Development of a Coil Driver for Magnetic Manipulation Systems
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Pulse width modulation (PWM) is the most commonly used technique to drive electromagnetic coils in magnetic manipulation
systems. Relatively low PWM frequencies generate high magnitude current ripple and magnetic field fluctuation. In this study,
coils are powered by a driver at PWM frequencies close to their self-resonant frequencies to generate high-frequency magnetic
fields and minimize current ripple and magnetic field fluctuation. In order to protect the driver against the penetration of stray
electromagnetic and magnetic fields, a multi-layer shielding enclosure is employed. The coil driver is used to study the effect
of varying PWM frequencies on current, magnetic field, and ohmic loss using Helmholtz, air and iron core coils. The current
ripple magnitude is significantly minimized when the coils are driven at PWM frequencies close to their self-resonant frequencies.
This results in reduction of magnetic field fluctuation and provides more accurate measurement of magnetic field magnitude. Our
experiments show that increasing the PWM frequency from 100 Hz to 25 kHz decreases the current ripple and magnetic fluctuation

by two orders of magnitude, and a negligible effect on the ohmic loss.

Index Terms—Coil drive, current ripple minimization, magnetic field fluctuation, ohmic loss, pulse width modulation.

I. INTRODUCTION

HE field of magnetic manipulation has been witnessing

a substantial progress in recent years. Its most prominent
application domains are minimally invasive surgery, drug
delivery, assembly of micro-scale objects [1]-[3]. Electromag-
netic coils produce magnetic fields by inducing current through
the loops. These coils are used in magnetic manipulation sys-
tems by adjusting the amplitude of the current [4]. Pulse width
modulation (PWM) is the most frequently used technique to
control the current, since it provides high efficiency, low power
loss, and robustness to noise [5]. However, PWM produces
high magnitude current ripples at relatively low frequencies.
As a result of the current ripples, magnetic field fluctuation
occurs. These fluctuations limit the operating time of the
coils and decrease the predictability of the field, which is an
essential component for the manipulation.

Although coil configuration has been extensively studied for
magnetic manipulation systems, there is a lack in the literature
regarding development of coil drivers for precise magnetic
manipulation [6]-[10]. The relationship between PWM fre-
quency and magnetic field fluctuation has not been considered.
The majority of drivers used in the literature are designed
for low-frequency drive applications. PWM resolution in such
drivers also changes with the PWM frequency, which leads to
relatively low motion resolution for the manipulation.

In this study, a coil driver is developed to minimize the
magnetic field fluctuations and improve the motion resolution
of magnetic manipulation systems. A multi-layer shielding
enclosure is specifically machined to protect the driver by
blocking stray magnetic and electromagnetic fields. Unlike
the drivers used in magnetic manipulation systems, coils
are driven at higher PWM frequencies which are close to
their self-resonant frequencies using the developed coil driver
[11]-[15]. This method minimizes magnetic field fluctuation
by reducing current ripple magnitude, which provides more
predictable field. In addition, the developed driver is essential
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Fig. 1: Overview of the experimental setup used for monitoring effect of
varying pulse width modulation frequencies on the current through coil
terminals, magnetic field, and ohmic loss using the coil driver.

for the applications where the high-frequency magnetic field
generation is required like hyperthermia-based drug delivery
using magnetic micro-agents [16]. Magnetic manipulation and
drug release can be performed using the developed driver
without an external magnetic induction unit, which decreases
the complexity of the system. The driver is experimentally
validated using Helmholtz, air and iron core coils. At varying
PWM frequencies, current through coil terminals, magnetic
field magnitude, and ohmic loss are monitored (Fig. 1). Finite
element analysis is also performed to simulate the effect
of varying PWM frequencies on the current, magnetic field,
ohmic loss, and magnetic force. In the following Section, coil
driver architecture is explained. The experimental setup and
our results are presented in Section III.

