal resistance of the IGBT switch as a function of collector current

To calculate the correct values of the parameters of the tested electrical circuit, it is necessary
to apply the correction considering the internal impedance of the CDDS:

𝑅CDDS (𝐼max) = 126 + 420𝑒−0.08𝐼max [mΩ],
𝐿CDDS ( 𝑓 ) = 4 [μH] .

(11)
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4.3. Discharge test on SIS100 dipole SC magnets
The developed procedure for carrying out the discharge test, considering the correction

resulting from the internal impedance of the CDDS, was tested with the use of SCWS (Fig. 1).
The parameters of the SCWS electrical circuit are correctly estimated by the fitting procedure. The
quality factors LMSE and EAR indicate the difference between the reference and the measured
waveform.
The CDDS has also been checked for proper operation when connected to the windings of

the SIS100 dipole SC electromagnets at the test bench in GSI Darmstadt, Germany [23] (Fig. 1).
Tests were performed without connection to the cryostat at ambient temperature. The tests aimed
to check the correct operation of the diagnostic device and to determine the electrical circuit
parameters of the SC magnet winding. The measurement results at the voltage of 3 kV and
capacitance of 1 uF are shown in Fig. 14.

Fig. 14. Discharge test results on SIS100 dipole SC magnet at 3 kV and 1 uF bank capacity

5. Conclusions

The Nuclotron-type cable, from which an SC magnet is coiled, has a relatively complex
electrical and mechanical structure. The electromagnet windings are tested in order to assess the
quality of the insulation condition and to determine the electrical circuit parameters. For this
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purpose, a prototype of a diagnostic system based on the measurement and analysis of current
and voltage waveforms in the transient state caused by a capacitor discharge was developed. In
this transient state, all important nonlinearities of the electrical discharge circuit should be taken
into account to determine the most accurate coil parameter values. Based on the measurements
and analysis carried out, the authors present the following conclusions:
– Prototype of the original and unique programmable diagnostic system with adjustable
properties: capacity up to 3.2 μF, voltage up to 3 kV are sufficient to create transient states
for the determination of the electrical parameters of SIS100 synchrotron electromagnet
windings without a chamber tube.

– For calibration purposes of the diagnostic system prototype, the determination of the non-
linear circuit parameters of the special emulator device and connecting cables is necessary.
Resistance values show great dependence as a function of the frequency.

– Internal circuit parameters of the presented prototype of the diagnostic system were ana-
lyzed as a function of frequency and maximum discharge current. The exponential depen-
dence of the internal resultant resistance value as a function of the maximum current value
was determined – Eq. (11).

– The resistance of the IGBT switch is a key component of the internal resultant resistance.
Strong resistance non-linearity is observed in the range of currents from 0 to several dozen
Amperes.

– A methodology for the analysis of measured waveforms to determine superconducting
winding parameters considering non-linearity circuit parameters of the capacity discharge
diagnostic system, using the Levenberg–Marquardt non-linear curve fitting method, is
proposed.
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