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A smart monitoring system for superconducting cable test is proposed with an adaptive current con-
trol of a superconducting transformer secondary. The design, based on Fuzzy Gain Scheduling, al-
lows the controller parameters to adapt continuously, and finely, to the working variations arising
from transformer nonlinear dynamics. The control system is integrated in a fully digital control loop,
with all the related benefits, i.e., high noise rejection, ease of implementation/modification, and so
on. In particular, an accurate model of the system, controlled by a Fuzzy Gain Scheduler of the su-
perconducting transformer, was achieved by an experimental campaign through the working domain
at several current ramp rates. The model performance was characterized by simulation, under all the
main operating conditions, in order to guide the controller design. Finally, the proposed monitoring
system was experimentally validated at European Organization for Nuclear Research (CERN) in com-
parison to the state-of-the-art control system [P. Arpaia, L. Bottura, G. Montenero, and S. Le Naour,
“Performance improvement of a measurement station for superconducting cable test,” Rev. Sci. In-
strum. 83, 095111 (2012)] of the Facility for the Research on Superconducting Cables, achieving a
significant performance improvement: a reduction in the system overshoot by 50%, with a related
attenuation of the corresponding dynamic residual error (both absolute and RMS) up to 52%. © 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4902977]

I. INTRODUCTION

Superconductivity is used in several electrical applica-
tions related to basic research and experimental physics. For
those applications requiring high-current cables, a specific
characterization of the superconducting cable properties is a
key step of the development. In particular, measurement and
hence knowledge of the critical current at nominal operating
temperature and field plays a fundamental role.2 The criti-
cal current at a given temperature and field defines the upper
working condition where the cable looses its superconducting
property, taking on a resistive behavior. Under this circum-
stance, particular attention has to be paid to proper discharge
of the residual current in the circuit under test. This system
commonly involves current levels in the order of the tens of
kA, to be properly dissipated.

At the European Organization for Nuclear Research
(CERN), superconductivity has been studied and used for
many years and it plays an essential role in the particle ac-
celerator Large Hadron Collider (LHC). In this regard, within
the activities of research and development of superconduct-
ing magnets, a Facility for the Research on Superconduct-
ing Cables (FReSCa)3 was specifically built. This facility is
still used today for the characterization of high-current cables
made from novel advanced superconductors. In FReSCa, the
cables are tested to assess their properties experimentally, in
particular the critical current. Current is driven in the sample
cable under test through a power converter operated at room
temperature.4 This configuration, although allowing high cur-

rents to be produced at high ramp rates, results expensive both
in terms of electric power dissipation and liquid helium con-
sumption. A 70-kA superconducting transformer, hosted in
the same cryostat with the cable under test, was introduced to
overcome these issues. This allows a significantly higher cur-
rent to be induced in the transformer secondary (where the
sample cable is placed) by a relatively lower primary cur-
rent (a few tens of ampere).5, 6 The current at the primary
of the transformer is provided through a low-power voltage-
controlled current source, drastically reducing the consump-
tion of both electric power and helium boil off. However, for
the measurement of current at cryogenic temperatures, the su-
perconducting transformer presents the challenging issue im-
posed by the need for an accurate control:7 a few percent ac-
curacy of the current levels is required. The available current
control strategy, even suitable for the task of cable testing, op-
erates under several constraints mainly due to the transformer
nonlinear behavior.1

The ideal transfer function of an air-core superconducting
transformer can be written as1

HT (s) = Is(s)

Ip(s)
= GT

s

s + 1
τ

(1.1)
with GT = M/(Rsτ ) and τ = (Ls + Lsp)/Rs,

where GT is the transformer gain, τ is the time constant, M is
the mutual coupling between primary and secondary, Rs is the
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FIG. 1. Transformer gain GT (left) and decay time constant τ (right) as a function of the maximum current reached on the primary Ip.

total resistance of the secondary, Ls is the inductance of the
secondary, and Lsp is the inductance of the sample.

