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Abstract: This paper describes an innovative solution for the power supply of a fast field cycling (FFC)
nuclear magnetic resonance (NMR) spectrometer considering its low power consumption, portability
and low cost. In FFC cores, the magnetic flux density must be controlled in order to perform magnetic
flux density cycles with short transients, while maintaining the magnetic flux density levels with high
accuracy and homogeneity. Typical solutions in the FFC NMR literature use current control to get the
required magnetic flux density cycles, which correspond to an indirect magnetic flux density control.
The main feature of this new relaxometer is the direct control of the magnetic flux density instead
of the magnet current, in contrast with other equipment available in the market. This feature is a
great progress because it improves the performance. With this solution it is possible to compensate
magnetic field disturbances and parasitic magnetic fields guaranteeing, among other possibilities, a
field control below the earth magnetic field. Experimental results validating the developed solution
and illustrating the real operation of this type of equipment are shown.

Keywords: relaxometer; fast field cycling; nuclear magnetic resonance; power supply

1. Introduction

A fast field cycling (FFC) nuclear magnetic resonance (NMR) relaxometer [1] is a very versatile
equipment that has been increasingly used to study molecular dynamics in different types of materials,
such as those found, in oil industry, food sector, medical or materials sciences [2].

This type of equipment includes a set of subsystems as typically represented in Figure 1 [3]. In this
equipment, the magnet [4] and the main power supply [5,6] are the core elements.

In recent years, small compact FFC NMR magnets using ferromagnetic cores have been
developed [2,7]. These new types of magnets have much higher inductance than air core magnets [4,8]
and require much lower currents to produce equivalent magnetic fields. However, the transitions
between current levels (i.e., between magnetic field levels) require higher voltages. In general, the
magnet design is optimized, having as main target the homogeneity of the magnetic flux density.
The use of iron core magnets in FFC NMR also require a suitable control of the magnets” hysteresis
compensation and constitute an additional challenge in the development of ferromagnetic-core-based
FFC NMR equipment [9].

Since the early days, the development of the FFC NMR power supplies has been a continuous
challenge concerning their performance and modularity. One of the main challenges for the
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development of small low power FFC MNR equipment is the necessary compromise between the value
of the working current, the current’s slew rate, and the voltages values applied to the semiconductors
of the power supply. The present solution constitutes a progress for the FFC technique due to its low
power consumption with linear control of the magnetic flux density, high efficiency, low maintenance,
low volume and portability.
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Figure 1. Set of circuits of a fast field cycling (FFC) nuclear magnetic resonance (NMR) relaxometer.

In this work, a solution is presented based on a power supply with low power consumption,
portability, and low cost. This power supply, when connected to an optimized iron core magnet [9,10],
present unique features, as for instance, a low-cost air cooling system, low operation noise, and sample
alignment control system. Portability being an added value, this solution opens the possibility of using
the FFC NMR technique for new users. Since, until now, this technique has been owned by research
groups, this prototype can contribute to diversify the use of FFC relaxometry, mainly by technicians in
industrial laboratories.

In this work, as a new approach, the power supply of the magnet is specifically designed to control
directly the magnetic flux density cycles as required by the FFC application. FFC power supplies
reported in literature use feedback control current and air-cored magnets [10-13]. They consider the
system with a linear magnetic characteristic. For other hand, as referred before, iron-core magnets,
due to its intrinsic nonlinear magnetic characteristic, require featuring the control loop with increased
complexity, i.e., a direct control of the magnetic flux density, as described in this paper. This approach,
albeit limited by the maximum magnetic flux density that can be measured (typically 25 mT), leads to
incomparable benefits in terms of power consumption and demanded current: 6 times less than [12];
15 times less than [11]; 10 times less than [10]; and 20 times less than [13].

With a Hall effect, sensor measuring directly the magnetic flux density in the sample room, the
control loop is able to compensate disturbances in the magnetic flux density distributions, and all the
drawbacks of an iron-core magnet can be overcome, as it is done with the proposed solution [9].

