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Abstract – Nanocrystalline materials are becoming ever
more broadly used in transformer-based transducers
due to their low losses, high relative permeability and
high saturation ﬂux density. In this paper, the magnetic characterization of one of these materials is presented by highlighting its inﬂuence on the performance
of a current derivative sensor. This sensor was recently
prototyped at CERN in the framework of the consolidation activity on the quench protection of superconducting magnets for the high-luminosity upgrade of the
Large Hadron Collider. The performance is analyzed
in terms of linearity and dynamic response.
I. INTRODUCTION
Nowadays, due to the ever-higher frequencies employed
in a broad range of applications (i.e. power electronics),
the quest for materials capable of working in wide frequency ranges and having reduced power losses, high permeability values and high saturation level has become crucial. Materials such as ferrites, Fe-Ni, Fe-Si, permalloys,
supermalloys, powder cores made from milled nanocrystalline and amorphous materials belong to this category
and are broadly employed, as reported in the vast dedicated
literature [1, 2, 3, 4].
For the high-luminosity upgrade of the Large Hadron Collider (LHC) [5], a new generation of superconducting
magnets such as the Nb3 Sn-based MQXF inner triplet
quadrupole magnets and the MBH-11 T dipoles will be
installed in the accelerator [6]. The installation, ﬁrstly, requires a series of consolidation activities on the existing
systems, including the upgrade of the existing quench protection systems, which are crucial components necessary
to protect the superconducting magnets from undesired
events of quench. These systems are conceptually made
of two parts: the quench detection and the magnet protection system, the latter made of active protection elements
triggered and coordinated by the quench detection system
(i.e. heater discharge power supplies and energy extraction
systems) and passive elements (i.e. extraction resistors, bypass diodes, etc.) [7]. These protection features will be
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guaranteed by a broad variety of new developed custommade solutions [8]. As reported in [9], a new method for
the quench detection has been presented for the 600 A corrector magnet circuits of the LHC and the protection of the
IPQ (Individual Powered Quadrupole) magnets. The proposed technology is a transformer-based transducer, whose
layout is shown in Fig. 1, that detects the quench by current
derivative measurement instead of the classical techniques
based on coil voltage measurements.

Fig. 1. A photograph of the sensor described in [9].
A nanocrystalline material known under the commercial
R
name Vitroperm500 F
[10] was chosen as magnetic core
due to the declared permeability of more than 50000, the
high saturation ﬂux density value of about 1.2 T, and low
power losses. These parameters are crucial because the
sensor will be mainly used for two applications: i) the measurement of the derivative of current carried in the main
magnet circuit, with ramp rate values ranging in the order
of few A/s and ii) the quench detection feature with values of the derivative over 100 A/s. Hence, good linearity
within a range from DC to a few hundreds of Hz is required.
The twofold goal of this paper is i) the assessment of the
material magnetic properties and ii) a characterization in
terms of linearity and dynamic response carried out by introducing two 3-mm air gaps on a second identical test

specimen to recreate the same sensor operative conditions.
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II. MAGNETIC MATERIAL CHARACTERIZATION
The magnetic characterization of the material was performed on a toroidal test specimen by using the ﬂux-metric
method, according to the standard IEC 60404-4 [11].
The measurement system layout is shown in Fig. 2

where μ0 is the vacuum permeability.
The results of the DC magnetic characterization are shown
in Fig. 3 and Fig. 4.
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Fig. 2. Measurement system layout
The test specimen is magnetized by an excitation coil made
of Ne turns and powered by a voltage-controlled current
generator. An Ns -turns sensing coil detects the induced
voltage. From the current measurement i(t), the magnetic
ﬁeld is evaluated as:
Ne i(t)
H(t) =
2πr0
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where As is the cross-sectional area of the specimen, Aa =
At − As is the portion of the coil area At occupied by the
air.
The initial magnetization curve is retrieved by evaluating
the point pairs (Hi ,Bi ) corresponding to the top points of
the nested hysteresis loop. The evaluation is carried out by
searching the points corresponding to the maximum energy
density, evaluated as H(t)B(t).
Starting from the point pairs, the relative permeability is
obtained as:
μr (Hi ) =

103
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v(τ )dτ

This yields to the expression of the magnetic ﬂux density,
B(t):
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Fig. 3. Top) Initial magnetization curve of VitropR
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where r0 is the log-mean radius of the toroidal test specimen. From the voltage measurement v(t), the magnetic
ﬂux Φ(t), linked with the Ns sensing turns, is calculated
as:


4

(4)

-100

-50

0

50

100

H [A/m]
R
Fig. 4. Hysteresis loop of Vitroperm500 F

The material presents a saturation ﬂux density equal to
1.151 T, a coercive ﬁeld of 1.229 A/m, a remanent ﬁeld of
0.044 T. The speciﬁc energy loss per each hysteresis cycle
is 3.047 J/m3 . The relative permeability peak is 79,410.
The initial permeability was not measured due to the low
resolution of the measurements below 0.50 A/m.
In comparison with classical ferromagnetic steels,
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III.

