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Abstract—Impedance measurements of superconducting cir-
cuits routinely serve as means to anticipate their dynamic response
and validate their electrical integrity. Usual procedures involve per-
forming tests on non-powered systems during commissioning and
maintenance periods. However, impedance measurements might
have a strong potential in diagnostics of powered superconducting
circuits as well. In particular, they should allow for on-line fault
monitoring, enhanced quench detection, and deeper insight into the
electrical properties of the circuits such as impedance variations or
non-linear effects in the operational conditions. This paper outlines
the design of an experimental platform enabling such an evaluation.
In essence, this system is capable of injecting electrical stimuli into
a magnet circuit and capturing the response. The acquired data are
processed in order to extract circuit characteristics, in particular
the impedance and its temporal evolution. In addition to discussing
key design considerations related to measurement performance
such as bandwidth, resolution, and sensitivity, the paper explores
how to maintain transparent operation with respect to peripheral
components such as the power converters and quench protection
systems. Finally, the paper presents the validation campaign of the
designed solution. The validation consists of two stages, including
non-powered and powered superconducting circuits. The former
case compares performance of the system to a state-of-the-art in-
dustrial impedance analyser, while the latter focuses on the impact
the system has on peripheral components. Presented conclusions
provide guidelines for front-end instrumentation design and data
processing in order to enhance performance evaluation of super-
conducting circuits in their entire operational spectrum.

Index Terms—Accelerator magnets, fault diagnosis, impedance,
test equipment, quench protection.
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I. INTRODUCTION

MODERN particle accelerator facilities rely on super-
conducting magnets to maximise the energy of an

accelerated particle beam. Prior to operation, each magnet un-
dergoes rigorous testing, including measurements of its electri-
cal impedance spectrum as a function of frequency [1]. These
impedance spectra are reassessed during subsequent mainte-
nance periods. While the absolute numerical values of the
measured impedance spectra may not directly relate to the
magnet’s operational condition, temporal variations could signal
a change in its performance, potentially necessitating more
detailed diagnostics. However, due to the infrequent nature of
these measurement campaigns, anomalies may go undetected
for extended periods, and possibly grow to larger issues with
operational impact before being identified. This research pro-
poses a novel approach to continuously capture the impedance
spectrum of a magnet circuit in operational conditions. This
would allow for diagnostics to be performed with no down time
and aid in preemptive maintenance. Given the ability to measure
impedances in sufficiently short time intervals, the prospects
of such a system extend beyond electrical integrity measure-
ments, and could enable quench detection through instantaneous
impedance changes of a magnet circuit.

Hitherto, electrical qualification impedance measurements
have been performed using standard industrial impedance anal-
ysers. These work by exciting the device under test using a
sinusoid at one specified frequency. The current provided by the
measuring device and the voltage across the magnet are simul-
taneously measured. The magnitude ratio and phase difference
of these quantities provide the impedance at that particular fre-
quency. To obtain the impedance across a frequency spectrum,
this procedure is repeated for a number of frequencies in the
frequency window of interest. Although conventional industrial
impedance analyzers provide highly accurate impedance mea-
surements, they generally are not suitable for conducting real-
time measurements of powered superconducting magnets for
three main reasons: First, these devices are typically optimized
for stimuli of amplitudes larger than 1 V, which can potentially
interfere with power converters, trip safety equipment, or disrupt
the particle beam. Second, they are not necessarily designed with
the extended input protection required for operating attached to
live superconducting circuits. Lastly, they can only measure a
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single frequency at any given time, limiting their capacity for
fast real-time measurements.

This paper presents a system addressing all of the above
concerns, thus allowing for continuous impedance spectroscopy
of superconducting magnet circuits without affecting the op-
erational performance of peripheral components. Furthermore,
strategies for mitigating the inherent trade-off between stringent
power and time constraints and the achievable signal-to-noise
ratio are explored.

II. METHODOLOGY

A. Hardware

Rather than developing a bespoke system, the proposed sys-
tem’s design is built on top of the Universal Quench Detection
System (UQDS) developed at CERN [2], [3]. The UQDS is
a modular FPGA-based platform supporting large amount of
I/O and was designed to interface with up to 32 galvanically
isolated ADC channels each sampling at up to 625 kS/s. The
onboard FPGA configures gain and sampling settings of the
individual ADC channels. During operation the FPGA syn-
chronously triggers the ADC’s and transfers the collected data
onto onboard RAM. Depending on configuration, the UQDS can
store a total of 219 readings per channel. To configure the UQDS
channels and read the collected buffers, CERN’s Ethernet Data
Acquisition (EDAQ) system is used [4], [5].

