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ABSTRACT

We developed a resonance control method to generate a high-speed rotating magnetic field in a three-phase magnetic navigation system
composed of three electromagnets. The proposed resonance control method calculates the amplitudes and phases of voltages, while the
capacitances suppressing the self and mutual inductances of the electromagnets to keep the currents and the magnitude of the rotating mag-
netic field constant, even if the frequency of the rotating magnetic field increases. Finally, we prototyped the three-phase magnetic navigation
system and the variable capacitor module to validate the effectiveness of the proposed resonance control method experimentally.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000385

I. INTRODUCTION

Many researchers have investigated micro helical robots actu-
ated by an external magnetic field for possible applications to treat
occlusive vascular disease. It requires a high-speed rotating magnetic
field (RMF) that generates fast drilling motion of the micro helical
robot to tunnel through clogged lesions in blood vessels.'” The RMF
is generated by the magnetic navigation systems (MNSs) composed
of multiple coils or electromagnets. However, as the frequency of
the RMF increases, the impedance from the inductance of the coils
consequently decreases the currents and the magnetic field density.
To overcome this problem, prior researchers utilized the resonance
effect by including additional capacitors to their MNS to suppress
the self-inductances. Nam et al. suppressed the self-inductance effect
by connecting the capacitors to the coils.” Further, Nguyen et al. pro-
posed a two-stage control circuit based on the resonance effect with
the current amplification stages.’

The MNS composed of multiple electromagnets with mag-
netic cores and coils can generate a larger magnetic field than the
MNS with coils only. Nam et al. developed the closed-loop MNS

utilizing the closed magnetic circuit to maximize the magnetic flux
density in the large workspace.” However, the MNS with multiple
electromagnets has significant mutual inductance due to the mag-
netic flux linkages between electromagnets. Further, any resonance
method suppressing the self and mutual inductances has not been
reported.

In this paper, we propose a resonance control method to
suppress both the self and mutual inductances of the three-phase
MNS with three electromagnets. We developed a mathematical
method to determine the amplitudes and phases of voltages and the
capacitances to generate the resonance. Finally, we prototyped the
three-phase MNS and the variable capacitor module to verify the
effectiveness of the proposed resonance control method.

Il. DEVELOPMENT OF THE RESONANCE
CONTROL METHOD

When the magnitude of the current flowing in each coil of the
MNS composed of electromagnets is in the linear relationship with
the magnetic field, the magnetic flux density B generated by the MNS
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can be superposed with the magnetic flux density generated by each
electromagnet in Eq. (1).

B={K}-I (

—
~

Here, {K} is the actuation matrix and each column represents the
magnetic flux density when a unit current is applied to the corre-
sponding coil. Considering a three-phase MNS on a plane composed
of three electromagnets, the size of the actuation matrix is 2 x 3.
The three-phase current I = [I, I, I3]" required to generate an RMF
with an angular frequency w and a magnetic flux density By satisfies
Eq. (2) as follows:

By cos(wt)
K}-I=B-= 2
K By sin(wt) @

1
R1 +j(a)L1 - E) jlez
1
1
ja)le R, +j(a)L2 - E
2
jwMs, JjwMs
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Equation (2) can be rewritten into Eq. (3) as follows:

|Ii| cos(wt + ¢1)

kin ki ki By cos(wt)

|| cos(wt + ¢2) | = (3)

ko koo kas By sin(wt)

|I3] cos(wt + ¢3)

where the magnitude and phase of each three-phase current are |I,|
and ¢,, respectively. Equation (3) shows the relationship between
the three-phase current and the RMF, and the magnitudes and
phases of each current for generating the RMF can be calculated
from Eq. (3).

As shown in Fig. 1, there are significant mutual inductances
between adjacent electromagnets in three-phase MNS due to the
magnetic flux linkages through the magnetic cores of the MNS. The
voltage-current relationship of the three-phase MNS with capacitors
connected to each coil can be expressed as shown in Eq. (4).

