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Abstract: Magnetic field measurement is fundamental to nuclear magnetic resonance rotation sensors
(NMRRS). A phase-locked loop (PLL)-based measurement with two nuclear isotopes is commonly
applied to observe the magnetic field. However, the phase-loop and frequency-loop of the nuclear
isotopes cannot be optimized simultaneously by a PLL-based method. In this paper, an approach
based on a linear active disturbance rejection controller (LADRC) is proposed for synchronous
phase-loop control of the two nuclear isotopes. Meanwhile, the frequencies of the nuclear isotopes
are observed by linear extended state observers (LESOs). The phase and frequency loops can be
decoupled and optimized with the proposed method. An experimental NMRRS prototype used for
verification is built. The effectiveness and the feasibility of the proposed method are validated with
the experimental results.

Keywords: atomic spin gyroscope; active disturbance rejection controller; magnetic field measure-
ment; synchronous control

1. Introduction

In recent years, extensive research on quantum theory has resulted in the rapid
development of atomic sensors. Atomic rotation sensors with ultra-high sensitivity and a
small volume are positive prospects for modern inertial navigation systems (INS) [1-3].
Among the atomic spin rotation sensors, the nuclear magnetic resonance rotation sensor
(NMRRS), which is featured as low cost, small volume, high precision, and insensitive to
external vibrations, is recognized as one of the promising candidates for the next generation
of rotation sensors [4-6].

NMRRS accomplishes rotation sensing by observing a shift in the Larmor frequency
of nuclear spins in an applied magnetic field. Around the early 1960s, small-scale research
and case studies on NMRRS began to emerge [7,8]. Over the next two decades, extensive
research was carried out, aiming at providing an accurate, low-cost NMRRS, which is an
alternative to the spinning-wheel rotation sensor in certain applications. However, the
ring-laser gyroscope (RLG) [9] and fiber-optic gyroscope (FOG) [10], utilizing the Sagnac
effect, have rapidly developed to be the leading contender of rotation sensors. The research
of NMRRS hwas suspended before its potential was fully realized due to being incapable
of providing considerable advantages. However, the research of NMRRS has been revived
in the 20th century due to the success of the atomic clock and magnetometer [11,12]. Lots
of former issues can be reconsidered using new concepts.

A considerable amount of literature has described the role of magnetic-field mea-
surement [13-16]. According to [13], a 1° /h bias corresponds to a magnetic field error of
100 fT given the gyromagnetic ratio for 12?Xe of 27t:10 MHz/T. In the earliest proposals for
NMRRS, the magnetic field could not be measured, which results in a severe limitation on
accuracy by uncertainties in the magnitude of the magnetic field. By introducing a second
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set of resonant nuclei isotopes, the literature [17] makes it possible to measure the magnetic
field. A variant with four frequencies available for measurement is mentioned in [18];
however, it is not commonly applied due to the stringent requirement for the two steady,
equal, and opposite magnetic fluxes. Thus, the two-isotope (12 Xe and !3!Xe) solution of
magnetic field measurement is mainly considered in this paper.

Traditionally, the observed precessional rate is assumed to be equal to the resonance
frequency in previous research. These assumptions ignored the transient process of the
observer. To make an expected differential rotation measurement, the transient processes
of two nuclear isotopes need be synchronous, which is determined by the synchronous
performance of the phase-locked loop (PLL). Moreover, observing the frequencies of the two
isotopes makes it possible to measure the applied magnetic field. A monotone decreasing
step response of the observed frequency can simplify the design of the feedback controller
of the magnetic field. Both phase and frequency loops are determined by the parameters
of the controllers. It turns out to be a tradeoff, which means that the performance of both
loops cannot be optimized at the same time.

A LADRC is a robust, model-independent approach developed from the classic PID
control strategy [19,20]. One of the most significant features of a LADRC is the linear
extended state observer (LESO), which is designed to observe the unknown disturbance
without establishing an accurate plant model. In [21-23], a linear ESO is used to enhance
control dynamics of the PLL of the power system, which finds us a new way to overcome
the weakness of the traditional method that appears in the NMRRS.

