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émanant des établissements d’enseignement et de
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Abstract. The power supply of a Fast Field Cycling Nuclear Magnetic
Resonance apparatus is typically a current power source, with characteristics
that are not fulfilled by most of the commercially available power supplies.
This current source is used to supply a specially designed magnet, and should
be able to drive a cycling current with a slew rate lower than 3 A/ms. In this
paper, two solutions for this current source are designed and discussed. The first
uses two power supplies: the main voltage source and an auxiliary power
supply to guarantee the current transitions from the low level to the high level.
In the second solution the auxiliary power supply is replaced by a capacitor. To
guarantee the required current slew rates, the possibility of using resistors to
dissipate the energy stored in the magnet is also discussed.
Keywords: current power source, fast field cycling nuclear magnetic
resonance, fast transients

1 Introduction
Fast Field Cycling (FFC) Nuclear Magnetic Resonance (NMR) is an experimental and
powerful technique used to study the molecular dynamics of different types of
compounds [1], [2]. A FFC NMR apparatus includes different modules, as
represented in Fig. 1. In the last decades, the performance of this equipment has
improved, incorporating the most up-to-date technological advances, which have
resulted in: the optimization of the magnet, providing a magnetic induction with very
high homogeneity (∆B/B lower than 10-4) [1] - [3]; higher efficiency and higher
performance of the current source; higher portability, reducing the size of the
equipment. In this work, two solutions for the current source are described and
compared, fulfilling the requirements of the FFC NMR equipment.
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2 Contribution to Value Creation
FFC NMR is a powerful technique that owes its advances to the use of new power
semiconductors, new materials, new optimization techniques and computational tools.

Fig. 1. Main parts of a FFC NMR apparatus

During the last decades the use of FFC relaxometers has been mainly confined to
academic specialized laboratories in part due to the fact that these equipments were
not commercially available. This has been changing recently and the use of FFC
relaxometry has extended to other areas of research, not only in academy but also in
industry. This work contributes to value creation, as the development of FFC NMR
technology, allowing higher efficiency and performance of the current source, as well
as its higher portability and low size will be a factor to spread the usage of this
technology in industrial quality control and product development laboratories.

3 FFC NMR Power Supply
The power supply of the FFC NMR apparatus is basically a current source that cycles
with tunable response times in the ms range. The power supply should allow fast
switching of the magnetic field between different values with current slew rates
adjusted to less than 3 A/ms [4] - [7].
The typical behavior of the magnet current dynamics is represented in Fig. 2,
where four different operation modes can be identified:
A: current transition from a low level (Ilow) to a high level (Ihigh + ∆I/2);
B: current high level or low level (with negative time derivative), bounded by a
predefined error window (∆I);
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C: current high level or low level (with positive time derivative), bounded by a
predefined error window (∆I);
D: current transition from a high level (Ihigh) to a low level (Ilow).
To achieve these requirements with an adequate efficiency, the FFC current
sources are generically designed using two power supplies [1], [3]: a power supply
driving the steady state current (main power supply); and a fast-response power
supply driving the magnet current during the step up current transients (auxiliary
power supply). Several solutions have been developed for each one of these power
supplies [3], and therefore, to the global topology of the current source.

Fig. 2. Typical current waveform of a FFC NMR

In this paper, two possible topologies fulfilling the requirements of this application
are presented and compared. For both solutions, the main power supply is based on
the topology of a chopper converter. However, the first topology requires an
additional dc voltage power supply (based on a full bridge rectifier) to drive the
current step up, and includes a damping resistor to guarantee the required current slew
rate when the current goes down. In the second topology, a capacitor is used instead
of the additional dc power supply, storing energy when the current goes down, and
using it to supply the magnet when the current steps up.
3.1 Current Source with Auxiliary Power Supply and Damping Resistor
The topology of the FFC NMR current source with an auxiliary power supply and a
damping resistor is represented in Fig. 2, where S1 and S2 represent semiconductors
with turn-off capability (as MOSFET); D1 and D2 are diodes; U0 represents the
voltage of the main power supply; Uaux is the voltage of the auxiliary power supply
(high voltage power supply based on a full bridge rectifier); R1 is the damping
resistor; L is the self-inductance of the magnet and R is its equivalent resistance.
As the magnet is immersed in liquid nitrogen and cools very slowly, it is difficult
to guarantee a constant temperature at the copper coils, which will highly affect the
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resistance value. As a result, the magnet resistance R (Fig. 3) will not be constant. It
has been experimentally measured for different temperature values and the results
show that the equivalent resistance is nearly 8 times higher at ambient temperature
(Ta=298º K and RTa ≈ 3.0 Ω) than at liquid nitrogen temperature (TN=77º K and RTN ≈
0.4 Ω). These values will be further considered in the simulations.
With the topology of Fig. 3 it is possible to cycle the magnet current, controlling
the states of S1 and S2. The desired current dynamics is achieved using a high voltage
auxiliary power supply Uaux to step up the current (Fig. 4a) and a damping resistor to
step down the current (Fig. 4b). The current high level and low level are obtained
using only the main power supply U0 (Fig. 4c) and the damping resistor R1 (Fig. 4b).
Defining γk as (1) and considering Fig. 3, the possible values of γ1 and γ2 are
presented in Table 1.
1 if S k is ON
γk = 
0 if S k is OFF