JjwMi3 |Il|ei¢1 |V1|ei%
oM ILé? | = | [Vale® (4)
| Vs |ei%

1 3
Rs +jlwLs — —— ||| 153l
} +](w } wC3)

Here, Ry, L, Cy, ¢, and v, are the resistance, self-inductance, capacitance, phase of current, and phase of the voltage of the kth coil, respec-
tively, and My, is the mutual inductance between the kth and the nth coil. After separating the real and the imaginary parts of the kth row of

Eq. (4), Eq. (4) can be expressed as Eq. (5).

> : . 1 3 o
(Rk|1k| = @) Migs|In| sin(¢n — <Pk)) +J(ka|Ik| " @) My |In| cos (g - <Pk)) = [Vild™ ), (k=1, 2, 3) (5)

n*k

n*k

To remove all components except the pure resistance term (R |I¢|) from the real part of Eq. (5), Eq. (6) must be satisfied.

0 M, Sin((pz - q)l) M3 sin((p3 - (p1) |Il| |Il| 0

My sin(g1 — ¢2) 0
M;, sin(@1 — ¢3) M3z, sin(@2 — ¢3)

Here, {M } is a skew-symmetric matrix satisfying {M }T
= —{M} and the rank of {M} is 2.

On the other hand, Eq. (3) to obtain the current solution can be
rewritten as Eq. (7) below.

(K} -

kll k12
k21 k22

|I| cos(wt + ¢1)

|| cos(wt + ¢2)
By cos(wt) — ki3|I3| cos(wt + @3) )
By sin(wt) — ka3|Is| cos(wt + ¢3)

Here, {K'} is a matrix that takes only the first and second columns

of {K}. In addition, by multiplying both sides of Eq. (7) by {K '}_1,
we can show that |1, | L], ¢,, and ¢, are only functions of |I3| and ¢,.

Mos sin(gs - ¢2) || 1] | = {M}| 1| | = [0 Q)

0 L] I3 0

From this, Eq. (6) can be transformed into the following nonlinear
system (8).

{f1(|13|)¢3) =0 ®)

f2(|I],93) =0

|I3] and ¢, can be determined by solving Eq. (8) from the numerical
method. After substituting |I3| and ¢, into (7), we can determine ||,
2|, ¢,> and ¢,

After setting the imaginary part of Eq. (5) to be zero to express
a resonance, the appropriate values of the capacitances Cy can be
determined as follows.

L (& !
Ci= %~(2Mkn|ln|cos((pn—(pk)) , (k=1,2,3)  (9)

n=1
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TABLE I. Major specifications of the developed three-phase MNS.
M
L, §° 31 Ls Coil number Coil 1 Coil 2 Coil 3
Turns 105 105 210
Wire diameter (mm) 1.0 1.0 1.0
M,
Workspace Sphere (radius: 30 mm)
C1 —
R TABLE II. Measured magnetic flux density per unit current of the developed three-
1 phase MNS.
+ Magnetic flux density per unit current (mT/A)
Vi x-axis y-axis z-axis
L I Coil 1 —-1.2031 1.0392 0.0178
Coil 2 1.2314 1.0434 —-0.0238
= = = = = = Coil 3 —-0.0753 -1.8185 -0.0135

FIG. 1. The circuit diagram of the three-phase MNS.

TABLE Ill. Measured resistance and inductance of the developed three-phase MNS.

Finally, after applying the capacitances of Eq. (9) to (5),
the voltage-current relationship of each phase in Eq. (5) can be Resistance Inductance (mH)
expressed as follows.

[Q] Coil 1 Coil 2 Coil 3

Rille] = [Vl = [Vil,  (k=1,2,3) (10)  Coill 14.6 2.9413 -0.7505 ~0.0124
Coil 2 14.6 —-0.7505 3.0255 -0.0116

Coil 3 14.8 -0.0124 -0.0116 7.5298

By substituting the current solution determined from Eq. (8)
into Eqgs. (9) and (10), we can determine the magnitude, phase of
the applied voltage, and the required capacitances of each phase to
express resonance.