Therefore, this study makes a major contribution to research on magnetic field mea-
surement by demonstrating a LADRC-based method. The two nuclear spin oscillators are
driven synchronously by the LADRC. Two LESOs are designed to observe the Larmor
precessional rate of both isotopes. The manipulations of the phase and frequency loops are
decoupled, and the optimized performance can be achieved by proper parameter tuning.

The rest of this paper is organized as follows. The conventional magnetic-field mea-
surement method based on the PLL is briefly introduced in Section 2. Meanwhile, the
introduction of the experimental NMRRS and the magnetic field measurement errors are
analyzed in this section. Section 3 is concerned with the methodology used for this study.
Finally, the experimental setup is introduced in Section 4, and the experimental results are
illustrated in Section 5. The main conclusions are drawn in Section 6.

2. Dual Nuclear Magnetic-Field Measurement Method
2.1. PLL-Based Dual Nuclear Magnetic-Field Measurement Method

Figure 1a shows a typical experimental arrangement of the NMRRS. A vapor temperature-
controlled glass cell is mounted in the NMRRS. The vapor cell contains two noble gas nuclei
(Xe and '3'Xe), an alkali-metal atom(®”Rb), and buff gas. A circularly polarized pumping
beam, whose wavelength is equal to the D1 line of the Rb atoms, orients parallel to an applied
magnetic field By. Thereby, the valence electrons of the alkali metal are spin-polarized. The
collisions between the alkali-metal atoms and noble gas atoms transfer some of the electron-spin
polarization to the nuclei of the noble gas, which produced the coherency of the nuclear spin.

The nuclear spins are made to precess about By by the oscillating magnetic field B.
Xe applied along the x-axis, producing a net nuclear magnetization. The linear polarized
probe light to read out the spin precession is detected by a balanced detector after passing
through the vapor cell. The signal is demodulated in a lock-in amplifier to obtain the two
nuclear spins. The frequency of the nuclear spin precession can be observed by PLL circuits.
When the sensor is rotating about the axis of the applied field By at a frequency wy, the
measured Larmor precession frequency is

wN = YNBo £ wy 1)

where 1y is the gyromagnetic ratio of the nucleus.
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Figure 1. Typical schematic diagram of the NMRRS. (a) is the typical experimental arrangement of the NMRRS. (b) is the
PLL-based single nuclear feedback control.

Figure 1b shows a conventional block diagram of the PLL-controlled nuclear spin. The
PLL controls the coherent spin resonance with the oscillating magnetic field and observes
the Larmor frequency of the nuclear spin.

From Equation (1), it is not possible to distinguish between changes in wy caused
by fluctuations in By from changes solely due to rotation. It will be necessary for any
practical version of the NMRRS to maintain the magnitude of By precisely or, alternatively,
to employ techniques that effectively compensate for any variations in the value of wy
caused by By fluctuation.

As shown in Figure 1, two isotopes precessing in Larmor frequency (w, and wy) are
introduced to determine the rotation rate. The rotation rate is independent of the magnetic
field By.

ﬁW:z — Wp
Wy = %1 T ()
Ya
Wy + Wy
0o=—"— ®3)
Ya+ Vb

where 7,, 7, are the gyromagnetic ratios of the two isotopes.

2.2. Dynamic Model of the PLL Controlled Spin

The dynamics of the noble gas spin ensemble is the basis of this method. The motion
of the magnetization vector of the Xe nuclei is described by Bloch equations as follows:

= = 7(B:My + ByM,) — 4
dM M,
Wy = "}’(BxMz + BzMx) - TZy 4)
e = 3 (mar + 5 B 4R

where My, My and M, are the three components of the magnetization vector. By, By, and
B, are the magnetic field. T1 and T are the longitudinal and transverse relaxation times of
noble gas. - is the gyromagnetic ratio. R, is the relaxation ratio.