However, the electrical parameters of the transformer
such as the resistance of the joint connecting the cable un-
der test, the transformer secondary, and the self-inductance,
depend on both the current and the field.8, 9 Moreover, the
sample inductance can differ from its nominal value.10 These
effects lead the parameters of the controlled circuit to de-
viate from their theoretical values, giving rise to a nonlin-
ear behavior to be compensated by the control system. In
Fig. 1, as an example, the measured gain (left) and the time
constant (right) of) for the 36-kA superconducting trans-
former, in a short-circuit configuration, available at the CERN
FReSCa test station1 are shown as a function of the maxi-
mum primary current Ip. Those parameters deviate from their
ideal values GT = 877 and τ = 1000 s, for M = 8.77 mH,
Rs = 10 n�, Ls = 9 μH, and Lsp = 1 μH, due to the pow-
ering conditions, namely, current levels translating into field
dependence too.

The available controller configuration does not allow
sudden accelerations in the induced current, especially if fol-
lowed by steep ramps. Thus, an ad hoc setup for the test
reference curves is needed to operate within the controller
boundaries.

In this work, the test current performance is improved
with respect to the state-of-the-art controllers by using an
adaptive control strategy8 integrated in the measurement sta-
tion real-time monitoring. The current is driven in the trans-
former secondary, thus in the cable under test, by contin-
uously adapting the control logic to the working condition
variations arising from the transformer nonlinear dynam-
ics. This algorithm follows the principle of the Fuzzy Gain
Scheduling9 and manages the transitions between two differ-
ent system conditions through a fuzzification of the main state
variables.10 In Sec. II, a background on the basic principles
underlying the control system is given. In Sec. III, the pro-
posed control system is outlined and, in Sec. IV, experimen-
tal results from the on-field characterization and validation at
CERN in the FReSCa laboratory are illustrated.

II. BACKGROUND

In the following, a background on the principles of (A)
the Gain Scheduling adaptive control and (B) the Fuzzy logic
techniques is provided.

A. The gain scheduling adaptive control

Gain Scheduling (GS) is one of the most popular ap-
proaches to nonlinear control design and has been widely ap-
plied in various fields such as aerospace or process control.11

This divide-and-conquer approach is the main reason of the
popularity of gain scheduling methods, since it enables the
well-established linear design methods to be applied to non-
linear problems.

The key idea of Gain Scheduling consists on finding
rules between the changes of the model and significant vari-
ables (Fig. 2), hence the feedback is nonlinear and it may
be implemented as a look-up table. Thus, a look-up ta-
ble with an appropriate logic for detecting the operating
point and choosing the corresponding controller values is
needed.

The advantage of gain scheduling is that the controller
parameters can be changed as quickly as the auxiliary mea-
surements respond to parameter changes. Frequent and rapid
changes of the controller gains, on another side, may lead to
instability; therefore, a limit has to be placed on how often
and how fast the controller gains can be changed. An incor-
rect schedule caused by the lack of a compensating feedback,
together with the unpredictable changes in the plant dynam-
ics, may lead to performance worsening or even to complete
failure of the control system.

A drawback of the Gain Scheduling, usually less signifi-
cant for complex and already costly systems, is the increase of
the design and implementation costs according to the number
of operating points.

Another attractive approach for wide-range control of
nonlinear processes is the Multimode control10 technique.
In this method, a switching among several controllers, each

FIG. 2. Gain scheduling general scheme.
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FIG. 3. Multimode control scheme.

designed for a partition of the operating space, is made in ac-
cordance to the operating conditions (Fig. 3).

This approach is equivalent to the Gain Scheduling pro-
vided the controllers to have the same structure. In general,
however, the controllers do not need to have the same struc-
ture. This feature allows great flexibility in the type of con-
trol techniques that can be adopted. The major concern is to
achieve bump-less transfer between two adjacent controllers
when the switching occurs and to avoid intermittent operation
of two controllers in adjacent operating regions with sharp
boundaries. In this method, as well as for the Gain Schedul-
ing, the implementation of the interpolation strategy and the
switching logic is a key issue to achieve a satisfactory behav-
ior in a wide operating space.

The large variety of domains and applications where
Fuzzy GS-based strategies were exploited suggests their
adaptability to different kinds of instrumentation and mea-
surement processes with some common peculiar aspects.
Most of the problems addressed in literature are characterized
by a wide operation domain.11, 12, 14, 15 In monitoring systems
for superconducting cable test, typical operating ranges are
large, like the span of 32 kA of the test facility at CERN. A
further peculiar aspect is the nonlinearity of the systems to be
monitored arising from physical phenomena included in the
systems dynamics. Often the nonlinearities affect the system
behavior differently in the diverse regions of the operating do-
main. In most cases, designing an ad hoc strategy turns out to
be more effective to compensate the behavior in these regions
rather than tuning a unique strategy on the domain, as a whole.
Therefore, when these aspects of wide operating range, non-
linear behavior, and significantly different nonlinearity impact
in the specific range occur simultaneously, the use of a Fuzzy
Gain scheduling becomes precious.