II. CoIL DRIVER

A. Driver Architecture

The lumped element model of a coil consists of an inductor
(L) in series with a resistor (R) and a capacitor connected in
parallel with L and R [13]. When the voltage is applied to
the coil, current reaches its steady-state value at five times
coil time constant (57). 7 is the required time for a current to
reach its 63.2% steady-state value and calculated as L/R. If
the PWM signal with a frequency of 1/(57) is applied to coils,
sawtooth current waveform (also known as current ripple) is
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Fig. 2: Schematic representation of the coil driver. Architecture of the driver circuit. @ Computer-aided design model of the machined multi-layer shielding

enclosure. (c),

Finite element results for the attenuation efficiency of the electromagnetic and magnetic shielding enclosure. Magnetic and electromagnetic

field distributions in and around the shielding enclosure are shown @ and @ @), respectively.

observed. The peak-to-peak amplitude of the current ripple
minimizes when PWM frequency is on the order of 1/(57).
The frequency can be increased up to coil self-resonant
frequency (1/(27v/LC)), since exceeding self-resonant fre-
quency results in capacitive behavior of the coil. This can also
be observed from frequency (f) dependent impedance analysis
of the coil (R + j27fL)/(j2rfCR — (2nf)?LC + 1)). In
order to drive the coils at PWM frequencies that are close to
their self-resonant frequencies, a coil driver is developed.
The developed coil driver architecture is illustrated in Fig.
2(a). The driver circuit is capable of generating a 14-bit PWM
signal and amplifying it up to 1 MHz. PWM signal with
14-bit resolution is generated by a comparator using cosine
wave with reference voltage. PWM carrier frequency and duty
cycle are adjusted by changing frequency of cosine wave and
level of reference voltage, respectively. Cosine wave at desired
frequency and reference voltage are generated using a 14-bit
direct digital synthesizer (DDS) and a 16-bit digital-to-analog
converter (DAC), respectively. Outputs of both DDS and DAC
are currents that provide high slew rate and robustness to
noise. Transimpedance amplifier is used to convert the output
of DDS and DAC currents to voltage. In order to use a
single channel PWM signal for bidirectional coil drive, a
combination of logic gates is configured. Generated PWM
signal has a constant resolution of up to 1 MHz, unlike the
conventional drivers. It is amplified using a switch-mode full-
bridge amplifier consists of four metal-oxide-semiconductor
field-effect transistors (MOSFETSs) driven by two gate drivers.
In order to get precise coil drive, fluctuation in power line
during the switching is filtered using a specifically designed
passive power rail filter with a cutoff frequency of 110 Hz.
Accurate sensing of current through coil terminals is one of
the vital elements of any designed driver for a precise magnetic
manipulation, since current data is used to fed back to the
controllers. For current sensing, a four-wire Kelvin resistor
is connected between the full-bridge amplifier and ground.
The output of Kelvin resistor is connected to differential
amplifier. Offset measurement circuit is built to cancel the
inherent offset voltage of the differential amplifier. In order to
measure offset voltage of the amplifier, a second differential
amplifier circuit is built and its outputs are connected to

the ground [17]. Since the voltage difference between input
terminals is zero, output signal equals offset voltage of the
amplifier. The signal that is obtained using this circuit is
subtracted from the differential input signal for relatively
accurate measurements. In addition, a temperature sensor is
placed on the Kelvin resistor to compensate resistor change
related to temperature. Noise characterization of the driver is
done by supply and coil voltage measurement circuits. 16-bit
analog-to-digital converter (ADC) is used to digitize outputs
of current and voltage measurement circuits. Anti-aliasing
filters are placed between the measurement circuit outputs and
ADC to filter high-frequency noise. Utilizing the current and
voltage measurement circuits, impedance curve of the coils are
obtained. This property allows characterizing different type of
coils without using a specific electronic equipment. A single
board computer (SBC) establishes communication with both
ADC and PWM generator via serial peripheral interface (SPI).
The driver is cooled by two SBC controlled fans placed as push
and pull configuration [18]. MOSFET cooling is additionally
maintained by attached heat sinks. Temperature sensors placed
on the heat sink surfaces provide feedback to adjust fan speed.

