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Abstract: This research presents the design and construction of measuring instruments for a dipole
magnetic field using a rotating coil technique. This technique is a closed-loop speed-control system
where a Proportional-Integral (PI) controller works together with the intensity measurement of the
magnetic field through the rotating coil. It was used to analyze the impact on the accuracy of the
electromagnetic at speed ranges of 60, 90, and 120 rpm. The error estimation in the measurement
of the normal dipole and skew dipole magnet caused by the steady-state error of the speed control
system and the rotational search coil in whirling motion are demonstrated. Rotating unbalance,
shaft coupling, and misalignment from its setup disturbed the performance of the speed control
system as a nonlinear system.

Keywords: control system design; rotating coil magnetic measurement; skew dipole magnet;
orbit analysis; rotating unbalance; misalignment

1. Introduction

Synchrotron light generators around the world use a considerable number of different
electromagnets in electron storage rings such as dipole magnets, quadrupole magnets, and sextupole
magnets. Each type of electromagnet has different functions. To illustrate, a dipole magnet, also known
as a “steering magnet”, provides steering directions for electrons when there is a movement error
from their original position [1]. This error can occur in two ways: the vertical axis (normal dipole)
and horizontal axis (skew dipole). The Synchrotron Light Research Institute (Public Organization),
Thailand, realizes the importance of these errors and their effects; therefore, it plans to solve these
problems in a sustainable way such as by reducing dependence from abroad and trying to build its
own electromagnet with high standards [2]. This solution hopes to prevent damage to the electron
storage ring (an abnormality) in the electromagnetic field, which takes a long time to repair and
can cause further consequences for researchers who use synchrotron light. There are two popular
techniques used for magnetic field measurement: Hall effect magnetic field measurement and rotating
coil magnetic field measurement. In principle, the Hall effect works when a magnetic field acts in
the perpendicular direction with the Hall probe and causes a voltage known as “Hall pressure” [3].
While rotating coil magnetic field measurement is also a magnetic field measurement, it is faster than

Appl. Sci. 2020, 10, 8454; d0i:10.3390/app10238454 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-4341-3708
http://www.mdpi.com/2076-3417/10/23/8454?type=check_update&version=1
http://dx.doi.org/10.3390/app10238454
http://www.mdpi.com/journal/applsci

Appl. Sci. 2020, 10, 8454 20f15

the Hall effect [4,5]. For this technique, a coil is put in a cylindrical rod called a “search coil” [6-9],
and its length must be longer than the magnet, measuring more than 20% of the magnet’s length.

In addition to controlling the constant speed of the coil, assembling the untested devices, in terms
of natural frequency, mechanical unbalance [10-12], misalignment [13,14], and looseness, into the
structure of the instrument can lead to the problems with rotating machine which can affect the
whirling of shaft containing the coil inside. The vibration that occurs with the magnetic field measuring
instrument, according to ISO10816, should be analyzed to diagnose any malfunctions associated
with the rotating machine. Using measuring methods and analyzing vibration signals helps classify
the harmonic signals and the vibration from the signals of magnetic field’s measuring instruments.
Therefore, for this research study, we designed and created a set of a magnetic field measurements
with a rotating coil to enhance the accuracy of measurement. This system consisted of three important
sections: (1) A closed-loop speed control that had a PI controller on the shaft that contained the coils
that measured the magnetic field, and which could result in errors in measurement if the harmonic
signal had a small value [15,16]. This control required a mathematical model for the controller’s
design [17,18]. (2) Measuring the magnetic field’s intensity in relation to the angle of the rotating
coil. The signal, received by the coil when the rotation cuts through the magnetic field, looks like a
harmonic wave with the same wavelength as the number of poles of the electromagnet and amplitude.
The position of 0-360 degrees around the magnetic cavity depends on the torsional angle of the coil that
crosses a magnetic field whose direction is perpendicular to the motion [19-22]. Lastly, (3), analyzing
the impacts on the accuracy of the electromagnetic field measurement based on the error value of the
controlled speed and the orbit movement of the shaft with the coil as well as signal analysis using fast
Fourier transform [23-25] for indicating the feature of orbits used for measuring the magnetic fields
of each axis. The results were to test the horizontal magnetic field (skew dipole) at speeds of 60, 90,
and 120 rpm and to analyze the orbit of the movement of a shaft containing the coil that may affect the
accuracy of magnetic field measurement by rotating coil technique.