The design of a GS-based controller typically proceeds
in several steps. In a first step, a variable α, strongly corre-
lated with the changes in the process dynamics, has to be cho-
sen as the scheduling variable. This variable should be read-
ily available and its time dependency easily manageable. In
a second step, a set of operating points covering the whole
operating range of the process should be identified. This set
defines a vector of values, A = {α1, . . . , αn}, in the schedul-
ing variable and a partitions of the operating space. In a third
step, the linear controller at each operating point has to be de-
signed, using the linear time-invariant models at those points
if required, and set the controller parameters. Finally, the gain
scheduling interpolating scheme has to be delineated, to al-

low the controller parameters being selected according to the
corresponding operating points.

Given excellent robust local stability and performance
properties at the selected operating points, there is no guar-
antee that these properties will hold at all points and between
them. This possibility is highlighted by the local nature of the
control methods even if they are theoretically well-supported
in a real application. Thus, in general, and not exclusively for
Gain Scheduling, the control system properties are validated
through extensive computer simulation experiments.

B. Fuzzy logic techniques

Fuzzy systems are nonlinear modeling paradigms,12 ro-
bust with respect to noise in the data. Representing problems
in a simple and clear way is a typical capability of the fuzzy
systems. They also are able to perform reasoning on inac-
curate information and to give a clear representation of the
evolution of the model providing understandable explanations
about the model progression.

The Takagi-Sugeno-Kan (TSK) inference approach13 is
widely used in control systems, in this model the rules are in
the form:

R1 : IF (x1 is A11) ∧ (x2 is A12) ∧ . . . ∧ (xl is A1l) THEN y = z1,

R2 : IF (x1 is A21) ∧ (x2 is A22) ∧ . . . ∧ (xl is A2l) THEN y = z2,

. . .

Rj : IF (x1 is Aj1) ∧ (x2 is Aj2) ∧ . . . ∧ (xl is Ajl) THEN y = zj ,

(2.1)
where

� x1, x2, . . . , xl are the system input variables;
� Aji are the possible fuzzy set describing the input vari-

ables (each of them is associated to its own member-
ship function);

� The antecedent of each rule is made up by a con-
junction (“AND” operator) of propositional clauses
(“x is A”);

� y is the output variable and it can assume only crisp
values zj (i.e., numerical).

A system including such rules can be represented by
means of a nonlinear function of the input variables:

y = f (x1, x2, . . . , xl). (2.2)

The crisp value of the output variable is assessed by tak-
ing into account all the rules and their activation values a, with
respect to the zj value assumed by the y variable in each rule:

y = z1 · a(R1) + z2 · a(R2) + · · · + zj · a(Rj )

a(R1) + a(R2) + · · · + a(Rj )
. (2.3)

In summary, the activation level of the jth rule is ex-
pressed by the “Larsen Product” operator or by any other
T-norm derivable for the “AND” operator:

aj =
l∏

i=1

Aji(xi). (2.4)

Equation (2.3) shows how to calculate the activation level
of the jth rule with the Larsen product. The system output is
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FIG. 4. Architecture of (a) measurement and control system and (b) system
under control.1

then the centre of gravity of the local outputs:

y =
∑

j aj zj∑
j aj

. (2.5)

III. PROPOSAL

In this section, (A) the architecture, (B) the model identi-
fication, and (C) the controller design of the novel smart mon-
itoring system based on adaptive current control for supercon-
ducting cable test are outlined.

A. Architecture

During the development of the enhanced current con-
trol of FReSCa at CERN (Fig. 4),1 the system under control
(Fig. 4(b)) showed a nonlinear behavior. In the development
of its control strategy, a linearized model based on the ideal
transformer physical equations was considered. As a result,
a digital proportional integral (PI) controller operating within
certain limitations was implemented. In order to obtain a sig-
nificant performance improvement, a controller able to oper-
ate beyond the currently imposed limits, i.e., the start and stop
current ramping acceleration of 800 A/s2, is needed. To this
aim, in the design process, a more detailed model taking into
account nonlinear dynamics of the system under control is to
be developed for its entire operating domain. The system to be
controlled is composed by the cascade of the power supplier
and the superconducting transformer (Fig. 4(b)).