B. Magnetic and Electromagnetic Shielding

The magnetic manipulation systems inherently generate
stray magnetic and electromagnetic fields. These fields might
damage the driver electronics, since they significantly degrade
the accuracy of both measurement and control signals. There-
fore, a proper shielding plays an important role in precise
coil drive and magnetic manipulation. In order to prevent
possible interference, a shielding enclosure is machined using
both 1 mm thickness steel (CR4, cold rolled) and Mu-metal.
Although steel has high relative permeability of 100 to 5,000
and generates a low-resistance path for both electromagnetic
and magnetic fields, it might not be enough to attenuate the
magnitude of stray fields [19]. On the other hand, Mu-metal
which is a nickel-iron alloy provides extremely high relative
permeability of 80,000 to 100,000 and stronger shielding [20].
When steel and Mu-metal are used together, interference is
attenuated by steel as pre-processing step layer then removed
by Mu-metal. Path resistance is decreased by increasing the
number of steel sheets, known as multi-layer shielding [21],
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(a) Finite Element Results

(b) Experimental Results

Fig. 3: Finite element and experimental results. a) Finite element results of magnetic force acting on a magnet are shown for air core and Helmholtz coils.
b) Experimental results of coil drive are shown for iron core, air core, and Helmholtz coils.

[22]. Therefore, three individual steel sheets are placed in
parallel and isolated using two 3D printed dividers. Inside of
these steel layers, a Mu-metal enclosure is placed to protect
sensitive driver parts. Honeycomb structures are placed onto
the side surfaces of the steel and the Mu-metal enclosures to
circulate air with fans. Schematic of the shielding enclosure
is illustrated in Fig. 2(b).

III. EXPERIMENTS

A. Finite Element Results

Finite element analysis using ANSYS Electronics (Swanson
Analysis Systems Inc., USA) was performed to simulate
magnetic field fluctuation, ohmic loss, and magnetic force.
For simulations, air, vacoflux, and iron core coils were used
to visualize both fluctuation and ohmic loss at varying PWM
frequencies. Further, magnetic field fluctuation in and around
Helmholtz coil was simulated to monitor coupling between
the coil pair. Dimensions, equivalent circuits, and computed
impedance and phase curves of both air core and Helmholtz
coils are given in Fig. 3(a). PWM at varying frequencies with
55 V amplitude and 50% duty cycle was applied to the coils
for extreme boundary conditions.

Simulations were run with 15 kHz, 5 kHz, 1 kHz PWM
frequencies for air, vacoflux, and iron core coils, respectively.
Low frequency response of the coils was simulated at 100
Hz. Helmholtz coil was simulated at 1 kHz, 10 kHz, and
100 kHz. Simulations show that substantial magnetic field
fluctuation occurs at low frequencies, whereas fluctuation is
significantly reduced at high frequencies (Fig. 3(a)). Substan-
tially improved coupling between Helmholtz pair and a more
uniform magnetic field were observed compared to the low
PWM frequency. Further, the increase in PWM frequency does
not highly affect ohmic loss. Please refer to the supplementary
video that demonstrates the simulation results.

The effect of PWM frequency on magnetic force ripple
acting on 1 mm spherical magnet using air core and Helmholtz

coils were simulated. The magnet locations are depicted in
Fig. 3(a). In order to monitor relationship between PWM
frequency and magnetic force, air core coil was simulated
at 100 Hz, 1 kHz, and 15 kHz. Force ripple magnitudes at
these frequencies were computed as 0.22 mN, 0.14 mN, and
0.01 mN, respectively. For Helmholtz coil, force magnitude
ripples at 1 kHz, 10 kHz, and 100 kHz were computed as
0.52 mN, 0.19 mN, and 0.02 mN, respectively. In both of
these simulations, the force ripple magnitude was reduced by
nearly 96% when PWM frequency was changed from lowest
to highest frequency. Current and magnetic force waveforms
are plotted in Fig. 3(a). Same figure shows that increasing
PWM frequency results in force ripple magnitude reduction
as a result of current ripple minimization.