For convenience, a phasor representation of M, B, is defined as,

My = M, + lMy = MLE_I'(P

B. = By +iB, = Bie i(*+9) ©)
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Meanwhile, Equation (4) could be rewritten as a phasor representation,
M ) )
- = —ivB:My +iyB M, — ©)
aM, __ 2
He = —yBy X My + Ry — 4=

A main magnetic field is applied in the z-axis direction to make the nucleon ensemble
precession, and a drive magnetic field B; with the same precession frequency is added
in the transverse x-axis. Thus, the evolution equation of the amplitude and phase of the
spin magnetic moment of the nucleon can be obtained by introducing Equation (5) into
Equation (6),

dM; M,

TR + O M; cos(¢p — 0) @)
dp M.
@M, sin(¢p — 0) + Qo 8)

where (), = vBy £+ w; and ()1 = ¥B;.

It can be seen from the above formula that the precession phase dynamics of the noble
gas nucleon is a nonlinear process, and its changing rate is determined by the detuning
phase and intensity of the driving magnetic field, the amplitude of the z-axis magnetic
moment, and the amplitude of the transverse magnetic moment.

When the NMR gyro operates, the nuclear spin resonator is in resonance or near de-
tuning state, and the changing rate of M, is very small, which could be ignored. Therefore,

substituting %: 0 into Equation (7), the following can be obtained,
M, = ToO1M; cos(¢p — 0) )
Substituting Equation (6) into Equation (5), it can be derived,

dp 1
Assuming wy = d0/dt, T = T%, a differential equation about the detune phase y could
be obtained,

% = —Ttany +Q; —w (11)

Considering the detuning phase y is extremely small, Equation (11) can be linearized as
d

(% =-Ty+Q;—w (12)

Thus, the block diagram of the PID-based nuclear spin control system is shown as
Figure 2.

D(s) Y(s)
—»(X}—» G,(s) >
+ A
+
U(s) Y L R()

G.(5) <—®<7

Figure 2. Block diagram of PLL-based nuclear spin control loop.
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D(s) is the external disturbance, Y(s) is the observed detuning phase, R(s) is the
reference phase, and U(s) is the output of the controller. Gp( s) and G.(s) is the transfer
function of the plant and the controller, respectively.

According to Equation (12), Gy(s) can be obtained,

1
pr— 1
Gp(s) SHT (13)
The loop filter used in this paper is PI controller, then
K 1/T;
Ge(s) = 7”(542 /1) (14)
The close-loop transfer function of the system is
Y(s) s
) = = 15
Y= 56 T R T T TR T K /T, (15)
—Ky(s+1/T;
Py (s) = 4 _ (s +1/T) (16)

T D(s) 2+ (T+Ky)s+Ky/T;

dy (s) represents the phase tracking performance and ®y;(s) represents the frequency
observing performance of the system.

2.3. Analysis of Transient Errors in Magnetic Measurement

In this subsection, two strategies were proposed based on the PLL method. Analysis
of the strengths and weaknesses of both strategies were given. As is shown in Figure 3,
the two resonant nuclear oscillators with frequencies (w, and wy) are maintained by PLLs.
The magnetic field fluctuation changes the Larmor frequencies of the nuclei, which makes
the spin oscillators off-resonant. Under the control of PLL, the spin oscillators return to
resonant in a new set of frequencies (w,’ and wy’).

Dual Spin Dynamics Parameter Strategy 1 Parameter Strategy 11
' h [([71 J<pZy T’[]_t]:ll P i KPI:KIOY EZT7
: A SO I W ¢
0)1 —)([)I 1 | |
= | ! | |
— ., ___ : : [ |
I | ! |
2 [ t
Phase-loop: Phase-loop: l
Synchronous and Rapid Out of sync and Slow
e N 0, - 1 o /
{3
Frenqucy-loop: l Frenqucy-loop:
Overshot error Monotone nondecreasing

T g 1 2 g

Input Output . Qutput
Magnetic Field Measured Magnetic Measured Magnetic
Fluctuation field field

Figure 3. Analysis of transient errors of the magnetic-field measurement.

In the applications of NMRRS, the tasks of the spin control are
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e  Synchronously tracking the detuned phase of the two isotopes, which makes the
differential effect more efficient.

e  Observing the Larmor frequency of the two isotopes with a monotone nondecreasing
step-response. This will suppress errors of the magnetic field measurement and
simplify the magnetic field control loop.