(1)
k = 1,2

Fig. 3. Topology of the current source with damping resistor

(a) Mode A

(b) Mode B and D

(c) Mode C

Fig. 4. Operating modes of the topology with auxiliary power supply and damping resistor
Table 1. Values of γ1 and γ2 for each operating mode of the topology with damping resistor
Topology with damping resistor
γ1
γ2

A
1
1

B
0
0

C
1
0

D
0
0
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From (1) and Fig. 2, the equation (2) representing the dynamics of the magnet
current is obtained.

dimagnet
dt

U
U
R
R
= γ1 0 + γ 2 aux − (1 − γ1 )(1 − γ 2 ) 1 imagnet − imagnet
L
L
L
L

(2)

Equation (2) will be further used in the current controller design.
3.2 Current Source with Capacitor
The topology using a capacitor is represented in Fig. 5, where S1 and S2 are
semiconductors with turn-off capability (as MOSFET); D1 and D2 are diodes; U0 is
the main power supply voltage; C is the storage capacitor; L is the self-inductance of
the magnet and R is its equivalent resistance (variable with temperature).

Fig. 5. Topology of the FFC NMR current source with capacitor

(a) Mode A

(b) Mode B

(c) Mode C

(d) Mode D

Fig. 6. Operating modes for the topology with capacitor

In this topology, the auxiliary power supply of Fig. 3 is replaced by a capacitor,
and the damping resistor is not used. The capacitor is then used to store energy when
the current goes down (Fig. 6d), and further used to supply the magnet when the
current steps up (Fig. 6a). To guarantee the current high level and low level, only the
main power supply (Fig. 6c) and free wheeling diode D1 are used (Fig. 6b).
From (1), Fig. 5 and Fig. 6, the possible values of γ1 and γ2 are as presented in Tab. 2.
Table 2. States of γ1 and γ2 for each operating mode of the topology with capacitor
Topology with capacitor
γ1
γ2

A
1
1

B
0
1

C
1
0

D
0
0
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From (1) and Fig. 5, it is possible to establish the equations representing the
dynamics of the magnet current (3) and the capacitor voltage (4).
From (4), (1) and Fig. 6, the capacitor voltage will change only when both
semiconductors (S1 and S2) are ON (mode A) or when both are OFF (mode D). If only
one semiconductor is ON (mode B or C), the capacitor charge will remain unchanged.
dimagnet
dt

= γ1

(3)

U0
U
R
+ γ 2 c − imagnet
L
L L

(4)

dU c
1
= (1 − γ1 − γ 2 )imagnet
dt
C

This solution seems clearly more efficient and less expensive than the previous.
However it requires a well designed capacitor and a more complex control system.
3.3 Current Source Controller
An important requirement of a FFC NMR apparatus is to generate a magnetic
induction field with very high homogeneity (magnetic induction field ripple ∆B/B
lower than 10-4) that is directly related to the current ripple. Also, it should guarantee
adequate current damping transients. To achieve these requirements, the current
control method plays an important role.
For both topologies, a sliding mode controller can be successfully implemented,
using hysteretic controllers [7], [8]. To guarantee the current high level (Ihigh) and low
level (Ilow), operation modes B and C (Fig. 4, Fig. 6), both presenting first order
dynamics, are used. Then, the control of the magnet current is ensured by the
convergence of the state trajectories to the sliding surface (5) [9], according to the
current error, ei (5), where i is the magnet current, iref is the reference current and k is
a constant (k>0).

(

Sei = k ei = k imagnet_ ref − imagnet

)

(5)

To control the magnet current, condition (6) must be guaranteed [9]:
(6)

.

Sei S ei < 0

The adequate operation mode is chosen from the sliding surface result (5),
guaranteeing condition (6):
.

• If Sei < 0 ⇒ ei < 0 and the current should decrease to guarantee S ei > 0 (6).
Then, operation mode B should be chosen for both topologies;
.

