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Efficient Wireless Power Transfer System
for Generation of Magnetic Propulsion
Torque for Microrobot
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ABSTRACT

This paper aims to design an efficient wireless power transfer (WPT) system to power the microrobot. WPT system
can generate propulsion force and torque as well as electrical energy to perform different tasks. The induced current
and field from the WPT coils are utilized into the propulsion force and the Lorentz force for the rotational movement
of the microrobot. The WPT model is designed on comsol multiphysics and the force and the torque are verified.
Experimental setup also designed and tested with the simulation results on different parameters like mutual inductance,
secondary voltage, torque and force
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1. INTRODUCTION

These days, various types of mobile microrobots have been used for various applications. In particular,
in medical applications, the microrobots can provide minimally invasive surgery or drug infusion inside
the body. Because of their small size, it can drift freely in the blood vessel to their specified destination.
Therefore, the propulsion and the control mechanism of microrobots have become an active area of
study in recent years [1], [2]. Based on recent studies, the propulsion of these robots is based on the
insertion of permanent magnets with Helmholtz coil, which generate a magnetic field to control the
microrobot. However, this type of propulsion system is limited in the sense that the dc magnetic field
delivers propulsion without any electrical power to the robot [3]. Inevitably, the microrobot can only
perform simple missions, such as drilling and moving, because they do not have any electrical power
sources [4]. To supply electrical energy to the microrobots, a lot of research on battery powered microrobots
have been performed recently [5]. Even though the battery size can be minimized, it also reduces battery
capacity, which creates a problem of having a limited electrical energy source. If propulsion and power
can be delivered to the microrobot simultaneously, the robot can contain active devices and can perform
much more complex and important missions for medical purposes. Therefore, wireless power transfer
(WPT) technology applications in the microrobots are being actively performed [6], [7]. Recent research
adopted the Lorentz force as a source to obtain the propulsion while electrical energy is transferred, and
this method uses a flexible ferrite sheet as a magnetic field shielding material to break the balance of
Lorentz force for generating propulsion force [8][10]. In this paper, we propose a WPT system that can
simultaneously deliver both the electric and dynamic energies to arobot, where the electric energy provides
the power for active circuits, and the dynamic energy provides the control of propulsion force and torque
of the microrobot. The WPT and the generation of propulsion force and torque are simulated using a 3-
D electromagnetic field solver. The experiments with the fabricated coil structure verify the realization
of the proposed generation of the forces.
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2. WIRELESS POWER TRANSFER SYSTEM IN MICROROBOTS

Theconceptof a WPT system is shownin Fig. 1. Ina typical WPT system, when the time-varying current
flows in a source coil, a magnetic field is generated, and then the generated magnetic field induces a current
in the load coil, referred to as load current. Fig. 1(b) shows the equivalent circuit of WPT. The relationship
between the source current and the load current is described as where I, and I denote the phasor forms of
the load coil current (I, ) and the source coil current (1), respectively. L, R , and C, indicate the inductance,
resistance, and capacitance of the source coil, respectively, and L , R, and C, represent the inductance,
resistance, and capacitance of the load coil, respectively. M is the mutual inductancebetween the source
coil and the load coil, and u is the angular frequency. The maximumpower is transferredat the resonance
frequency, where the reactance of L, and C, cancelout each other. It should be noted that the phase difference
between I and I is 90° in this condition [11]. The idea for generating propulsion force comes from an
electromagnetconsistingofclosed-loopcoils. If the source coil and the loadcoil flow a time-
varyingcurrent,theybehaveas an electromagnet, which can generate repulsive force and attractive force. When
the incident magnetic field flows in the closed loop, each segment of the closed loop generates Lorentz
force, which evidently can become a source of torque. Therefore, we focused on the magnetic force between
electromagnets for propulsion, and the Lorentz force for rotation.