For the purpose of this research, the UQDS supports the
relevant acquisition capabilities required. However, to perform
impedance spectroscopy, it is lacking the capability to inject
electrical stimuli into a load. Thus as part of this research
the UQDS has been extended to support an AC-coupled 20-
bit 500 kS/s DAC output stage. In an effort to minimize the
operational impact on peripheral systems, the output signal is
attenuated. Specifically, the signal should not be able to in-
advertently trip the quench protection attached to the magnet
circuit under test. Furthermore, so as to not interfere with the
magnet’s power-converter’s constant current feedback loop, the
injected signal power should ideally remain well below the
power converter’s noise output. The emitted noise varies among
the various individual power converter designs, however CERN
generally accepts up to 14 mV P2P noise for any given 200 Hz
bandwidth [6]. For the implementation presented in this paper,
the attenuation level has been configured to limit the DAC
full-scale output range to +/− 16 mV. If this is not sufficient,
additional digital attenuation can be implemented at the cost of
reduced resolution.

To allow the injected current to be measured, a reference
resistor is placed in series with the output stage. The optimal
resistance of this resistor depends on the impedance of the mag-
net being measured. Since the system is not presently targeted at
any specific magnet, a value of 10Ω±1% is used as it represents
the midpoint on a log scale between the 1 and 100Ω commonly
being used in impedance analyzers for impedance measurements
of superconducting magnets.

To control the output waveform the UQDS FPGA firmware
was updated to include a circular buffer supporting up to 16000
predetermined output samples, i.e. a signal of 32 ms duration

Fig. 1. Block diagram of the integrated system. The flow from left to right
delineates the major subsystems: A superconducting circuit equipped with a
power converter and associated filtering, used for powering the four coils in
the MBRD magnet, a DAC Card, employed to inject a signal into the magnet,
ADC cards utilized for measuring voltage and current. These cards interface
with the UQDS’s FPGA. The EDAQ system facilitates communication between
the UQDS and an external PC that can process the data offline (not shown).

when sampling at the maximum sample rate of 500 kS/s. The
size of this buffer was constrained by the available logic on the
UQDS FPGA. A custom waveform is uploaded to the UQDS
through the EDAQ interface.

Furthermore, regular UQDS ADC channels are unsuitable for
this research. They were specifically designed to detect quenches
by sensing the voltage drop developed in the resistive area of a
quenched volume, thus requiring them to be sensitive to low-
frequency signals [3]. As the proposed use-case demands con-
trary specification, i.e. high sensitivity to high-frequency signals,
a new set of channels with a re-specified signal-conditioning
front-end has also been designed as part of this research. These
new channels include a high-gain amplifier to maximise the
effective resolution in the DAC +/− 16 mV output range. Due
to this increased sensitivity, high-pass filtering is required to
ensure that the channels are not saturated by the power converter
noise. For the experiments presented in this paper, 2nd order
filtering with a cutoff frequency of 1 kHz was used. Like the
previous choice of reference resistor and attenuation level, the
exact cut-off of this filter is subject to future optimization. A full
overview of the hardware chain is shown in Fig. 1.

B. Stimuli Signal Design

To conduct impedance spectroscopy, we must first define
an appropriate stimuli signal. Many have been proposed, with
multi-sine and pseudorandom binary sequence (PRBS) gener-
ally being considered the best [7]. For this paper we focus on
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multi-sine stimulus, as PRBS requires hardware with higher slew
rates than what the currently designed DAC stage allows.

A sampled multisine signal composed of K ∈ N sinusoids
and N ∈ N samples can be represented as [8]:

xn =
K∑

k=1

bk cos (ωkn+ φk) (1)

where:
x ∈ R

N is the sample vector.
b, φ, ω ∈ R

K are the amplitude, phase, and sample-rate
normalized frequency vectors respectively of the K sinu-
soids.

In the context of the designed measurement platform,N is the
size of the RAM storing the sampled waveform, x. However,
the size of the circular buffer storing the output waveform,
M ∈ N must also be considered as it constraints the choice of
frequency components. Specifically, x must be periodic in M
samples to avoid discontinuities in the output waveform. Thus
the individual frequency components, ω, must have periods that
are integer multiples of M . With this in mind, ω is designed to
contain a set of up to L ∈ N logarithmically spaced frequencies
in the range fmin to fmax.