Electromagnetic and magnetic field attenuation efficiency of
the shielding enclosure was computed using four air core coils
and four dipole antennas. Coils and antennas were arranged
to generate 8 mT magnetic field and 430 V/m electric field
on the side surfaces of the enclosure, respectively. Magnetic
and electromagnetic field distributions are shown in Fig. 2(c),
(d). Multi-layer steel configuration attenuates magnetic and
electromagnetic signal amplitudes by 97.82% and 99,99%, re-
spectively (Fig. 2(c), (d)). Further, attenuated wave magnitudes
by the steel is degraded by 99.99% inside Mu-metal. Results
show that combination of steel and Mu-metal provides strong
blockage against electromagnetic and magnetic contamination.

B. Experimental Setup

In the experiments, Helmholtz, air and iron core coils were
used to test performance of the coil driver at varying PWM
frequencies. A Hall-effect sensor (49E, YZPST, China) was
used to monitor high-frequency fluctuation in the magnetic
field. The sensor was supplied with a DC power supply
(E36313A, Keysight, USA) and its analog output was acquired
using an oscilloscope (DSOX3014T, Keysight, USA). In order
to provide a disturbance free measurement environment, the
experimental setup was mounted on a non-magnetic optical
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Fig. 4: Experimental results of coil drive with varying duty cycles. (a)
Impedance and phase curves of the air core coil used in the experiments.
Root mean square current and magnetic field magnitudes versus duty cycle
are shown in (bl) and (b2), respectively. Current and magnetic field ripple
magnitudes versus duty cycle are shown in (c1) and (c2), respectively.
breadboard (PBG52514, ThorLabs, USA). Coil surface tem-
perature was measured to observe ohmic losses using six K-
type thermocouples (34307A, Keysight, USA). Temperature
data was acquired using a data acquisition unit (34901A and
34972A, Keysight, USA) with a sampling rate of 1 Hz. In
order to provide same air convection conditions during the
experiments, an enclosure cage with a volume of 670 x 920 x
950 mm® was fabricated [23], [24]. The cage was specifically
sealed to avoid any external air flow and keep the effect
of coil temperature on the global temperature at minimum
to accurately measure ohmic loss and eliminate disturbance
inside enclosure cage. Air and iron core coils were placed
onto a custom-made 3D printed V-clamp. Teflon slices were
placed between the clamp and the coil to prevent temperature
rise and heat conduction. During the experiments, the driver
was supplied with a DC power supply (N8738A, Keysight,
USA). The experimental setup is shown in Fig. 1.

C. Experimental Results

Impedance and phase curves were analyzed using a Hewlett
Packard 4194A impedance/gain-phase analyzer to determine
equivalent circuits and self-resonant frequencies of the coils.
Frequency dependent impedance and phase plots, the equiv-
alent circuits and dimensions of the coils are plotted in the
first two rows of Fig. 3(b). The self-resonance frequencies
of iron core, air core, Helmholtz coils were measured as
40 kHz, 45 kHz, and 65 kHz, respectively. During the
experiments, coil surface temperature, current through coil
terminals, and fluctuation in magnetic field at a specified
location were monitored at varying PWM frequencies with
50% duty cycle. Experiments were carried out to monitor
low and high frequency behavior of each coil configuration
under constant PWM duty cycle and supply voltage. All of
the coil configurations were driven at 100 Hz and 1 kHz to
observe their low frequency behaviour. In order to monitor
high-frequency behaviour of the coils, iron core, air core,
Helmholtz coils were driven at 5 kHz, 15 kHz, and 25 kHz,
respectively. These frequencies were chosen to keep magnitude
of current ripple below 20 mA. PWM signal amplitude was set
to 32 V and 25 V for Helmholtz, air core and iron core coils,
respectively. Effect of duty cycle on current and magnetic field
ripples was observed by driving an air core coil with 115
kHz self-resonant frequency. Impedance and phase plots, the
equivalent circuit and dimensions of the coil are shown in