As they are in Equations (15) and (16), the parameters in the closed-loop transfer
function are K, K; and I'. In NMRRS, the bandwidth of the controller (determined by K
and T;) is ten times greater than I'. Thus, the controller parameters play the dominant role
in the synchronous transient processes. Two strategies were proposed here:

(1) Strategy I

The controller parameters of the two spins can be set as equal to obtain a better
synchronous performance of the phase loop.

Kp1 =Kpp=Kp, Ty =Ty 17)

Kp1,Kp2 are the P gains, Tj1,T;; are the integral time constants of the two isotope control
loops, respectively.

Each of the two poles in (16) is greater than the zero (1/7T;), which is necessary to
achieve a fast response of the phase. Based on the theory in [24], an overshot inevitably
appears in the step response.

(2) Strategy II
The controller parameters of the two spins can be set to equal the lifetime of the
nuclear spin to obtain a better observation of the frequency loop.

Kpi = Kpp = Kp, Tin = T, Tip = Tz (18)

T;1,T; are the transverse relaxation times of the two isotopes.
Then, the system in Equation (16) will be simplified as

U(s) -1

(DU(S) = D(S) = S—l—Kp (19)

It is obvious that monotone nondecreasing step response of the two spin frequency-
loops can be achieved. However, the tracking response of the phase loop cannot be
synchronous and fast due to the different lifetimes of the two isotopes.

Overall, based on the PLL method, it is a conflict to improve the phase loop or the
frequency-loop performance at the same time. Both of the two strategies given above
cannot achieve the goal solely.

3. LADRC-Based Synchronous Control Method

In this section, by employing the LADRC theory, a magnetic field measurement method
is presented. The LADRC of each isotope is designed to control the spins synchronously.
Meanwhile, the Larmor frequencies are observed by the LESOs without overshooting.

3.1. LADRC Design

On the basis of the preliminarily established phase dynamic model, we extended the
fluctuation as an additional state variable, and the system state was extended to x = [x1, x3].
Letting h(t) = — T% tan B + ), & w, represent the extended state of x5, then the original
plant in (13) can be rewritten as,

X1 = xp + bou
Xy =h (20)
y=x1
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The task of the observer design is not only observing the unmeasured system states
(i.e., x1) but also estimating the modeling uncertainty x, for controller compensation in real
time. Let £ denote the estimate of x. The extended system model can be rewritten as

~

3.21 = 922+b0u+G(y—y) 1)

e=x—2% (22)

Thereby, .
e=(A—-GC)e (23)

Assuming that the matrix (A-GC) is a Hurwitz matrix. The error of the observer e is

converged to 0,
lim|x1 - J?]‘ =0,
t—o0 (24)

lim|x2 — )?2| =0
t—o0

Denoting that
G=(p1.p2)" (25)
The characteristic equation of (A — GC) is
2+ Bis+pr=0 (26)
The poles are placed at —wp,
(s + wo)z =0 (27)

The gain matrix of the observer is obtained,

G = (2w,, wg)T (28)

The LESO is formed as

=

(g : %1) +bu+ %, (29)

B1
Pa(y — £1)

As it is shown in Equation (29), the LESO always converges as w, > 0. The total
disturbance can be estimated by the LESO and the feedback control value is designed as

1
2

=

1
U= E(—fz'i‘Kc(f’—J?l)),Kc >0 (30)

where K, is the feedback gain and r is the refer input.

3.2. Analysis in Frequency Domain

By some deduction-based literature [24], the closed-loop transfer function of the phase
loop and the frequency loop of LADRC are given by the expressions:
Y(s)  bs(s+2w,)

® ) =56 T T G

Dp(s) = = (32)
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where
C(s) = (s +p1)(s+ p2)(s + pa)
= aps® + a152 + aps + aq (33)
= 5%+ (b(2wp +T) + K¢)s? + (2w,Tb + 2Kcw, + w?)s + Kew?

From the Routh stability criterion, systems in Equations (31) and (32) are always stable
because aya; — apgaz > 0.