The architecture of the smart monitoring system depicted
in Fig. 5 aims at overcoming the drawbacks shown by the

FIG. 6. Simulated model of the system under control.

state-of-the-art system,1 related to the transformer secondary
current control, such as the limited bandwidth, the difficulties
for the operator to set up a current cycle and the controller
parameters tuning depending on the working conditions.1

The system input is the electrical current reference Iref to
be fed into the superconducting cable while the output is the
current Is measured on the transformer secondary. The field of
the nonlinear systems identification is wide and the included
techniques can be either mathematical or statistical inference-
based.14 The physical analysis, of the magnetic couplings
and of the other physical phenomena acting in the cryogenic
part of the superconducting transformer, is extremely com-
plex. Therefore, it would be a highly difficult task to build
a model based on a sufficiently detailed physical analysis;
therefore, an inferential approach was adopted to define the
model.

B. Model identification

An exhaustive characterization of the system input-
output dynamics was obtained by carrying out an extensive
measurement campaign in several different working condi-
tions. The system dynamic, for each working condition is
identified independently from the ramp rate; in particular, the
function defined for all the 12 regions identified approximates
the behavior of the system for each considered ramp rate. At
the end of this analysis, in order to synthesize a single model
of the entire system domain (Fig. 6), the various functions
have been included into a TSK fuzzy system.13

This fuzzy system approximates the system dynamics
by scheduling each subdomain transformer function output
according to the system input variations. The fuzzy system
input variable is the power supply input voltage Vref, the same

FIG. 5. Architecture of the novel smart monitoring based on adaptive current control.
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FIG. 7. PI-FGS system with one input divided into 12-subspaces.

of the system to be controlled. The domain of this variable is
fuzzified by taking into account the operating regions identi-
fied by looking at the secondary current measurements. The
shape of the membership functions is trapezoidal in order to
have a clear definition of the subdomain mapped. The conse-
quent of the TSK system rules is represented by the computed
transfer functions. Each of them is characterized by a second-
order denominator and a first-order numerator. Each rule, one
for each membership function, has the same unitary weight.
The output of the simulated system is given by the sum of the
outputs of each consequent, weighed with the truth value of
the corresponding membership function.

C. Controller design

Fuzzy Gain Scheduling with PI controller (PI-FGS) is
a particular implementation of the Gain Scheduling. In this
scheme, the system operating space is divided into a num-
ber of subspaces or partitions, assigning a generalized PI con-
troller to each one of them. Each controller is tuned taking
into account the plant dynamics in its partition. The main fea-
ture of PI-FGS resides in the use of Fuzzy logic as switching
logic and the interpolation or GS function.15 Fuzzy inference
is used to implements the mechanism in order to detect the
plant current operating conditions. Inference rules implement
the generalized PI local controllers, one per rule (Fig. 7). The
PI-FGS controller is based on a TSK fuzzy system13 with two
inputs and one output.

The first input enters the scheduling variable α, which is
identified as the current Iref fed on the transformer secondary.
The other input is the error signal e∗(k), defined as the dis-
tance between the plant output I∗m(k − 1) and the desired one
I∗ref(k), required by the generalized PI to calculate the con-
trol signal (Fig. 8). The output of the TSK fuzzy system is the

FIG. 8. FGS with PI controllers implemented in the TSK rule base. The rules
(R1, R2, . . . , RN) are in the same form as formula (3.1).

control signal u(k) that, in the superconducting transformers
system is the power supply voltage input Vref.

The TSK fuzzy system has the following main character-
istics: (i) the scheduling variable membership functions are
trapezoidal and (ii) a singleton fuzzification method is used to
simplify calculations by the inference mechanism.