The new trends concerning the FFC NMR relaxometers are directly related with their applications.
Considering, for instance, the food, materials development, or oil industries, desktop NMR relaxometer
solutions are welcome as they might contribute to quality control processes and product development.
On the other hand, medicine applications may require the development of equipment for human-size
bodies. An example of a recent application is the “detection of osteoarthritis in knee and hip joints” [14]
and the “measurement of fibrin concentration” [15]. Related with the food industry, relaxometric
studies for food characterization were recently performed [16], as for instance “the case of balsamic
and traditional balsamic vinegars” [17] and “water molecular dynamics during bread staling” [18].
In the pharmaceutical field, a recent example are the studies of “solubility and dissolution rate of
poorly soluble drugs” [19].
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This paper is organized as follows: Section 2 presents the characteristics of the main power
supply and describes their operating modes; in Section 3, the control principles, the control command
chains, and parameters are presented; in Section 4, experimental results illustrating the operation of the
developed solutions under the FFC requirements are shown; in Section 5 conclusions are presented.

2. Power Supply

The power supply has a modular design based on boards built in-house with the following
functionalities:

e  Control circuit (Board 1);

e  Main power source (nominal voltage: 24 V; nominal current: 5 A) and the auxiliary power supply
(maximum voltage: 400 V) (Board 2);

e  Decision control that generates the command signals of the main power supply and the auxiliary
power supply (Board 3);

e  Power supply of the electronic circuits (outputs: +15 V/0 V/=15V; 0 V/+5 V) (Board 4);

e  Power supply of the auxiliary coils, which compensate the Earth and parasitic magnetic fields
(Board 5);

e Radio frequency circuit (excitation of the sample) (Board 6);

e  Sample temperature controller (Board 7).

Conversely, to others, this FFC relaxometer [10-12], in addition to the circuits referred above,
includes a Hall effect sensor that is placed inside the magnet, in the same section of the sample holder,
i.e., the magnetic poles. The output of the Hall sensor is connected to the control system allowing for
a direct control of the magnetic flux density. In Figure 2, a picture of the boards inside of the power
supply housing is shown.
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Figure 2. Inside view of the power supply housing.

The main objective of FFC NMR power supplies is to control the magnetic flux density in order to
perform generalized cycles, as represented in Figure 3 [1,3,6].
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Figure 3. Generalized magnetic flux density and current cycles.

For this generalized magnetic flux density cycle, three levels are defined:

e  Bpp—magnetic flux density polarization;
e  Bpor—magnetic flux density evolution;
e  Bpip—magnetic flux density detection.

The transitions times from Bjyor to Bivip (At2)—rise, and from B p to Bivor (At )—fall, must
be less than the values of the magnetization’s decay constant—spin-lattice relaxation rate, T} 1__for the
sample studied but not so small that off-axis magnetic components appear and produce an irreversible
loss of magnetization (adiabatic transition condition) [1]. In order to repeat the cycle, after Atp the
magnetic flux density changes to Bjy1p being the duration of this transition At,; [1,3,6]. In an FFC
NMR relaxometer, Bipip = Biyip, consequently Aty = 0.

In Figure 4, the topology of power circuit is presented. The main elements are: A power
semiconductor, S, insulated gate bipolar transistor (IGBT type) together with an emitter resistor, Rg, a
low voltage source, Uy, an auxiliary power supply, Uuy, a switch, Sg,y, metal oxide semiconductor
field-effect transistor (MOSFET type), a diode, D1, and the magnet characterized by its inductance and
resistance, Ly, Ry, respectively. The switch, Sp, corresponds to a general switch.

Figure 4. Generic topology of the power supply.

The operation conditions for this circuit require the following operation modes:

e  “Steady-state” during times Atp,Atg, and Atp;
e “Up” transition during time At,; At,;

e “Down” transition during time At Iz

Framing the FFC requirements, the operation modes “Up” and “Down” need to be analyzed in
order to validate the proposed solution.
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A.  “Up” transition

A transition from the low (Bjpog) to a high magnetic flux density level (Bjpip or Biyip), can be
performed using only the main power source or with both main and auxiliary power supplies.