According to the analysis in Section 2, a monotone nondecreasing step response
without overshoot is required. Based on theorem in [24,25], a specific combination of
control parameters is presented to have monotone nondecreasing step responses.

Corollary 1. Let b = Kfil" > 0,and 0 < K¢ < w,, then the system in Equation (32) has a
monotone nondecreasing step response.

Proof of the corollary. The precondition means that the absolute values of the three real

poles are
p1 = Ke, p2 = wov/1-1/0, (34)
p3 =woev/1+1/b

Thus, Equation (32) can be decomposed as

2

bw
b = 35
ADRC=22 = (oS (s T o) (35)

The damping ratio of the system in Equation (35) is & = v/b > 1; therefore, a monotone
nondecreasing step response can be achieved. J

4. Experimental Setup

The overall NMR rotation sensor experimental setup is shown in Figure 4. The
experimental setup consists of the NMR sensor prototype, the turntable, the laser control
system, and the sensor control circuit. The NMR sensor prototype and the breadboard
are mounted on the turntable. The laser control system (TED 200C and LDC 200C) is
used to produce the pumping and probing laser beam. The laser beam is induced into the
prototype by the optical fiber.

E——————— NMRRS Prototype {mm)
| c

Analog Circuit | Digital Circuit
Pre-
Amplifier ADC LPF |
P | Lock-in
| D Amplifi
Current ByDc el
Driver Y Controller Amplifier
Current || BxDec = =
o E
ES g%
| ) 2]

I
|
| Driver Y l Controller
|
|
|

Current Bz Dc
Driver Z "IL‘I Controller | i |

==

Cunlml‘ Board

Figure 4. Experimental setup of the NMRRS.

The comagnetometer signal (Sp4) is collected by the photodetector. Then, the signal
is sampled and converted to a digital signal by the pre-amplifier circuit. To process the
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digital signal and the electrical signal, the sensor control circuit using a digital signal
processor (DSP, TMS 320F28335) and a field-programmable gate array (FPGA, Xilinx
Kintex7 XC7K480T) has been implemented to control the magnetic field in the NMR
rotation sensor.

As is shown in Figure 4, the signal is parametrically modulated at the alkali Larmor
frequency (100 kHz range). The input signal is demodulated (32-bit CORDIC rotate
algorithm) by a lock-in amplifier (LIA) to obtain the oscillation signal. By a low-pass filter,
the oscillation signals of the Xe isotopes are separated and the phase of the oscillation signals
are detected by the phase detector (32-bit CORDIC vector algorithm). The magnetic field
estimation method based on the traditional PLL controller and the proposed synchronous
estimation method based on LESO are implemented in the FPGA. The PLL or LADRC
will keep the Xe isotopes resonant with the Larmor frequency by adjusting the frequency
of the numerically controlled oscillator (NCO). Additionally, the estimation algorithms
can obtain the magnitude of the magnetic field according to the frequencies of the NCO.
The photograph of the experimental platform which consists of the control system and the
experimental prototype is shown in Figure 4.

5. Experimental Evaluation

In this section, several experimental results are shown to validate the effectiveness
of the proposed method in this paper. According to the analysis above, the proposed
synchronous control method is designed to control the Xe isotopes synchronously, and the
errors caused by the imbalance of the transient process can be reduced. For this reason,
in this section, the synchronous control performance and the measurement performance
were tested and evaluated first by comparison to the traditional PLL-based method. The
influences of the adjustable parameters were tested, and a detailed parameter tuning
method of the proposed controller was given.

5.1. Transient Response Performance Comparison

In this experiment, the effectiveness of the proposed method was examined. A step
signal (5 nT) was added to the magnetic field of z-axis. The responses of the PLL-based
method (parameter strategy I and II) and the LADRC-based method were recorded to be a
comparative experiment. The parameters of the controller are listed in Table 1.

Table 1. Parameters of the Tested Method.