The inference system relies on a rule base with individual
rules. The total output u(k) is the weighted average combina-
tion of all rule outputs. Rules have the form,

IF α is Ai THEN ui(k) =Ki ·Vref(k − 1) − Ki · KiI · y(k−1)

+Ki · KiP · e(k), (3.1)

where i ∈ [1, R] is the rule number, Ai is the fuzzy set defin-
ing the ith partition of the operating space, KiP, KiI, and Ki are
the generalized PI parameters or gains of the ith rule or con-
troller, and ui(k) is the control signal generated by the ith rule
or controller. The total control signal, generated by the TSK
fuzzy system, is the weighted average of the control signals
generated by each rule or controller,

u(k) = �Rwi ui(k)/�Rwi, (3.2)

where the weights wi are the product of the membership val-
ues of the inputs being fuzzified. Since only the first input is
being fuzzified,

wi = μAi(α). (3.3)

From (3.1)–(3.3), the control signal change u(k) is

u(k) = �R
i μAi(α) · (Ki ·Vref(k − 1) − Ki ·KiI · y(k − 1)

+Ki · KiP · e(k))/�R
i μAi(α). (3.4)

This is the PI-FGS controller output for the plant: in the
system under exam it would be the voltage value Vref given to
the power supply. At the end of the design process, the C++
implementation of the PI-FGS controller was completed with
the parameters computed by simulating the controller with the
computed system model.
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IV. EXPERIMENTAL RESULTS

The effectiveness of the proposed smart monitoring, in
providing a tight control of the transformer secondary cur-
rent, was demonstrated experimentally on the superconduct-
ing transformer of FReSCa3 at CERN. In particular, main val-
idation aim was to prove the PI-FGS algorithm capability of
improving dynamic performance without loosing in metro-
logical performance. In measurement stations for supercon-
ducting cable testing, among all the step response parameters,
dynamic performance is assessed usually in terms of over-
shoot and the related attenuation of the corresponding dy-
namic residual error.

In the following, (A) the experimental setup, (B) the pre-
liminary assessment, and (C) the validation results from the
on-field characterization are illustrated.

A. Experimental setup

According to the architecture of Fig. 5, the measurement
and control setup was implemented as shown in Fig. 9. The
waveform generator is realized through a data acquisition
board NI-PXI 6281 by National Instruments.16

This multifunctional board also provides digital I/O, for
interfacing the standard FReSCa quench protection and data
acquisition systems,17 and analog inputs in the range of
±1 V, with a resolution of 30 μV, for the system charac-
terization. The board drives a four-quadrants power supply
Lake Shore Model 622 (ratings ±100 A, ±5 V),18 supply-
ing the transformer. The nominal gain of the power supply is
GPS = 100 A/V for an input control voltage range of ±1 V.

The core of the system is the Fast Digital Integrator
(FDI)19 for the transformer’s secondary current measurements
via the signal from the Rogowski coils. The signal-to-noise
and distortion ratio is higher than 100 dB. Typical static non-
linearity, relative to a full scale of ±10 Vs and with tempera-
ture ranging between 27 and 35 ◦C, is within ±7 ppm.

The transfer function has typical relative errors of 0.2%
(without specific calibration) for the gain and 17 ppm (on the
full scale) for the offset. Typical stability is ±1 ppm over
30 min at 30 ◦C. The timing board is a NI PXI-6682 by
National Instruments, with a 10 MHz internal clock,20 used
to generate the trigger signal for the FDI and for the data ac-
quisition board.

The boards are housed in a PXI crate U1091AC50 by
Agilent.21 The embedded computer is a Single-Board Com-
puter D9-6U by Mikro Elektronik,22 hosting the software

handling the overall system functions, based on the Flexible
Framework for Magnetic Measurements.23

B. Preliminary assessment

For the PI-FGS control system, performance was as-
sessed by using the same setup of the reference control system
characterization,1 that is, the insert containing the transformer
is closed on a short circuit. The adaptive control was then val-
idated by verifying the compatibility of critical current mea-
surements with the results collected exploiting the reference
control system (i.e., PI strategy-based). The superconducting
cable for those measurements is the same used for the val-
idation of the PI-based system vs. the 32-kA Power Supply
system, namely an LHC cable of type 2,24 that is, a keystone
cable (0.90◦) with 36 strands of 0.825 mm diameter (critical
current at 6 T better than 12 kA at 1.9 K4).

The preliminary tuning phase of the PI-FGS system has
the aim of understanding performance limit in terms of ref-
erence tracking and eventually corrects controller’s parame-
ters. Indeed, the experimental results highlighted the simula-
tion trend of an excessive sensitivity of the PI-FGS controller.
This problem was solved by imposing a transition time of
0.5 s between a ramp and a plateau (or conversely between
a plateau and a ramp). This turns out to be negligible in a
regular test, but very useful to help the controller in avoid-
ing excessive overshooting. Thus, a new reference signal is
built by calculating the acceleration (Acc) and deceleration
(Dec) of the ramp-plateau transition according to the ramp
rate (rr):25, 26

Acc (Dec) = (−)rr/�t, (4.1)

where �t is 0.5 s.
In Fig. 10(a), an example of the measured current (I∗m)

using the PI and the PI-FGS control strategies is shown. The
main parameters of the reference current (I∗ref) for this cy-
cle are: Imax = 24.5 kA, rr = 800 A/s, and Acc = Dec
= 1600 A/s2.