e Using only the main power source

During the “Up” transition, the power circuit can be represented by an electrical equivalent circuit,
presented in Figure 5, which is based on a single IGBT power semiconductor.
In the circuit of Figure 5, the magnet current is governed by the following equation:

di .
- Uy + LMd—]:I + Riip + Vpr +vcg =0, 1)

where Vp; the diode D; voltage drop, vcg the saturation IGBT collector-emitter voltage (vcg,,), and
the total resistance Ry = Ry; + Rg.
The natural time constant is given by

. = R_t/ (2)

In spite of the fact that Uy is sufficient to produce final target current iy, this level is achieved for
times ¢ > 7. For most FFC magnets 77, is usually much larger than the values of T, therefore the use
of the main current supply is not enough to fulfill the FFC NMR technique requirements. An auxiliary
power source becomes necessary since the main power supply is designed to fulfill the operation of
the system in steady-state.
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Figure 5. Equivalent circuit when performing an “Up” transition disabling the auxiliary power supply.
e  With the auxiliary power supply

The electrical equivalent circuit including the auxiliary power supply during an “Up” transition
is presented in Figure 6.
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Figure 6. Equivalent circuit when performing an “Up” transition with the contribution of both main
and auxiliary power supplies.

To perform an “Up” transition the switch Sy, is switched ON and the supply voltage is the sum
of Uy + Uy Under these conditions Dy is OFF (V1 = —Ugyx < 0).
For Figure 6, neglecting the drop voltage across S,.x, the magnet current is governed by:
dip

= Uy — Upux + LM? + Ryip + 0cEy, = 0 3)

From Equation (3), neglecting the resistive voltage drop the current rise rate is established by:

@ N Up + Ugux — UCEy, 4)
dt = Ly

Despite the circuit natural time constant is maintained, one can increase the current rise rate by
adjusting the auxiliary supply voltage (U,;x), so that ips can be reached after time At,, in order to fulfill
the dynamic requirements of the application.

B. “Down” transition

The transition from the high (Bjy1p or Bjyip) to a low magnetic flux density level (Bior), is
performed taking advantage of the collector-emitter voltage drop of the IGBT semiconductor. The vcr
voltage in the active region of this semiconductor can be expressed by [20,21]:

vce ~ Pim + UcE,,, 5)

where f is a fictitious resistance relating the voltage vcg with the current iyf, and vcg,,, is a minimum
value of vcr that assures safe operation of the IGBT.

The electrical equivalent circuit during a “Down” transition is represented in Figure 7.

Merging Equation (1) with Equation (5) (neglecting vcg), under “Down” transition, the electrical
circuit is governed by Equation (6)

di , .
— Uy + Last—2 + Ryipg + Ping + ocE

=0, 6
dt min ( )
and the current dynamics can be expressed by Equation (7)
Uo — vck,, Uo — UCE,,;, \ _t
l‘ ~ min _"_ I _ min T 7
M —5p T\ TR @)

where I7p is the magnet current corresponding to the magnetic flux density level By1p.
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Figure 7. Equivalent circuit when performing a “Down” transition.

3. Control System

Conversely to the usual operation of the IGBT in Power Electronics, in this case, the linear
operating zone is used in order to avoid switching ripples on the circuit. These would be adverse to
NMR measurements.

Considering that the magnetic has linear characteristics, it can be assumed that the magnetic flux
density (B) is proportional to the current (ip):

Bociy 8
Since FFC technique requires an effective control of the magnetic flux density, it is advantageous to
implement a control system based on a Hall effect sensor (Honeywell—SS94A2D) [22], as represented

in Figure 8. This sensor has a sensitivity of 1.00 + 0.02 mV/gauss and a linear behavior in the range
[-2500, 2500] G, and presents an accuracy of 1:5000 fulfilling the FFC requirements.

L,
Ls..

|
L](Jim'
T)

So

_UI )
T)

Figure 8. Conceptual feedback control system coupled to the main current circuit.

In Figure 8, C(s) represents the controller’s transfer function and kg the gain of the Hall effect
sensor. The gate—emitter voltage (vgr) is used to adjust the collector—emitter voltage (vcg) of the IGBT
(S1) and consequently control the magnet current (ips).