PLL-Based Method PLL-Based Method LADRC-Based Method
Strategy 1 Strategy I1
Kp1 =Kp2 =3 mHz/deg Kp1 =Kp2 =3 mHz/deg Kec =3 mHz/deg
Til =Ti2 =14s Til =10s, Ti2 =4s Wo =216 Hz

The experimental performance comparison is presented in Figure 5. Figure 5a—c
are the phase-loop responses of the tested method. Figure 5d—f are the frequency-loop
responses of the tested method. Figure 5g—i are the observed magnetic fields of the tested
method calculated by the frequency observed from the frequency loops (the results of the
PLL-based methods need to be filtered by a low-pass filter).

It is obvious that the PLL-based method with parameter strategy I controlled the
phases of two isotopes coherently as is shown in Figure 5a. In Figure 5b, the PLL-based
method with parameter strategy Il performed weakly on synchronization because the
lifetime of the 12?Xe is longer than the 13!Xe. The results in Figure 5d,g show that great
overshot appeared in the test of the parameter strategy I, which leads to great transient
errors in the magnetic field measurement. Figure 5e,h show that strategy II has a great
advantage in frequency observation. The overshot was suppressed and a monotone
nondecreasing step response was obtained.
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phase-loop step response comparisons, (d—f) are the frequency-loop step response comparisons and (g-i) are the observed

magnetic field.

The LADRC-based method combined the advantages of both, as is shown in Figure 5c,fi.
The issue is decoupled in that the phase is controlled by LADRC, and the frequency is observed
by LESO. The fast synchronous tracking phase loop and monotone nondecreasing frequency
loop can be achieved at the same time, which is impossible for the PLL-based method.

5.2. Parameter Tuning of LADRC-Based Methods

In this experiment, the parameter tuning of the proposed LADRC-based method was
considered.

Considering the system in Equation (13), the system parameter I' can be identified by
a free inducing decay experiment. According to corollary 1, the parameter b can be set as
b= Kfil" > 0. Thus, only two parameters K, and w, need to be tuned. The influence of the
two parameters were tested here.

In Figure 6, the parameter K, was fixed to 3 mHz/deg (w. = 1.08 Hz), and the
parameter w, was set from 1~3 w,. A step input signal (5 nT) was added to the magnetic
field of the z-axis, and the responses of both loops were recorded. Figure 6a,b show that the
bandwidth of the LESO directly affects the phase-tracking performance, Figure 6c,d show
its influence on frequency-observing, and Table 2 is the settling times of the experiments.
The settling time of both loops is obviously reduced with a wider bandwidth. However,
the bandwidth of LESO cannot be infinite due to the digital sampling and delay. According
to the tests carried out in this paper, the bandwidth could be set to 3w, (a faster feedback

loop may be unstable) to obtain an acceptable feedback system.
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Figure 6. Experimental results of increasing bandwidth of the LESOs. (a,c) are the performance of the 129%e, and (b,d) are
the loop of 13!Xe. Both kinds of isotopes were driven synchronously, and the influence of the parameter w, was specified.

Table 2. Detailed Settling Time of the Tested Method in Figure 6.

11 0f 14

Settling Time (s) Settling Time (s)
Frequency Loop Phase Loop

129y 131y, 129y 131y,
Wy = We 15.251 15.303 17.46 19.21
wy = 1.5 w, 13.325 13.319 15.6 16.07
Wy =2 we 12.337 12.271 14.77 15.67
wy = 2.5 w¢ 11.749 11.764 14.32 14.86
Wy =3 we 11.394 11.471 14.16 14.34

In Figure 7, the parameter w, was fixed to 2.16 Hz, and the parameter K. was set from
1~5mHz/deg. A step input signal (5 nT) was added to the magnetic field of the z-axis, and
the responses of both loops were recorded. Figure 7a,b are the phase-tracking response
signals, Figure 7c,d are the frequency-observing response signals of both isotopes, and
Table 3 is the settling times of the experiments. As is shown in the test results, K, played a

dominant role in the phase-loop response, but not in the frequency-loop.



Appl. Sci. 2021, 11, 10458

12 of 14

20 . .