In Fig. 10(b1) the magnification of the plateau phase
is illustrated: the smaller overshoot (10 A) of the PI-
FGS can be appreciated, that is, larger bandwidth. In
Fig. 10(b2), the difference between the measured current (I∗m)
and the ideal reference (I∗ref) for both control algorithms is
depicted.

A view of the tracking error, expressed as RMSE, ob-
tained with the PI strategy and the PI-FGS system is given in
Table I as a function of maximum current and ramp rate; the

FIG. 9. Measurement and control instrumentation setup.1
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FIG. 10. Measured currents using the PI (I∗m,PI) and the PI-FGS (I∗m,PI-FGS)
control algorithms for the reference I∗ref current cycle at 24.5 kA (a) and
magnification of the measured currents I∗m,PI and I∗m,PI-FGS during the phase
of plateau (b1); differences among the measured currents I∗m,PI and I∗m,PI-FGS
(b2) and the reference cycle (I∗ref), the current function that has to be induced
in the cable under test, complete the picture.

acceleration and deceleration values are calculated according
to (4.1). In this configuration, the overshooting phenomenon
is still more evident at higher ramp rates than at lower cur-
rents.

The absolute overshooting value is almost constant for
the same ramp rate, thus the relative value decrease drastically
with increasing current values. The collected results show a
common trend, regardless the considered ramp rate and max-
imum current. Under the same conditions, the error for the
adaptive control strategy is considerably less, sometimes by
more than 50%, with respect to the classical control strategy.
Such an error is accumulated mainly in the ramp phases; un-
der these circumstances, the PI-FGS controller shows satis-
factory promptness in following the ramp and negligible os-
cillations during transitions between ramp and plateau.

TABLE I. Aggregated RMSE mean values (in kA) from the PI-FGS/PI
comparison.

Ramp Rate

Imax(kA)

800 (A/s)

FGS           PI

500 (A/s)

FGS PI

300 (A/s)

FGS      PI

100 (A/s)

FGS      PI

5.00 25.52     48.36 18.24 34.28 14.15    22.99 4.74      8.85
10.00 30.31 58.69 20.77 40.10 13.41     25.92 4.98      9.52
15.00 33.08 64.03 22.24    42.96 14.13    27.29 5.14      9.86
20.00 34.93 67.38 23.20    44.72 14.62    28.15 5.28     10.11
24.50 36.60 69.52 24.15    45.83 15.15      28.72 5.43 10.29

The RMSE reduction of almost a factor of 2, when using
the novel FGS control as compare to previous PI control, is
evident from the data in Table I.

C. Experimental validation

The performance of the PI-FGS control strategy against
the reference PI-based system was validated characterizing
the same LHC outer layer dipole cable (LHC cable of type 2)
used for the previous PI system validation.1 Main goal of the
comparative tests is to prove that PI-FGS does not looses in
metrological performance against a reduction in overshoot of
about 50% (Fig. 10). At this aim, tests have to prove that the
PI-FGS and PI state-the-art algorithm have similar repeatabil-
ity. “Similarity” is assessed in terms of reproducibility of the
results versus a change in measurement algorithm. In other
terms, according to the 3rd edition of the International Vocab-
ulary of Metrology (VIM3),27 the reproducibility conditions
under test is the measurement algorithm change from PI to
PI-FGS. For this reason, comparative tests aim to show that
the repeatability value is compatible with the state-of-the-art
reproducibility.

A measurement campaign, with background field from
3.0 to 9.0 T, and current ramp rates from 50 to 800 A/s, was
carried out by switching the control software between the PI
and PI-FGS algorithms, respectively. The values of the mea-
sured critical current for the sample cable under test are re-
ported in Table II, both with the reference (PI) algorithm and
with the novel (adaptive PI-FGS) controller. This type of mea-
surement has an expected repeatability of ±0.5% and repro-
ducibility of ±2%.3 In the comparative tests, the repeatability
was assessed by computing the experimental dispersion of the
critical current in several measurements for the same imposed
external field. In particular, the repeatability of the reference
critical current Ic,PI was better than ±0.6%.1

The set of measurements for the PI-FGS algorithm in
Table II shows repeatability of the order of ±0.5%.
Moreover, the maximum error among the measured critical

TABLE II. Average critical current values using the PI and PI-FGS
algorithms.