ω =
[�fmin�, �fmin10

Δ�, �fmin10
2Δ�, . . . , �fmax�

]T
(2)

where:
� ω is a vector with unique entries (i.e. any duplicate fre-

quencies that may appear due to rounding are removed) of
length K, with K ≤ L

� fmin/fmax is the minimum/maximum normalized frequency
� Δ =

log10
fmax
fmin

L−1
� �� denotes rounding to the nearest multiple of 1

M
� L is the maximum number of frequencies in ω
Finally, the magnitude, bk, and phase, φk, of each frequency

must be chosen. The magnitude is set to unity across all frequen-
cies. However, when setting the phases, more care is required
to avoid the individual sinusoids interfering to generate a signal
with unnecessary high peak-to-average power ratio (PAPR):

PAPR =
‖x‖2∞
x2

rms
where xrms =

‖x‖2√
N

. (3)

Given that we are operating at low voltage levels, it is critical to
reduce the PAPR of the stimuli signal to maximise the possible
signal-to-noise ratio achievable within the DAC’s limited opera-
tional output range. For a multisine signal with fixed maximum
amplitude the PAPR is a function of the phases of the individual
sinusoidal components. Thus the phases can be chosen in such a
way that the PAPR is minimized. No closed form solution to this
problem exists, and solutions are generally found using iterative
procedures. For this paper, the method described in [9] was used.

C. Impedance Recovery

To obtain the impedance of the probed magnet circuit we
must estimate the amplitude and phase of both the voltage
and current spectrum at the injected frequencies. The sampled
current/voltage signals can be expressed similarly to (1) except

now with the addition of measurement error, ε ∈ R
N :

yn = xn + εn (4)

To ease notation for the necessary signal processing, we convert
our sampled signal, yn, to an analytical representation through
the Hilbert transform, denoted by ˜. In vector notation, ỹ can
now be formulated as:

ỹ = Aα+ ε̃ (5)

where:

α =
[
b1e

jφ1 , b2e
jφ2 , . . . , bKejφK

]T
,∈ C

K (6)

A =

⎡
⎢⎢⎢⎢⎣

1 · · · 1

ejω1 · · · ejωK

...
. . .

...

ej(N−1)ω1 · · · ej(N−1)ωK

⎤
⎥⎥⎥⎥⎦
,∈ C

N×K (7)

To estimate the complex amplitude of the frequencies of interest
we form a least squares minimization problem:

minimize
α̂∈CK

‖Aα̂− ỹ‖22 (8)

One way to solve (8) is with ordinary least squares of the
form [8]:

α̂ = (A∗A)−1A∗ỹ (9)

where α̂ is the estimate of α.
The impedance at a given frequency can be found as the

ratio of the voltage and current at that frequency. For our K
frequencies, the impedance can then naively be estimated as:

ẑ = α̂v 
 α̂i (10)

where:
ẑ, α̂v , α̂i ∈ C

K is the estimated impedance, voltage, and
current vectors of the K sinusoids.

 denotes element-wise division

III. MEASUREMENTS AND RESULTS

A. Experimental Setup

The performance of the system was assessed by testing it
on a superconducting magnet, specifically an MBRD prototype
magnet [10], using the configuration shown in Fig. 1. During
the testing the magnet was connected to a thyristor based power
converter (CERN designated name: RPTDA). One set of mea-
surements was conducted with the power converter turned off,
while another set was conducted with the power converter in
idle mode and powering the magnet to 50A. The powering
test was performed with a differential voltage quench protection
system attached and configured with a detection threshold and a
validation time of 100mV and 10ms, respectively. This system
did not trip during testing indicating the non-intrusiveness of the
method.

For standard electrical integrity measurements, the impedance
of a magnet is measured without a power converter connected.
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This allows the magnet to be probed across its powering ter-
minals. However, employing this probing topology while the
power converter is present in the circuit is impractical, as the
measurement then reflects the combined parallel impedance
of both the power converter and the magnet. Specifically, the
thyristor-based power converter employed here incorporates a
significant capacitance of 0.64F in its output filter. Its rela-
tively low impedance, in respect to the magnet’s inductance
of 28mH [10], within our targeted frequency range, will make
characterisation difficult. Instead, we employ the probing topol-
ogy shown in Fig. 1. In this topology both outermost voltage
taps of the magnet are provided with identical voltage with a
return path in the center tap. Voltage drop measurements can
then be performed across individual coils, or as illustrated, across
an aperture (two coils). The proposed topology is designed to
ensure a negligible voltage drop across the power converter,
thereby isolating the coils’ impedance characteristics from that
of the power converter. We expect that this approach will enable
impedance measurements of individual coils, minimally influ-
enced by the power converter’s impedance. Furthermore, it has
the advantage of attenuating the stimuli signal power detectable
to the power converters instrumentation and feedback loop, thus
ensuring that the injection system does not interfere with the
power converter’s operations.