2.1. Microrobot Propulsion Using Electromagnets Force

In general, the magnetic force between two current-carrying coils can be derived from general expression
aswhere I, and 1, are the currents of two coils, M is their mutual inductance, and ZQ is the generalized
coordinate [12]. If we adopt this theory to WPT, then the current I, and I, are simply replaced to I and I .
Since the current I and I, are time varying, the force between electromagnets is changed as well. The time-
mean magnetic force in WPT is zero when the phase difference between I and I , represented as a,, is 90°
for the maximum power transmission. Eventually, the magnitude and the polarity of the magnetic force
will change depending on the value of 4. In addition, the a value can be controlled by changing the value of
C, in the load coil. By applying these characteristics, the magnetic force and the electrical power can
simultaneously be delivered to the microrobot.
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Figure 1: Lorentz force and torque when the incident magnetic field passes through the closed loop
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Microrobot Rotation Through Lorentz Forces When the incident magnetic field is applied to the load
coil, the Lorentz forces as well as the load current are generated in four segments of a closed loop. Fig. 2
shows the closed loop of the load coil which is not perpendicular to the incident magnetic field. Although
the net force generated by the Lorentz force is canceled out by the symmetrical structure of the coil, torque
generation still remains. A represent the torque vector, position vector from a chosen point to the point of
the application of the force, magnitude of load current, applied force vector, and area of closed loop,
respectively. B is the incident magnetic field generated from the source coil. However, as ¢ varies, the load
current changes as well, since mutual inductance is proportional to the cross-sectional area perpendicular
to the incident magnetic vector area.

No torque is generated when ¢ is 0° or 90°, while maximum torque is generated when the moment of
angle is 45°. Using this phenomenon, the microrobot can generate torque, while the electrical energy is
being transferred, allowing the microrobot to perform more complex missions in various areas.

Two coil wireless power system:

:
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The above figure shows the equivalent cicuit for 2 coil wireless power power system.

Considering both circuits tuned at the same resonance angular frequency

(or =i = e

We can write the equation from the circuit,
V:R1i1+j(,00M12i2 (1)

O:jw0M12i1+R2i2 (2)

where, M, is the mutual inductance, R the total transmitting circuit resistance (including the internal
resistances of the source and the involved capacitance (C,) and inductance (L)), and R, is the total receiving
circuit resistance (the sum of internal resistances of the involved capacitance (C,) and inductance (L) with
the load resistance)
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Put the value of i, and i from (2) in the equation (1),then we will get the equation for currents to get the
equation of power
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Electric power is calculated multiplying the resistance by the square of the current amplitude so that
using (1) (2) (3) and (4) it can be written
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2 2
v R2R;

7
2 2 7
(R1R2+600M12) @

2 2 2
v ooMp2R >

Py~ 2
2 2 ®)
RR,Tw My,

P~




Efficient Wireless Power Transfer System for Generation of Magnetic Propulsion Torque... 8119

where, P, and P, are the electric power dissipated at R, and R, respectively.

Now we can calculate the efficiency using (7) and (8) in the equation (9)
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The above equation (10) is the formula for efficiency of the 2 coil system

3. SIMULATION OF THE PROPULSION AND TORQUE

To illustrate the feasibility of propulsion and torque generation in load coil which is attached in microrobot,
the simulations were conducted using a 3-D (Finite Element Method) FEM tool named ANSYS Maxwell
as a field simulator and Agilent ADS as a circuit simulator. The simulation was performed for two cases: 1)
the generation of propulsion force and 2) the torque. The simulation procedure consists of three stages. In
the first stage, a 3-D field simulation to find the magnetic field distribution and induced voltage is performed.
In the second stage, the induced current at the load coil is simulated using the circuit simulatorconsideringthe
resonantWPT circuit. The load coil capacitance (C,) is tuned to have maximum current at the load coil. At
the final stage, the propulsion force and the torque are simulated using a 3-D field solver again, based on
the induced current from the circuit simulation and incident magnetic field from the source coil. When

Figure 3: Two coil Simulation setup for each cases
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Figure 5: The E-Field norm and power flow

performing simulation for the propulsion force, it is assumed that the normal vector of the load coil is
parallel to the incident magnetic field, as shown in Fig. 3(a). This is because the magnetic force between
the source coil and the load coil is most effective on the direction that is parallel with the magnetic field
direction. In this case, since the strength of the Lorentz force generated in each segment of the load coil is
at perfect symmetrical configuration, no torque is generated. In contrast, when performing simulation for
torque, the normal vector of the load coil is not parallel to the incident magnetic field, as shown in Fig. 3(b).
Therefore, Lorentz force can be generated by an asymmetric magnetic field at each segment of the load
coil. For simulation of torque generation, the angle ( ¢) between the normal vector of the load coil and the
incident magnetic field vector is changed by 5° in step. The simulation results will be compared with the
experimental results in Section I'V.
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4. EXPERIMENTAL VERIFICATION.