Applied field (T) Ic,PI (A) Ic,PI-FGS (A) Error (%)

3 21 980 22 287 ± 0.061 1.96
5 15 255 15 361 ± 0.081 − 1.97
7 8737 8568 ± 0.045 0.70
9 2553 2604 ± 0.025 1.34

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:

131.175.122.168 On: Fri, 12 Dec 2014 17:22:42



125111-8 Arpaia et al. Rev. Sci. Instrum. 85, 125111 (2014)

FIG. 11. Comparisons of V-I curves on a LHC cable of type 2, measured
using the reference PI control algorithm and the novel PI-FGS system. In the
two experimental curves displayed, the current ramp rate is 50 A/s at 7 T and
250 A/s at 5 T, respectively.

current values is of the order of ±2%, most likely arising from
the improvement in the ramp up phase introduced by the PI-
FGS. Therefore, the worst-case reproducibility is of the order
of ±2% compatible with the above referenced literature value
usual in this application.

As an example, in Fig. 11, the measured V-I curves on
a 610 mm long cable are compared at 5.0 T and 7.0 T, with
current ramp rate of 250 A/s and 50 A/s, respectively. The
measured voltages with the two controllers do overlap sig-
nificantly and the noise level is well within the requirements
(below 2 μV). The differences in terms of measured critical
current values cannot be appreciated at a glance, even if a
zoom–in is performed on the graph, because the values of Ic,PI
and Ic,PI-FGS are close to each other and their measure is ob-
tained as the result of a fitting process on the experimental
data.

V. CONCLUSIONS

At the Facility for the Research of Superconducting
Cables3 (FReSCa) of the European Organization for Nuclear
Research (CERN), a measurement system based on a su-
perconducting transformer is exploited.1 Metrological perfor-
mance of the control driving the current into the cable un-
der test has been improved by an adaptive control strategy.8

This system proved to be effective in overcoming the limita-
tions shown by the previously available measurement system
by means of a faster and more reliable control of the current
in the transformer secondary.

The current control strategy was designed by follow-
ing the Gain Scheduling logic,9 thus varying the controller
parameters according to changes in the working condition.
The variations in the controller are driven by the reference
current Iref, whose domain was divided into subspaces ac-
cording to the system behaviour. By identifying each local
domain dynamic, a model of the chain composed by the cur-
rent source and the transformer was synthesized and the sub-
spaces obtained were linked to each other by means of Fuzzy
Logic.13 The chosen system input was the voltage reference
Vref, driving the current source, while the secondary current
was taken as the system output. The scheduling function that

allows navigating among the different subdomains was im-
plemented again through the Fuzzy Logic.16 Thus, a PI-FGS
system was designed by tuning the local PI controllers, one
associated to each subdomain, and implementing each con-
troller in the consequent of the TSK-type inference system16

chosen for the FGS development.
The effectiveness of the novel architecture was assessed

by an experimental implementation aimed at controlling
the superconducting transformer available at the FReSCa of
CERN.

Achieved key performance improvements are

� short response overshoot for the most critical current
and ramp rates, keeping the same capability to follow
the reference ramp as the previous control system;

� reduction in the error (both absolute and RMS) up
to 52% in the compared results with respect to the
state-of-the-art-control strategy previously adopted at
CERN.

The improvement achieved in the ramp phase, given by the
reduction in the delay introduced by the PI-FGS strategy, to-
gether with the ability to settle within the given transition
time, are the main reasons for the significant error decreas-
ing. This improvement turned into the possibility to run cycle
with acceleration up to 1600 A/s2 for an 800 A/s1 ramp rate.

These results were demonstrated in practical working
conditions, measuring the critical current of a NbTi Ruther-
ford cable with well-known properties.1 Measurements of the
critical current show full compatibility of the PI-FGS-based
system with the available reference at FReSCa, i.e., the PI-
based system. The comparison of the proposed smart con-
troller system with the available reference highlights repro-
ducibility better than 2%, which is the typical requirement of
the critical current for the cables under test.
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