INFLUENCE OF THE AIR-GAP ON THE
SENSOR PERFORMANCE
A second toroidal test specimen, with two 3-mm air gaps,
was used to recreate the layout of the current derivative
sensor and carry out a study on the sensor performance in
terms of linearity and sensitivity.
The specimen was installed as a current sensor on a
HOLEC power converter [12], capable of delivering currents up to 5500 A. The signal was then measured by a
100-turns sensing coil. A photograph of the setup is shown
in Fig. 5.

Fig. 5. Test specimen installed on the power converter cables.
The specimen was tested by adopting the measurement
method described in the previous section. The current-toﬁeld transfer function is shown in Fig. 6.
The current-to-ﬁeld transfer function saturates at 1 T, in
correspondence of the material saturation point. The difference lies in the initial branch, where the behavior can be
approximated as linear: this was caused by the presence of
the two air-gaps. Moreover, the air-gaps made negligible
the hysteresis of the material, which has an overall effect
below 10−5 T.
The linearity of the sensor is shown in Fig. 7, where the
values of the voltage are plotted as a function of the current for ﬁve different ramp rates.
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increasing the operative range of the sensor, non-negligible
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the sensor bandwidth.
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Fig. 6. Sensor current-to-ﬁeld transfer function and apparent permeability curve.

The curves between 40 and 500 A/s correspond to a real
operative situation that the sensor will undergo after the installation on the LHC magnets. The voltage increases linearly with the ramp rate of the current up to 2000 A. The
vertical branches, where the voltage drops to zero correspond to the current’s plateaux. In the current range [2000
2400] A, the sensor undergoes a transition phase before
reaching the full-saturation above 2500. This behavior is
also highlighted in Fig. 8.
The blue curve represents the voltage-to-ramp-rate sensor
characteristics for current levels lower than 2000 A. The
red one, represents the situation for currents above 2500 A.
The plots conﬁrm the situation already shown in Fig. 7,
where the voltage abruptly decreases in saturation with
the slope of the voltage-to-ramp-rate sensor characteristics
passing from 0.0146 to 0.00086 mVs/A and thus, decreasing of a factor of about 20.
However, the voltage-to-ramp-rate sensor characteristic is
not linear for all the ramp rate levels. In fact, by increasing
the current ramp rate, higher- order effects cannot be considered as negligible. For instance, the curve at 5000 A/s,
presents some extra lag effects in the very low current
region due to the eddy currents circulationg in the core.
Nonetheless, at increasing ramp rates, it may not be worth
employing this kind of sensor and air coils such as Rogowski’s coils [13, 14] may show better performance.
The operative range of the sensor, highly dependent on the
saturation current, can be modiﬁed by regulating the airgap length. A higher air-gap length determines a higher
saturation current and therefore extends the operative range
of the sensor. However, the air-gap length inﬂuences as
well the sensitivity of the sensor as well. In fact, increasing
the air-gap improves the linearity and therefore extends the
operative range, but sacriﬁcing the sensitivity. This drawback may be partially mitigated by increasing the number

of sensing turns but at the cost of increasing the measurement noise as well and thus, making the adopted solution iunconvenient. Hence, when designing the sensor, a
proper trade-off between linearity and sensitivity needs to
be sought.
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Fig. 7. Top) Voltage-to-current sensor characteristic. Bottom) Current test waveform at a 500 A/s ramp-rate
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Fig. 8. Voltage-to-ramp-rate sensor characteristic before
(blue) after (red) the saturation current.

IV. CONCLUSIONS
In this paper, the magnetic characterization of an innovaR
, was pretive nanocrystalline material, Vitroperm500F
sented. The material was proposed as iron core for the realization of innovative current derivative sensors to be employed in superconducting magnet protection systems as
part of the consolidation activities for the high-luminosity
upgrade of the Large Hadron Collider, HL-LHC.
The magnetic characterization of the material was performed on a toroidal test specimen by adopting a standard
IEC test procedure. In comparison with a classical ferromagnetic steels, the material exhibits a lower saturation
point and a lower coercive ﬁeld (at least 20 times lower).
This improves the sensor performance in terms of linearity
and bandwidth.
A similar test specimen realized by introducing two 3-mm
air-gaps was tested in order to replicate the sensor layout
and characterize it. The results showed a linear behavior
up to a current level of 2000 A with negligible hysteresis.
At current levels higher than 2500 A, the sensor saturates
and the sensitivity abruptly drops of a factor of 20.
The operative range of the sensor can be extended by modifying the air-gap length. Increasing the air-gap determines
an higher saturation current. However, as a result, the sensitivity will be inevitably sacriﬁced.
As future perspectives, the results on the gaped specimen
showed that the sensor design is strongly dependent upon
the identiﬁcation of the optimal working point of the core,
either in terms of current range or sensitivity. In concluR
sion,the sensor built with a Vitroperm500F
core is very
promising to be used as a quench detector for the IPQ magnets, having a nominal current up to 6000 A.
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