For the tests, the measurement platform was configured with
a sampling rate of 400 kS/s, enabling the collection of the 219

buffer samples in ∼1.3 s. The stimuli signal was designed using
(2) with fmin = 1 kHz

400 kHz , fmax = 100kHz
400 kHz , and L = 40. As all the

initially generated frequencies were distinct, the final number of
frequency components was K = 40.

To have a reference baseline to compare against, the magnet
was also characterised using CERN’s Electrical Quality Assur-
ance (ELQA) team’s impedance analyser solution [11]. Note
that the reference measurements were only performed with the
power converter in the off state as this impedance analyzer is not
designed for measuring energized circuits.

B. System Performance

Fig. 2 illustrates the estimated impedance of the magnet
aperture for both the non-powered and powered scenario when
all 219 available samples are used. The reference baseline mea-
surements are also shown. First, examining the non-powered
measurements, the results obtained from the developed system
show good correspondence with the reference. Similarly, when
considering the powered measurements, the overall shapes of the
magnitude and phase response remain comparable. However,
due to the added interference from the power converter, the
estimated impedance is more noisy, particularly in the lower
frequency range of interest. This observation aligns with the
inherent characteristics of thyristor-based power converters,
which are known to introduce substantial noise below 1 kHz.
Since the mean square error of our least-squared amplitude
estimation method in (9), decreases with an increased number
of samples available [8], increasing the number of samples in
the measurements could prove a viable way to mitigate this
noise issue, thus enhancing the fidelity of the low-frequency

Fig. 2. Impedance estimate based on 219 samples: Powered ( ), not
powered ( ), powered - 16 k samples ( ), reference ( ).

results. Moreover, when data processing time constraints are
not paramount, achieving nearly arbitrary resolution becomes
feasible. This coupled with reducing the gain and filter cutoff
frequency of the ADC front-end could allow the observable
frequency range to be lowered if needed. Such enhancements
would position the system as a viable tool for on-line electrical
integrity monitoring.

However, for real-time applications, the performance of short-
duration measurements must be evaluated. For this we split
the powered test’s voltage/current samples into smaller chunks
and perform impedance estimation on these. An example of an
estimate performed with only 16 k samples (equivalent to 40 ms)
is shown in Fig. 2. To evaluate how the performance changes as
a function of the number of samples used, we calculate the mean
squared relative error of the estimated impedance of the powered
magnet with respect to the reference measurement. This is shown
in the box-plot in Fig. 3. The error is calculated with:

MSRE =
1

N

N∑
i=1

∥∥∥∥
zi − ẑi

zi

∥∥∥∥
2

2

(11)

where z and ẑ is the reference and estimated impedance respec-
tively.

It should be noted that with the enlargement of the window
size, the number of chunks diminishes, consequently reducing
the data available to derive statistical insights. As the window
size decreases, both the error and the variance of the error
increase. This observation is in line with estimation theory [8],
and consequently it may prove difficult to identify rapidly evolv-
ing changes in the impedance profile that may occur, namely
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Fig. 3. Mean squared relative error of the estimated impedance of the magnet
(while powered to 50 A) with respect to the reference measurement as a function
of window size.

during a quench. Thus to enable more detailed quench analysis
further improvements to the platform and testing conditions
are required. This could for example be obtained by boosting
signal power, decreasing the number of frequencies simulta-
neously probed, investigate the use of different stimuli signal
with superior crest factor, improve the algorithm for impedance
estimation, reducing peripheral noise contributions, or tailoring
the front end to the specific magnet probed. Such improvements
would further position the system as a vital tool in enabling novel
research into the electrical characteristics of quenching magnets
and quench detection techniques.

IV. CONCLUSION

In this paper, we introduced a novel approach to measure
the impedance of a powered magnet circuit using a hardware
platform that injects low amplitude voltage stimuli into a device
under test. Central to our method is the use of a multisine stimuli
signal in combination with a balanced probing topology. This
approach allows for the simultaneous probing of the magnet
impedance in the entire defined bandwidth; hence it enables
the capture of its momentary evolution. Initial tests have shown
that the system can effectively operate without disrupting the
operation of the magnet’s power converter. Furthermore, pre-
sented results suggest a potential for performing diagnostics of

superconducting magnet circuits during their operation, an ad-
vancement over traditional methods that require non-operational
conditions for impedance measurements. Additionally, the sys-
tem’s ability to measure short-time impedance was also inves-
tigated. This could provide the means to monitor quenching
magnets, paving the way for research into innovative quench
detection techniques. However, further developments are nec-
essary to enhance this functionality and achieve high-quality
impedance estimates within narrow measurement windows.
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