——K =1 mHz/deg
==K =2 mHz/deg
——K =3 mHz/deg
K =4 mHz/deg
—K =5 mHz/deg

'”Xe Phase Loop Error (deg)

——K =1 mHz/deg
—K =2 mHz/deg
7 —K =3 mHz/deg

K[ 4 mHz/deg
——K =5 mHz/deg

129
Xe

I3lXe

"'Xe Phase Loop Error (deg)

e Settling Time i Settling Time 4-3
T T T ¥ T ¥ T T ¥ T L3 T T
0 5 10 e ©) 15 20 25 0 5 0 o © 15 20 25
T T @ T T T (o) T 37.815
1752 K=l mHz?deg P ——K =1 mHz/deg
’ e K =2 mHz/deg Xe —K =2 mHz/de, 131
N — K'=3 mHz/deg 1 1 —=—K=3m Hz/deg Xe 37810 §
T K'=4 mHz/deg K=4 mHz/deg S
2 —Ki 5 mHz/deg —K =5 mHz/deg oy
g 127.50 4 -37.805 5
= E 3
= [
& £
) i i ]
g 12748 ] 37.800 3
> Q
2 3
) i {37795 ©
o o
&5 127.46 1 o g S
Settling Time 4 Settling Time 437790
¥ : 2 T ¥ T T X T T 7 T ¥ T
0 5 10 15 20 25 0 5 10 15 20 25
Time (s) Time (s)

©

(@)

Figure 7. Experimental results of increasing bandwidth of the LADRCs. (a,c) are the performance of the 129%e, and (b,d) are
the loop of 131Xe. Both kind of isotopes were driven synchronously, and the influence of the parameter K. was specified.

Table 3. Detailed Settling Time of the Tested Method in Figure 7.

Settling Time (s)

Settling Time (s)

Frequency Loop Phase Loop
129y, 131y, 129y 131y,
K. =1 mHz/deg 13.902 13.878 21.67 23.02
K¢ =2 mHz/deg 13.165 12.801 16.99 17.98
K¢ = 3 mHz/deg 12.934 12.569 15.41 15.71
K. = 4 mHz/deg 12.832 12.368 14.58 15.14
K¢ =5 mHz/deg 12.806 12.415 14.16 14.67

Consequently, the two unknown parameters are crucial to the performance of the

LADRC-based magnetic field measurement.

w, determines the frequency-observing performance significantly.
Both w, and K, affect the phase-tracking performance.

Therefore, a detailed parameter tuning process shown in Figure 8 is given as follows:

Step 1: Set b =

Step 2: Set w, = KC, adjust K, to make the settling time of the loop acceptable
Step 3: Adjust the bandwidth of LESO w, with a fixed K,. Find the largest w, based

on the premise that the observer is stable.
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Step 1: Set Step 2 Set Y Step 3: Adjust g <
K K. < Acceptable —>  w~kK. +——> Stble —> End
b= X, :1- >0 AajustK (k from 1~3) .
N

Figure 8. Parameter tuning scheme of LADRC-based magnetic-field measurement method.

6. Conclusions

This paper proposed a LADRC-based synchronous magnetic field measurement
method for NMRRS. To provide a solution for improving the transient performance of
the phase loop and frequency loop synchronously. LADRCs have been utilized to control
the dual nuclear spins which precess synchronously, and the magnetic field fluctuations
were observed by the LESOs. An experimental NMRRS was constructed. The effectiveness
was demonstrated through mathematical analysis and comparative experimental results.
Compared with the existing PLL-based magnetic field measurement method, the proposed
method has several advantages, as follows:

(1) the proposed LADRC-based method controls the phase loops of the two nuclear spins
synchronously, which is fundamental for transient error suppression.

(2) the proposed method has an outstanding performance in providing a monotone,
nondecreasing step response of observing Larmor frequency, which is achieved
without any destruction in the phase-tracking of the two isotopes.

(3) the parameter tuning process of the proposed method is simple and fast; most of
them can be calculated for a certain known cell.

The proposed method is suitable for NMRRS applications which suffer from compli-
cated external magnetic field environments. The methods proposed may be applied to
other frequency measurements of controlled oscillators elsewhere.
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