2. Mathematical Modeling

Measuring the magnetic field using a rotating coil technique is based on Faraday’s law of induction.
It makes a rectangular magnetic field measuring instruments with width (H) and length (L) known as
a “search coil” or “harmonic coil” as shown in Figure 1.
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Figure 1. Rotating coil: (a) search coil; (b) orbit of a dipole magnetic field.

From Figure 1, the electromagnetic force can be calculated as Equation (1) below:

do
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where V is the electromotive force of the search coil (m), and ® is the magnetic flux (weber).
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The magnetic flux can be calculated from Equation (2):

R2
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where B is the magnetic strength (tesla), N is the number of turns, L is the length of the search coil (m),
R; is radial of the rotation of the inner coil (m), and R is the radial of the rotation of the outer coil (m).
The search coil’s surface can be calculated from Equation (3):

Ry
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The flux component obtained by measuring the magnetic field can be represented by Equation (4):
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where B, is the normal dipole coefficients of the field, and A, is skew dipole coefficients of the field.

From the abovementioned principle, measuring the intensity of the magnetic field using a rotating
coil technique, one can measure the signal as a sinusoidal waveform as shown in Figure 2 below. Itis a
simulation of the flux obtained by measuring the magnetic field in the vertical axis (normal dipole)
and horizontal axis (skew dipole).
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Figure 2. (a) Normal dipole signal; (b) skew dipole signal.
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From Equation (1) and Figure 2, the electromotive force obtained from the search coil can be
measured as in Equation (5):

d |y R Ry
V(t) = _E{Z N-L--2 R [Bu(Ro) cos 10 — An(Ry) sin ne}}, ®)
n=1
©o R" — R"
V() =Y N-L-w- ;ﬂ_ll - [Bu(Ro) sin 0 — A, (Ro) cos n], 6)
n=1 0

where 0 = w -t + 6.

From Equation (6), it can be noticed that the electromotive force obtained from the search coil
directly varies with the rotating speed of the coil. Magnetic field measurements with this technique can
result in an approximately 0.1% error in rotation. Therefore, it is necessary to have a constant speed
control system for the search coil, because the electromotive force varies directly with the speed used
in the rotation. This study used a Direct Current (DC) motor to drive the packed coil into the cylinder
rod and used a closed-loop control system with the PI controller. A block diagram of the speed control
system of the rotating coil is shown in Figure 3, and the PI controller is shown in Equation (7):

K;

Controller = K, + . (7)

where K, is the proportional control, and K; is the integral control.

DC Mot
@, =m ‘ Pl . C +oor WDyt R
Controller Rotating coil

Figure 3. Block diagram of the DC motor speed control system.
2.1. Mathematical Model of the DC Motor

This study used a DC motor to rotate a cylinder rod which contained a coil to the control speed
at a range of 60-120 rpm. The working principle of the DC motor is that it changes electrical energy
into mechanical force that can be controlled by armature control using the adjustment of voltage for
armature circuit to control the speed of rotation. The control will modify the voltage given to the
armature circuit starting from the motor torque control equation as shown in Equation (8):

Jaw = =b-w+Kr -1, )

where ], is the armature inertial (kg'mz), w is the angular velocity of the rotating coil (rad/s), b is the
coefficient of viscous friction (N-m/(rad/s)), Kt is the motor torque constant (N-m/A), and i, is the
armature current (A).

The electromotive force equation is as shown in Equation (9):

di .
VM_Vb:LAE +Ry-ig, )

where V), = Kp - w, Kp is the motor voltage constant (V/(rad/s)), Vi is the electromotive force of the
motor (V), L4 is the armature inductance (H), and R4 is the armature resistance (QQ).
The diagram of the armature cycle is shown in Figure 4.
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Figure 4. Diagram of the armature cycle of a DC motor.