• If Sei > 0 ⇒ ei > 0 and the magnet current should increase to guarantee S ei < 0
(6). Then, operation mode C should be chosen for both topologies.
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4 Sizing of the Current Power Sources
To guarantee the adequate operation of both topologies it is necessary to design the
damping resistor and the voltage of the auxiliary power supply (topology with
damping resistor) and the storage capacitor values (topology with capacitor).
To design the auxiliary power supply it is assumed that the current switches from
Ilow to (Ihigh + ∆I/2) (mode A) with a slew rate of 2 ms. In this operation mode the
current dynamics (6) is obtained from (2), considering γ1=γ2=0:

dimagnet
dt

(6)

U U
R
= 0 + aux − imagnet
L
L
L

Solving (6), considering Fig. 1 and assuming steady-state operation, the auxiliary
power supply voltage may be calculated from (7):
U aux =

(

Ilow e−TA ( L / R ) − R I high + ∆I 2
e−TA ( L / R ) − 1

) −U

(7)
0

Considering TA = 2ms, L = 270 mH, R = 3 Ω (at ambient temperature), U0 = 24 V,
Ilow = 0.1 A, Ihigh = 5 A and ∆I = 4 mA, the voltage of the auxiliary power supply is
around Uaux=650V. To design the damping resistor it is considered the current
transient from te to tf (Fig. 2), where TD=tf-te=2 ms. In this operation mode (D) the
current dynamics (8) is obtained from (2), considering γ1=γ2=0:

dimagnet
dt

R
R
= − 1 imagnet − imagnet
L
L

(8)

The damping resistor (9) is calculated solving (8):
R1 ≈ −

L  I low 
ln
−R
TD  I high 

(9)

From (9), assuming TD=2ms, L=270mH, R=3Ω (at ambient temperature),
Ilow=0.1A, Ihigh=5A and ∆I=4mA, the value obtained for the damping resistor is
R1≈530Ω. The storage capacitor is designed considering the operating mode D of the
topology with capacitor (Fig. 6). During this transient, it is assumed that the energy
stored in the coil is transferred to the storage capacitor, from t=te to t=tf (Fig. 2) and at
t=te the capacitor is discharged.
1 
1
2
L I high − Ilow 2  ≈ C U c 2
 2
2 

From (10), assuming UC = 800 V, the estimated capacity value is 10.7 µF.

(10)
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5 Simulation Results

Vmagnet (V)

Both topologies were simulated using Matlab/Simulink and considering a variable
damping resistor. The main results are presented in Fig. 7 (topology with damping
resistor) and Fig. 8 (topology with capacitor). To evaluate the performance of the two
power supplies under severe operation conditions, the magnet resistance value is
simulated as a sinusoidal waveform, assuming an amplitude of 50% of its rated value,
and a frequency of 8 Hz.
The simulation results of Fig. 7 show that the current cycles, as required by the
application, even for severe changes in the magnet resistance. In steady state
operation the magnet voltage switches from 24V (U0) to -2625V (R1×Ihigh) or -52.5V
(R1×Ilow), and during the transient from Ilow to Ihigh, the magnet voltage is nearly 670V.
1000
0
-1000

Imagnet (A)

-3000

0.14
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0.18

0.2
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0.16

0.18
Time (s)
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0.22
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0
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2
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I magnet (A)

Vmagnet (V)

Fig. 7. Steady-state magnet voltage and magnet current for the topology with damping resistor
considering a variable magnet resistance
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Fig. 8. Steady-state magnet voltage and magnet current for the topology with capacitor
considering a variable magnet resistance
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The simulation results of Fig. 8 show that the current cycles are as required by the
application, even when the magnet resistance changes. Also, this solution requires an
initial charge of the capacitor, which does not affect the FFC NMR experiments. In
steady state operation the magnet voltage switches between 24V (U0) and a minimum
of -15V (in the case of the maximum current) and during the transients from Ilow to
Ihigh or from Ihigh to Ilow, it is possible to observe that the magnet voltage equals the
storage capacitor voltage.

6 Conclusions
In this paper the design and sizing of two topologies for a FFC NMR magnet current
source were presented and evaluated. From the simulation results both topologies
fulfilled the requirements of the application, allowing the magnet current cycling, as
expected. The magnet current ripple is bounded, according to the specifications, and
even a 50% change of the magnet resistance (around its nominal value) did not affect
the current controller performances.
Comparing both solutions, the topology with damping resistor is expected to be
more expensive due to the additional auxiliary power supply and to the damping
resistor. Furthermore, the global efficiency of this solution is also expected to be
lower due to the energy losses in the damping resistor. Moreover, the voltage applied
to the magnet is higher for a longer period (reaches 2kV), which will increase the
insulation demand of this setup. In the topology with capacitor a more complex
control system is needed and an initial charge of the storage capacitor is required.
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