In Figure 9, an incremental model of the circuit is presented. It is used to choose the type of
controller, to set its parameters and to evaluate its performance.
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Figure 9. Block diagram of the incremental model. IGBT: Insulated gate bipolar transistor.
In the incremental model, kg (B = kgips) can be set in line with the magnet block:

N

kp = ——
’ ‘Re‘isg

©)

N is the number of turns of the magnet, S, is the air gap cross-section of the magnetic core and
Ry is the magnetic reluctance.

The incremental model includes two limiters: “Limiter #1” limits the command voltage (u.), i.e.,
limits indirectly the magnet voltage; “Limiter #2” defines the collector-emitter saturation voltage of the
IGBT (Vcgsa: # 4 V).

In the incremental study, it is assumed a linear relationship between the collector-emitter voltage
(Avcr) and the gate—emitter voltage (Avgr), given by the equation [20,21]:

AUCE

roe =Y (10)

The gate—emitter voltage depends on the u. control voltage, provided by the controller, and the
RE voltage drop, as expressed by the following equation:

AVGE = Au, — REAiM (11)
A.  Operating modes
e  “Up” transition (At,)

The “Up” transition occurs when a step-up signal in the reference level input (AB* = Bj1p — Bimok)
is imposed. The IGBT is saturated and a supply voltage (U + Uux) is applied to the magnet coils.
The dynamic behavior of the magnetic flux density (and also the magnet current) during the “Up”
transition depends on the load parameters Ly, Ry, 71, and kg, increasing the magnetic flux density
according to the equation:

B(t) _ uO + Ugux — VCEsat kB +

UO + Ugux — VCEsatk ] t
B
R;

[BIMOE - R, e (12)

During At,, this transition is approximately linear, with the following behavior:

uO + uaux -
Ry

V t
B(t) = [_BIMOE + Chsat kB]E + Bimoe (13)

e “Down” transition (Aty)

The reference signal during the “Down” transition (Aty) is a downward ramp:

B*(t) = —apownt + Bimip (14)
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being the absolute value of the decreasing rate ap,y, = 200 T/s for the less favorable cases.

When the lower reference value of the magnetic flux density (Bjog) is reached, the ramp
is quenched.

The controller should act to increase the voltage vcg, and, through this, to decrease the magnet
current. For a good performance of the FFC-NMR system during Atfy, it is important that the output
follow the reference, as closed as possible, i.e., decreasing the velocity error as much as possible.

The performances required during Af¢ and At, are similar. However, due to the very fast drop of
the magnetic flux density during Atf, overshoots can occur affecting the settling time for this transient.
In this case, a control with derivative action might be necessary. As stated in Section 2, the values Ats
and At, must be much smaller than the relaxation time T; but not so small that transition induced
spurious off-axis magnetic field components destroy the magnetic field alignment. The error tracking
between the reference signal and the probed magnetic field signal is less critical during the magnetic
field transitions than in the steady states.

e  High magnetic flux density—steady-state (Atp, Atg, Atp)

In steady state within time intervals Atp and Atp, the magnetic flux density remains constant
at the levels Bjy1p and Bjyip, respectively. The controller acts to adjust the magnet current in order
to keep the magnetic flux density at the set value. When changing from the “Up” mode to the
steady-state mode, the extinction of Uy, voltage is seen by the control chain as a disturbance, which is
adequately compensated.

During these time intervals (Atp and Atp) it is essential that the controller includes an integral
action to eliminate the static error and to compensate disturbances.

e  Low magnetic flux density—steady-state (Atg)
During the time interval Atg the magnetic flux density remains constant at its minimum value Bjpog.-
B. Parameters of the Controller

According to the operation modes described above, the type of controller is clearly framed by
the required dynamic behavior during the “Down” transition. The controller should be properly
set to ensure both a null static error and to avoid overshoot. To fulfill these requirements a classic
proportional-integral (PI) controller is used. This controller can have an analog implementation [21]
or a digital solution based on a microcontroller [23]. The approach above is based on the
analog implementation.

The downward ramp reference signal (B*(f)) must have a very short time (typically, At is 3 ms)
and the input signal, as first approach, can be approximated to a step “Down.” Thus, the system can be
controlled using a PI controller designed for optimum response to step inputs. This approach requires
further validation based on the static and velocity errors.