Equations (7) and (8) can be written as a mathematical equation of the DC motor in a state-space
model as follows:

. K
e O v 10
i.A - _& _R_A iA + LL M/ ( )
La La A

In practice, the variables of some DC motors cannot be measured directly without knowing the
value of such variables used in the controller’s design. Identification of the DC motor uses a function
in the MATLAB-Simulink program (MATLAB 2020b License N0.199467, Suranaree University of
Technology), in relation to parameter estimation. The procedure for estimating the value of variables
of a DC motor is the response value of the voltage and the speed of rotation of the motor which
is obtained from the experiments taken as input data (V) and output data (w) in the MATLAB
program for comparing the output (&) of mathematical model. Then, the PI controller is designed
using the MATLAB-Simulink program for signal constraints. By setting the percentage overshoot
value, rise time, and steady state, a controller can now work within the required scope.

2.2. Mathematical Model of a Rotating Coil Rod

The structure of the cylinder rod that contained the search coil was made from G10 material
(composite material) [26]. This has many advantages: (a) it does not affect the measurement of the
electromagnetic field; (b) it is designed to look like a round shaft, has a diameter of 80 mm, length of
500 mm, can support the weight of 2 bearings, around itself at a constant speed, and can estimate the
mathematical model such like that of the Jeffcott rotor model as shown in Figure 5.

Y
A

Bearing axis

Figure 5. Jeffcott rotor model.
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From Jeffcott’s model, the problem of the cylinder rod’s movement results from the weight of
the whirling, which causes an unbalance in its rotation. The imbalance in the rotation of the cylinder
rod affects the harmonic force, which is a forced tremor. The motion model, due to the fact of an
imbalanced rotating coil, is shown in Figure 6.

Fe
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Figure 6. Model with dampers and springs.

Figure 6 displays a model of rotational unbalance, where m is shaft weight and F¢ is forced
unbalanced as shown in Equation (11).
Fc = mea?, (11)

where e is the whirling of shaft (1) and me is the mass with distance causing the unbalancing of rotation
and affecting the whirling of the cylinder rod as shown in Figure 7.

Figure 7. Model of a rotating coil.

Figure 7 shows the whirling of the shaft due to the presence of weight that may cause movement
in various ways around the rotational axis in a circle or an ellipse as shown in Figure 8.
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(a) (b)

Figure 8. Shaft orbit: (a) circular motion; (b) elliptical motion.

In this research, the whirling of the cylinder rod is studied and analyzed by considering the bearing
that supports it as a strong object, while the cylinder rod supports it as a flexible object. In practice,
two axes were considered: vertical axis and horizontal axis. The equation of movement at the vertical
axis and horizontal axis is shown in Equations (12) and (13).

Movement of vertical axis equation, y:

2 sin wt, (12)

mx + cyy + kyy = mew
where m is the mass (kg), ¢y is the damping coefficient in the y direction (N-s/m), and k is stiffness in
the y direction (N/m).

Movement of the horizontal axis equation, x:

2 cos wt, (13)

mx + cxX + kyx = mew
where ¢y is the damping coefficient in the x direction (N-s/m), and k, is stiffness in x direction (IN/m).
The amplitude of the centrifugal force exerted by the unbalanced rotating of the cylinder rod was
meaw?. The amplitude of force directly converted with the rotation () of the cylinder rod, where y and
x were amplitudes at vertical and horizontal. The whirling distances at the vertical and horizontal are
shown in Equations (14) and (15).
Vertical amplitude, y:

2
mew
y= , (14)
\/(ky - mw?)” + (cyw)
Horizontal amplitude, x:
2
y= mew , (15)

Ve = ma?)? + (cw)

From Equations (13) and (14), the vertical and horizontal whirling distances can be analyzed and
calculated using the equation of movement of cylinder rod orbit while rotating. This indicates that the
movement is in ideal, horizontal ellipse, and vertical ellipse feature, etc.
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3. Experimental Setup

In this research, equipment for the experiment was set-up in two parts: part 1—assembling the
magnetic measurement equipment setup; part 2—installation of the whirling measurement equipment
for the rotating coil.