As a result, the current and voltage solutions obtained through ~ TABLE IV. Calculated voltage of each coil to generate the RMF of 10 mT.
the proposed resonance control method eliminate all the imaginary
parts and the real parts, except the resistance of the impedance as Calculated voltage
shown in Eq. (10). That is the input voltages to generate the RMF

il1 il2 il
are independent of rotating frequency of the RMF. It also shows that Col Col Coil 3
the proposed method can keep the current and RMF constant even Amplitude (V) 58.1 62.3 81.0
though the frequency of the RMF increases once the currents and Phase (deg) 0 178.8 265.3

capacitances are satisfied with Egs. (8) and (9).

(a) (b)

FIG. 2. (a) The three-phase MNS. (b)
The variable capacitor module.
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FIG. 3. (a) Decreased three-phase current and RMF due to the inductance effect. (b) Calculated and measured three-phase current and RMF with the application of the

proposed method.

Ill. RESULTS AND DISCUSSION

To experimentally verify the effectiveness of the proposed reso-
nance control method, we prototyped the three-phase MNS and the
variable capacitor module as shown in Fig. 2. The major specifica-
tions of the MNS are presented in Table I. The three-phase MNS is
connected in series with a variable capacitor module, resistors, and
power supplies as shown in the circuit diagram of Fig. 1. Table II
shows the measured magnetic flux densities per unit current along
x, ¥, and z directions. We determined {K} by choosing x and y
components because the magnetic flux densities along the z-axis
were less than 2% of those in the other axes as shown in Table II.
Table I11 shows the measured resistance and inductance of the devel-
oped three-phase MNS. In addition, the capacitance can be adjusted
up to 19.5 uF with a resolution of 0.055 yF using nine switches in
the variable capacitor module. Next, we calculated the amplitudes
and phases of the voltages and the capacitances required for reso-
nance from the proposed method. The calculated capacitance values
of each coil are 18.8, 18.88, and 9.34 yF at the resonance frequency
of 600 Hz, and 3.01, 3.02, and 1.5 uF at the resonance frequency
of 1200 Hz, respectively. Table IV shows the calculated amplitude
and phase of the input voltages to generate an RMF with a mag-
netic flux density of 10 mT. Finally, we experimentally verified that
the proposed resonance control method can maintain output cur-
rents and the magnitude of RMF constant even when the rotating
frequency of RMF increases. In the experiment, the measured tra-
jectory of RMF generated by the three-phase current is of circular or
elliptical shape. We defined the magnitude of the RMF as a radius
of a circle with a same area of the RMF trajectory. Figure 3(a) shows
the decreased three-phase current and the magnitude of the RMF
when the voltage solution shown in Table IV was applied. With-
out any resonance control method, the current and magnetic flux
density decreased due to the inductance effect. We suppressed the
inductance effect including mutual inductance from the proposed
method. Figure 3(b) shows the calculated and measured three-phase

currents and magnitude of the RMF with the application of the
proposed method to generate a magnetic flux density of 10 mT
from 600 to 1200 Hz. In Fig. 3(b), the calculated current and the
magnitude of RMF match well with the measured ones within 5%
discrepancies. It shows that the proposed resonance control method
keeps the current and the RMF constant as the rotating frequency
increases.

IV. CONCLUSION

We proposed a resonance control method to suppress both the
self and mutual inductances of the three-phase MNS. By separat-
ing the voltage equation of the three-phase MNS into a real and
an imaginary part, and then setting the real part to be zero except
for the pure resistance term, we eliminated the inductance effect in
the real part. Then, we applied the current solution to the imagi-
nary part and determined the capacitance value, which satisfied the
imaginary part to be zero. Since the proposed method suppresses
the impedance except for the resistance component of each phase,
there is an advantage that can maintain the output current and
the magnitude of RMF constant even if the frequency of the RMF
increases. This research will allow the MNS composed of multiple
electromagnets to generate the effective magnitude of the RMF with
high frequency and contribute to generating fast drilling motion of
the micro helical robot to tunnel through clogged lesions in blood
vessels.
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