The optimal response of second order systems, according to the ITAE (integral of the time weighted
absolute error) criteria, for a step input is represented by the transfer function:

W?

S "

The transfer function representing the PI controller is:

AU
C(S):ﬂ:kp_,_lﬂ:kﬂ

AE(s) s s (16)

where:
k =k (17)
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kp
== 18
7= (18)
Introducing the transfer function of the controller C(s) in Figure 9, the incremental block diagram can
be simplified, as represented in Figure 10.

|
ABN(sy + AR} 1+ 1,5 AUAs)| A
—_— k

T L

Y=

! (o — W Sp

AB(s)

Figure 10. Simplified block diagram of the incremental model.

In Figure 10, the simplified block corresponding to the power circuit is represented by a static
gain A and the time constant 7/

B-kp kg
=B LB 19
(Ri+vRe) - Re 1)
R R (20)

T =
(Rt +YRg) YRE
The resistor R is useful to implement an indirect feedback control of the magnet current iys as

represented in Figure 9. This resistance influences and allows to decrease the time constant 7;, and

therefore, contributes to decrease the global gain of the control chain.
AB(s)

The closed loop transfer function ( ) of the simplified block diagram is given by Equation (21)

AB*(s)
k(1478) A
AB(s) s (tus) %{(1 + 725) 1)
AB*(s) k(+ts) A 2 1, Akt Ak
(S) 1+ E (1+7Ls) s +S(TL T L )+ L
where it is assumed that: .
Ty = ;L, n>8 (22)

This allows neglecting the influence of the zero in the following synthesis of the PI controller.
Looking for the optimal response to a step input, the equality of Equations (15) and (21) leads to:

2 _ Ak

2

W= 23)

1+A 1+A
Vo = Ltakz | 1+Akty (24)

L V21r
From Equation (24) it is obtained that:
2
(1—|—Ak’(z) :A_k (25)
\/ETL L
or
2 - 1

0=k 2 ZTL)k + 3 (26)

A 1y (AT Z)

Obtaining k from Equation (26), the following condition needs to be verified, i.e., it is a solution of
a 2nd order equation with real roots and positive discriminant:

(17 —71)°

- -1>0 27)
1z
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Fulfilling the inequality Equation (27) leads to the following relationship between 7z and 7z, L:

T
Ty < EL (28)

Thus, the condition expressed by Equation (22) is satisfied leading to a real value for the gain
k. Introducing the relation Equation (22) in Equation (26), the k gain values corresponding to the
considered integer # are obtained.

kip = Ain[(n 1)+ (1-n)?- 1] (29)

Replacing Equation (20) and Equation (21) in Equation (30), the integral gain k; can be calculated
using the following equation:

2_[<n_1> s (1—n)2—1] (30)

Using Equation (18), the proportional gain kp is:

kp:kTZ:k[TZ:k[T—L :k[ﬁﬁ (31)
n YRg n
Considering n = 10 and using the smallest gain value obtained from Equation (29), results in
k; = 3300 and kp = 0.42.

4. Experimental Results and Analysis

The validation of the proposed solution is achieved by performing “Up” and “Down” transitions
between different magnetic flux density levels with the system parameters summarized in Table 1.
In the following, several transitions of the magnetic flux density (measured getting the analog signal
from the Hall effect sensor) and the behavior of the collector-emitter voltage and the magnet current
are analyzed.

As expected, when Uy, is disabled, the transient lasts near 150 ms, which is too high for a
generalized use of the FFC NMR technique. So, it is the use of an auxiliary power supply (Ugy) during
the “Up” transition, which permits to achieve the magnetic flux density rise time requirements.

Table 1. Systems parameters.