3.1. A Magnetic Measurement Equipment Setup

Figure 9 displays a magnetic field measuring device with two important components: (a) A rotating
coil drive that consists of a cylinder rod for packing coils made from G10 material (diameter 63.5 mm,
length 470 mm); (1) a Printed Circuit Board(PCB) board with a search coil inside (width 53 mm, length
430 mm); (2) multi-row angular contact ball bearings placed on a base made of aluminum as a support
point for the cylinder rod; (3) a DC motor worm gear (100 W, 24 V, with a maximum current 4.6 A for
driving the rotating coil); (4) flexible coupling for conveying power from the motor to the rotating
coils (5). (b) Measurement and data collection, which consisted of electromagnet dipole magnets
sized 0.4 Tesla (6), magnetic current sensor and Agilent 3440a for reading the current supplied to the
electromagnet (7), slip ring coil voltage and NI-9238 voltage module for measuring the electromotive
force obtained by measuring the magnetic field (8), incremental rotating encoder and NI-9505 Module
for measuring the speed and angular position of the rotating coil (9), and a computer for recording the
results of the experiment with the LabVIEW 2017 program (10).

Incremental
rofating
encoder

Slip ring Magnetic DC Motor
coil voltage cument Control
Sensor
NI-9505 Module Agilent 34401a m

NI-9238
Voltage module

|Datﬂ Acquistion system national instrument LabVIEW

——1

ao—m»

s

Figure 9. Magnetic measurement equipment set up using a rotating coil.



Appl. Sci. 2020, 10, 8454 9of 15

3.2. A Whirling Measurement Equipment of the Rotating Coil

The equipment in Figure 10 was installed to measure the whirling of the coil containing important
equipment including the eddy current probe sensor, which had a measurement range of 4 mm,
resolution of 4 micrometers, and a set of amplifier outputs of 0-10 volts. It measures the whirling
in all three positions: drive end (DE), center (C), non-driver end (NDE) by measuring two points
each in the vertical axis and horizontal axis. The sensor for measuring the rotational phase (photo
microsensor) response frequency 1 kHz. Connect via NI-PXI-6259 module and NI-PXI-1071 with the
LabVIEW 2017 program (LabVIEW Professional development system version, License No. M76X33883,
Synchrotron Light Research Institute (Public Organization), Nakhon Ratchasima, Thailand).

Center | Non-drive |

@

£
Y4 Eddy current
probe

NI-PXI-6259

Figure 10. The installation of the measuring shaft whirling unit.

4. Results and Discussion

Once the experimental setup for measuring and storing data was completed, this research was
divided into four experiments.

4.1. Estimation of the DC Motor’s Mathematical Model

This experiment collected input data that were input voltages and output data that included
the speed of the motor tested in the range 40-120 rpm. We used the obtained data to identify the
mathematical model of a DC motor by estimating variables with the MATLAB-Simulink program for
the function of parameter estimation. Then, we compared the results from the mathematical model
with the experimental results as shown in Figure 11. There was an error between the mathematical
model and the experimental results of 2.27% as shown.

The values of the variables obtained by identifying the DC motor with the parameter estimation
function are shown in Table 1.

Table 1. Values of the DC motor’s variables.

Parameter Value
Ra 3.2715
La 2.0487 H
I 14.7729 kg-m?
Kt 9.6361 x 1073 N-m/A
Kg 7.0103 x 1072 kg-m?

b 5.8634 N-m/rad/s
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Figure 11. The results of the comparison between the mathematical model and the experimental results
of the DC motor.

4.2. Test Results of the Speed Control System with a PI Controller

In this experiment, the scope of the control variables was defined for designing to achieve the
desired response. The specifications of a speed control system with a PI controller are percent overshoot
(not more than 5%), rise time (less than 2 s), settling time (less than 5 s), and steady-state error (less than
2%). The results from optimization with MATLAB-Simulink in relation to signal constrain function
used to find the optimization PI controller are shown as Table 2.