Implementation of a Microrobots with WPT Coil to verify the simulation results of the propulsion force
and torque generation, an up-scaled microrobot with wirelessly charging load coil was implemented for
the experimental verification. A 100-turn circular coil carrying a 5 A current with the frequency of 20
kHz was designed as a source coil. In order to reduce the resistance, a Litz wire was used for the coil
winding. The magnetic field generated by the source coil can reach a 25-turn square-shaped load coil
which is located 10 cm away from the source coil. The dimensions of the fabricated coils are shown in
Fig. 4, and the detailed electrical parameters of the coils are listed in Table 1. In the experiment for the
generation of propulsion, a capacitor was connected to the load coil in order to control the phase difference
between the source current and the load current, as shown in Fig. 5. In the experiment for the generation
of torque, the angle between the incident magnetic field and the normalvector of the load coil was
changedfrom(0° to 90° with 15° intervals. In case of torque generation, the capacitance was designed as
4.221F, which allows the phase difference between the source current and the load current to be 45°,
resulting in the maximum torque.

The microrobot with load coil was mounted on a small Styrofoam ship floating on water, as shown in
Fig. 4, to verify the generated propulsion force and the torque. For accurate measurement, the motions of
the ship were recorded through video, and the velocity and angular velocity were precisely measured from
the frame-by-frame analysis of the recorded video. After the velocity and angular velocity of the ship were
measured, they were converted into the propulsion force and the torque using the following equations,
respectively: Fprop denotes the propulsion force of the ship, which is identical to the total resistance force
of the ship; RT denotes the ship moving in constant velocity; CD1 denotes the drag coefficient of the ship
for the propulsion force experiment; fi denotes the density of water; V denotes the velocity of the ship; and
S1 denotes the wetted area of the ship. In (7), the relationship between the torque and the angular velocity
in fluid conditions is indicated [13]. As different types of Styrofoam ships were designed in the experiments
of propulsion generation and torque generation, the experimental parameters of the each experiment are
listed in Table I [14].
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Figure 6: Robot Experiment Model
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4.1. Results of Propulsion and Torque

Table 1 shows the comparison of simulated and measured propulsion forces. The magnitude and direction
of the propulsion force is changed depending on the phase difference, 4. For example, when & is <90°, the
generated propulsion force is negative, result movement attracting to the source coil. The simulated and
measured results correspond well with (3). The peak propulsion forces are observed when 4 is 45° and
135°, and the velocity of microrobot is 5.5 mm/s. In this condition, the received power at the load is 0.78 W,
while the power consumption in primary circuit was 3.02 W. Fig. 7 shows the relation between the angle (¢)
of the incident magnetic field, the normal vector of the load coil, and the generated torque. The simulated
and measured results indicate that the maximum torque occurs at 45°, which corresponds well with (5).
When the torque is generated, the propulsion force is also generated; however, the propulsion force is much
smaller than the Lorentz force which is the source of torque. Considering the torque of 185 iNm at 45° in
Fig. 7 is equivalent to 6167 iN of Lorentz force, the propulsion force of 33 iN is negligible.

Tablel
Experimental M easurements
Parameter Sourcecell Load cell
Self-inductance 2.35mH 22.97uH
Mutual-inductance 1.095uH
Resistance 0.2 ohm 1 ohm

5. CONCLUSION

This paper proposed a novel microrobot which can generate both the propulsion force and the torque by
means of WPT technology.The main idea is to utilize the magnetic field generated from the source coil to
give the propulsion force and the Lorentz force to produce torque for the microrobot. Depending on the
phase difference between the source current and the load current,the magnitudeand direction of propulsion
force changes. In addition, depending on the angle between the incident magnetic field and the normal
vector of the load coil, the magnitude of the generated torque also changes. The proposed microrobot that
can generate both the propulsion force and the torque has successfully been validated by FEM simulations
and verified through the experimental measurements.
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