Parameters Value

Ry magnet resistor 30
Lyt magnet induction 270 mH
Re emitter resistor 030
Ugux auxiliary power supply 500V
Uy source voltage 24V
Kp Hall effect sensor gain 0.04 V/T

Y gain (IGBT catalogue) 700
Atp polarization time 5-5000 ms
Aty switching “Down” time <3ms
At evolution time 5-5000 ms
Aty switching “Up” time <3 ms
Atp detection time <100 ps
Aty switching “Up” time <3ms

A.  Magnetic flux density—"“Up” and “Down” transition
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In Figure 11 is shown the dynamic behavior of the magnetic flux density during an “Up” transition
using Ugyy. The magnetic flux density reference is denoted by (B*). In Figure 12 is shown the dynamic
behavior of the magnetic flux density during a “Down” transition.

0.25 .: ! , ! ._
02F ‘M-WVWWW—W——- ‘1." R
. 015F- B Y
£ |
% f
A ?
mr\ 01k _
-1 0 1 2 3 4 5
Time (ms)

Figure 11. “Up” transition of the magnetic flux density between Bjpor = 0 T and Bjpp = 0.2 T.

0.25[ ! ! ! ! .

B, B* (T)

; PRI N S U
ee” o T P

-1 0 1 2 3 4 5
Time (ms)

Figure 12. “Down” transition of the magnetic flux density between Bpp1p = 0.2 T and Bpyor = 0 T.

Setting U,y (Figure 11), the switching time between the minimum and maximum magnetic flux
density levels lasts less than 3 ms which is within the expected limits.

From Figure 12, “Down” transition, it can be seen that the magnet flux density follows its reference
very closed, fulfilling the FFC NMR requirements.

B.  Collector—emitter voltage

Figure 13 presents the experimental results of the collector-emitter voltage of the IGBT and magnet
current during “Up” transitions.
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400 ! : ! ._ ._

100

Figure 13. Collector-emitter voltage of the IGBT and magnet current during an “Up” transition between
IMOE =0A and IMlP =5A.

For the “Up” transition, the initial voltage of the collector-emitter voltage (vcg) corresponds to
the voltage of the power source Uy. During the transition, vcg drops to the saturation value of the
IGBT (vcE,,), remaining at this voltage until reaching the target magnetic flux density level. At the
instant that the magnetic flux density reaches the upper level, it is observed a collector-emitter voltage
peak around 380 V. This results of a delay on the auxiliary switch (Saux) turn off, resulting on a delay of
its control system. The consequence of this peak is a current variation of about 0.11 A (current change
from 5.11 A to 5.00 A) in about 0.08 ms.

Figure 14 presents the experimental results of the collector-emitter voltage of the IGBT during
“Down” transition.

1000 ! T T g -_
: : : : 1
5 I's
w00 Al =
O =
= e
(-)1 0 1 2 3 i 5

Time (ms)

Figure 14. Collector-emitter voltage of the IGBT during a “Down” transition between Ip;p = 5 A and
I Mo =0 A.



J. Low Power Electron. Appl. 2019, 9, 22 14 of 19

For the “Down” transition (Figure 14), at the initial instant it is observed a vcr peak of about 840 V
with a high damping oscillatory characteristic that is due to the response of the controller. This transient
is not visible on the controllable variable, the magnetic flux density or in the magnet current, but it is
visible on its derivative that is, on the magnet and vcg voltages. It is due to the zero on the closed loop
transfer function Equation (21) that was neglected in the synthesis of the PI controllers. After the peak,
the vcg voltage steadies around a value established by the electromotive force generated in the magnet
due to decreasing current. When the current reaches the lowest level, in this case close to zero, the vcr
voltage is within the range of the main power source voltage Up.

C. Command voltages

Analyzing the previous results of the “Up” transitions of the magnetic flux density, it can be
concluded that it develops according to the requirements of the FFC-NMR purpose. It is important to
note a minimum magnetic flux density overshoot, which is the major requisite for this application.
Additionally, for the “Down” transition, the observed dynamics are within the limits imposed by the
FFC-NMR measurement conditions [1,3,6]. These results are directly related with the control circuit
and the command voltages of the control chain.

Figures 15-18 show the experimental results of the command voltage u. and the gate—emitter
voltage (V) of the IGBT during “Up” and “Down” transitions, respectively.

2 | ! ) ! !