Table 2. The value of the PI controller.

Controller Kp K;
Gain 0.00697 0.03100

From Table 2, take the value of the P and the I controller to test the speed control system of a DC

motor if they are as designed at 60, 90, and 120 rpm. The step response of closed-loop speed-control
system with PI controller are shown in Figure 12.
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Figure 12. The speed response with a PI controller: (a) 60 RPM; (b) 90 RPM; (c) 120 RPM.

Figure 12 illustrates that the speed control system can work under the conditions specified for
each speed. It was found that the highest whirling speed was 5.527 percent at a speed of 60 rpm and
the lowest whirling speed was 2.79 percent at a speed of 120 rpm as shown in Table 3.
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Table 3. Speed of rotating coil at a steady-state response.

Motor Speed Control

Speed (RPM) 60 90 120
Minimum value 56.97 85.73 116.67
Maximum value 63.19 93.46 122.22

% Error 5.53 4.40 2.79

4.3. The Results of Dipole Magnet Field Measurement (Skew Dipole Magnets)

In this section, the voltage supplied to the electromagnet coil (solenoid) was constant at 2 volts,
and the current supplied to the magnetic coils were 5, 10, and 15 A. The experiment presented in

Section 4.3. was divided into three sub-experiments as shown in Figures 13-15.
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Figure 13. This figure shows the speed of the rotating coil 60 rpm (1 Hz): (a) the electromotive force of

the magnetic field at 60 rpm; (b) the spectrum of the electromotive force of the magnetic field.
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Figure 14. This figure shows the speed of the rotating coil at 90 rpm (1.5 Hz): (a) the electromotive

force of the magnetic field at 90 rpm; (b) the spectrum of the electromotive force of the magnetic field.
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Figure 15. This figure shows the speed of the rotating coil 120 rpm (2 Hz): (a) the electromotive force of
the magnetic field at 120 rpm; (b) the spectrum of the electromotive force of the magnetic field.

From the experimental results shown in Figures 13-15, it was found that when the rotational
speed was higher, the electromotive force was higher as well and had the highest electromotive
force at a rotational speed w of 120 rpm. In addition, increasing the electric current to the dipole
magnet enhanced the electromotive force too, and the magnetic field value was the highest at 15 amp.
The results from the experiment in Section 4.2. reveal that the controller design had a higher number
of errors than that of the magnetic measurement system. It affected the magnitude of the electromotive
force changes with the speed of rotation. This can be observed from the highest and lowest values as
shown in Figure 14a, Figure 15a, and Figure 16a in each movement of the coil around the magnetic
cavity. Then, the signal in the form of a spectrum was analyzed as shown in Figure 14b, Figure 15b,
and Figure 16b with Equation (16).

CPM
Order = ——, (16)
RPM
05F 05/ 05 /\
T ff\\ € B { N\
£E ' ) E [y £ \ /
3 ° 3 ° n g °
5 3 s
> > >
-0.5 -0.5 -0.5
-0.5 0 0.5 »0‘,5 0 0:5 -0.5 0 0.5
Horizontal (mm) Horizontal (mm) Horizontal (mm)
(a) (b) (©)

Figure 16. The comparison of the movement characters of the rotating coil at 60 RPM: (a) shaft orbit at
DE side; (b) shaft orbit at center; (c) shaft orbit at NDE side.

From Equation (16), when comparing the induced electromotive force signal obtained from the
measurement (CPM, cycles per minute) with the speed of the rotating coil (RPM, revolutions per
minute), other harmonic signals are characterized. This research considers this in four orders. It was
found that at every rotation speed, a third harmonic (Order 3) occurred. It may cause an error in
controlling the speed of a rotating coil which is not within the specified limit or mechanical looseness
according to ISO10816-1 in assembly of measuring instruments. This affects the electromagnetic field’s
measurement. The measured value is shown in Table 4.
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Table 4. The electromotive force obtained from change in speed and dipole magnet current.