Fig. 4(a) and Fig. 4(b). The coil was driven with varying duty
cycles starting from 5% to 95% with 5% increment at 100 Hz,
1 kHz, and 30 kHz. PWM signal amplitude was set to 30 V
to pass 1500 mA root mean square current (RMS) from the
coil when the duty cycle was 90%.

In order to monitor ohmic losses, coil surface temperature
was recorded until it exceeded 60°C, since saturation tempera-
tures of the coil configurations were between 60°C and 80°C.
Initial coil surface temperatures were kept as 29°C. Temper-
ature plots are shown in the second row of Fig. 3(b). Ohmic
loss change between low and high frequencies is negligible,
as observed in the finite element analysis. Maximum global
temperature change inside the enclosure cage as insignificant
(3°C increment after 4 hours). Thus, the cage provides same
environment for all ohmic loss experiments as expected.

Current and magnetic field waveforms of coils at varying
PWM frequencies are plotted in the third and fourth row of
Fig. 3(b), respectively. Mean, standard deviation, and ripple
magnitude of current and magnetic waveforms are shown in
TABLE I. RMS and ripple magnitudes of current and magnetic
waveforms at varying duty cycles are plotted in Fig. 4(b) and
Fig. 4(c). In accordance with our expectations, magnitudes of
current and magnetic ripples are significantly reduced when
the coils are driven at PWM frequencies close to their reso-
nance frequencies. When PWM drive frequency of Helmholtz
coil is changed from 100 Hz to 25 kHz, ripple magnitudes of
current and magnetic field are reduced 95,81% and 99,40%,
respectively. Hence, driving coils at high frequencies provides
nearly two orders of magnitude reduction in ripple magnitudes.
This results in the increasing predictability of the field.

RMS values of both the magnetic field and current magni-
tudes in response to low and high PWM frequencies are close
to each other, although there is a significant difference between
the ripple magnitudes (see Fig. 4 and TABLE I). Even though
Teslameters have been used for measuring the RMS value
of the magnetic field waveforms in magnetic manipulation
studies, they are not suitable for monitoring magnetic field
fluctuation at both low and high frequencies [25]-[27]. This
leads to poor current to magnetic field map, which is one of
the key components for magnetic manipulation. On the other
hand, the experimental setup presented in this paper provides
the instantaneous magnitude of the magnetic field and holds
a great promise for accurate measurement of both current
and magnetic field ripple magnitudes. Besides, the setup
significantly minimizes magnetic field magnitudes by driving
the coils at higher PWM frequencies. Thus, overall efficiency
is significantly improved for precise magnetic manipulation.

TABLE I: Mean, standard deviation (std), ripple magnitude (Ripple), root
mean square (RMS) of current and magnetic waveforms are presented to
show the effect of PWM frequency on current and magnetic field.

Frequency Mean Std Ripple RMS Mean Std Ripple RMS

Iron Core 100 Hz 3218 754 2802 3219 581 1.2 43 58.1
Coil 1 kHz 3212 148 51.5 3212 580 0.1 0.7 58.0

5 kHz 3,199 46 189 3,199 569 0.1 0.5 56.9

Air Core 100 Hz 3210 3472 11,1972 3228 96 14 5.2 9.7
Coil 1 kHz 3217 354 1206 3217 95 02 0.8 9.5
15kHz 3,156 1.9 10.1 3,156 87 0.1 0.5 8.7

Helmholtz 100 Hz 1,409 4473 14970 1478 304 79 27.1 314
Coil 1 kHz 1,397 47.0 167.3 1,397 306 038 3.7 30.6
25kHz 1,397 1.6 9.0 1,397 300 03 1.1 30.0
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