10

1, (V)

(-)l 0 il 2 3 4 5
Time (ms)

Figure 15. Command voltage (u.) during an “Up” transition between Ipjor = 0 A and I;1p = 5 A.
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10

u, (V)

-1 0 1 2 3 4 5
Time (ms)

Figure 16. Command voltage (1) during a “Down” transition between Iy;1p = 5 A and Ipjor = 0 A.

9 ? ! ! ! !

10_ ........................................... .................... ...................... ....................... ..................... -

Vag (V)

e ......;.... vl O

-1 0 i 2 3 4 5
Time (ms)

Figure 17. Gate—emitter voltage of the IGBT during an “Up” transition between Iyjop = 0 A and
Imip =5 A.
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Figure 18. Gate-emitter voltage of the IGBT during a “Down” transition between Ip;1p = 5 A and
Ivor = 0 A.

The results shown in these figures are according to the specifications described above.
D. Experimental magnetization

The power source was successfully used to operate a FFC NMR relaxometer and to perform
spin-lattice relaxation measurements for the liquid crystal 5CB commonly used to test the performance
of FFC equipment.

In order to obtain the time evolution of the magnetization, M;(7) it is necessary to obtain the free
induction decay (FID) and estimate its initial value.

The digital radio frequency quadrature detection system outputs the real, imaginary parts, and
also the absolute value of the FID [13,24].

Due to the relatively poor signal-to-noise ratio and presence of high-frequency noise, some degree
of noise elimination is required before obtaining the absolute value, otherwise the absolute value will
have a positive offset. In Figure 19 are shown typical raw free induction decay signal (FIDraw), and the
noise filtered signals: FIDg,, real part; FIDy,, imaginary part; and FID. It should be referred that the
system is assembled in order to guarantee electromagnetic compatibility (EMC) among all the parts.

During a magnetic field cycle, the FID signal is collected after the evolution time 7 and the
magnetization M; (1) can be estimated from the initial value of FID. The vertical lines in Figure 19
define a time window typically used to obtain an average value of the FID’s initial value. In Figure 19
is shown the magnetization evolution M () for the chemical compound 5CB at 300 kHz@299 K. Each
M, point was obtained for a different evolution time T using the same time average window of FID.



J. Low Power Electron. Appl. 2019, 9, 22 17 of 19

T (ms)
50 100 150 200 250 300

—_—

=

O

o
L

o o o o
Wb N~ o0

=
N

Amplitude (a.u)

»

C {1 T FIDRa ]

FIDR, FIDpy
| M 1 "

o o o
—_ N W

<
]

|
=
I

1 " 1 " 1 " L " Il L Il " 1 "
0 20 40 60 80 100 120 140 160 180 200
Time (ps)

Figure 19. Screen shot of the magnetization evolution during an FFC experiment. The raw free
induction decay (FID) and filtered signals FID, FIDg,, and FIDyy, are shown in gray, red, green, and
blue lines. The vertical black lines define the time window where the FID is averaged to estimate the
experimental M; (7). The process is repeated for different evolution times T, as explained in the text.
The M, (1) fitting curve is also shown as explained in the text (color online).

The experimental values M (7), can be fitted by the theoretical equation:
M:(t) = Mo + [M=(0) - Moles (2)

obtained from the Bloch equations [1]. The fitting curve can also be seen in Figure 19 together with the
curve corresponding to the asymptotic value of the magnetization M.

These results clearly confirm that described power supply fulfils the FFC requirements and can be
used to operate an NMR spectrometer.

5. Conclusions

The core aspects of a main power source for an FFC NMR relaxometer are described and discussed
in this paper. The implemented solution was designed specifically to directly control the magnetic
flux density in the sample’s holder using a Hall sensor. This solution constitutes an advance in the
development of FFC-NMR solutions since any disturbance or nonlinearity in the magnetic flux density
distribution is compensated.

Under standard operation conditions, it is exemplified the dynamic behavior of the magnetic flux
density during a typical FFC experiment. As it can be observed using the experimental results shown,
the magnetic flux density transients are accurate and fast fulfilling the specifications of an FFC NMR
measurement of magnetization decay for low magnetic fields.

A linear relationship between the magnetic flux density and the magnet current made it possible
to implement different control strategies, for “Up” and “Down” field transitions, and steady states.
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