The Current Supplied to the Magnetic Coil

Speed (RPM) Current 5 A Current 10 A Current 15 A
1X 2X 3X 4X 1X 2X 3X 4X 1X 2X 3X 4X
60 1.973 - 0.0187 - 2.959 - 0.0273 - 3.594 - 0.0447 -
90 3.888 - 0.0589 - 6.147 - 0.0672 - 7.936 - 0.1297 -
120 4.050 - 0.1081 - 8.229 - 0.1290 - 11.360 - 0.1303 -

4.4. Measuring the Orbit, the Whirling of the Rotating Coil

In this section, the whirling distance of the coil while rotating around the center of rotation is
measured. There are three measuring points along the length including the driver end (DE) point,
center point, and non-driver end (NDE) point. The experiment in Section 4.4 was divided into three
sub-experiments as shown in Figures 16-18.

0.5 0.5 0.5
£ B SR
£
T 0 ; T 0 /\ g 0
o [$] L
2 S =

-0.5 05+ -0.5

-0.5 0 0.5 05 0 015 -0.5 0 0.5
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(@) (b) (c)

Figure 17. The comparison of the movement characters of the rotating coil at 90 RPM: (a) shaft orbit at
the DE side; (b) shaft orbit at the center; (c) shaft orbit at the NDE side.

™ il b il

-0.5 1 -0.5¢

o
o

Vertical (mm)
=)
Vertical (mm)
Vertical (mm)

s
o

-05 0 05 05 0 05 o5 0 o5

Horizontal (mm) Horizontal (mm) Horizontal (mm)

(@) (b) (©)

Figure 18. The comparison of the movement characters of the rotating coil at 120 RPM: (a) shaft orbit at
the DE side; (b) shaft orbit at the center; (c) the shaft orbit at the NDE side.

From the experiment shown in Figures 16-18 of each speed in rotation of the coil, they revealed
that they all had similar orbital characteristics. That is because the shaft rotated at a low speed
(low-speed machine); thus, the motion’s orbit changed little and maximum distance between maximum
and minimum movement of the coil at different positions in the vertical and horizontal axis as shown
in Table 5. The motion’s behavior moved away from the center of the rotation. At the DE position,
the coil rose up; at the C position, it moved to the right; at the NDE position, it moved to the left.

Table 5. The movement of the coil at different positions in the vertical and horizontal axis.

Speed Driver End (DE) Center Non-Driver End (NDE)
(RPM) Vertical (mm) Horizontal (mm) Vertical (mm) Horizontal (mm) Vertical (mm) Horizontal (mm)
60 0.45102 0.41182 0.33640 0.36045 0.67548 0.71642
90 0.43618 0.41610 0.34074 0.35740 0.68422 0.71754

120 0.43747 0.41229 0.34025 0.36174 0.68325 0.71866
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From the experimental orbital motion of the magnetic field measurement using the rotating coil
technique, it was found that the movement of the cylinder rods was caused by rotational unbalance,
and misalignment and mechanical looseness did not affect the measurement of the dipole magnetic
field. This is because the direction of the magnetic field was either a direct line or a single direction in
both a skew dipole and a normal dipole.

5. Conclusions

This research displays the measurements and analyses of the results of an instrument for measuring
the magnetic field of dipole magnets, such as the normal dipole and the skew dipole, using a rotating
coil technique. Via the results of the experiment, the speed control system revealed that the errors
in the steady-state response did affect the measured amplitude of the dipole magnetic field, and the
orbit of the unbalanced motion was not affected, because the amplitude of the dipole magnetic field
was not dependent on the position of the search coil. Although the orbit of the unbalanced motion,
misalignment, and mechanical looseness did not affect the measurement of dipole magnetic field using
the rotating coil technique, the reason that the designed controller was unable to work under the
specified conditions for magnetic field measurement was that it demands only a 0.1% error in rotation.
This might result from unchecked assembly without mechanical test such as the natural frequency
of the system, imbalance, misalignment, shaft coupling, bearing friction, and mechanical looseness.
These factors can trigger a serious impact on the instruments use for measuring quadrupole magnets
or sextupole magnets which require higher measurement accuracy than a dipole magnet.
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