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An Omnimagnet is an electromagnetic device that enables remote magnetic manipulation of
devices such as medical implants and microrobots. It is composed of three orthogonal
nested solenoids with a ferromagnetic core at the center. Electrical current within the sole-
noids leads to undesired temperature increase within the Omnimagnet. If the temperature
exceeds the melting point of the wire insulation, device failure may occur. Thus, a study
of heat transfer within an Omnimagnet is a necessity, particularly to maximize the perfor-
mance of the device. A transient heat transfer model that incorporates all three heat transfer
modes is proposed and experimentally validated with an average normalized root-mean-
square error of less than 4% (data normalized by temperature in degree celsius). The tran-
sient model is not computationally expensive and is applicable to Omnimagnets with differ-
ent structures. The code is applied to calculate the maximum safe operational time at a fixed
input current or the maximum safe input current for a fixed time interval. The maximum safe
operational time and maximum safe input current depend on size and structure of the Omni-
magnet and the lowest critical temperature of all the Omnimagnet materials. A parametric
study shows that increasing convective heat transfer during cooling, and during heating
with low input currents, is an effective method to increase the maximum operational time
of the Omnimagnet. The thermal model is also presented in a state-space equation
format that can be used in a real-time Kalman filter current controller to avoid device

failure due to excessive heating. [DOI: 10.1115/1.4049869]
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Introduction

An Omnimagnet [1] is a relatively new electromagnetic device
that enables remote magnetic manipulation [2] of devices such as
medical implants and microrobots. We are particularly interested
in its use for robotically assisted insertion of cochlear-implant elec-
trode arrays [3-5], in which an Omnimagnet is adjacent to the
patient’s head during surgery. An Omnimagnet is composed of
three orthogonal nested solenoids with a spherical ferromagnetic
core at the center and is optimized to generate a dipole-like mag-
netic field in any direction. By independently controlling the
input current to the three solenoids, the magnitude and direction
of the resulting dipole moment can be managed. The Omnimagnet
magnetic field is capable of applying both force and torque in a
desired direction and magnitude to precisely manipulate medical
implants, thus enabling insertion. The electrical current flowing
through the solenoids produces Joule heating, which results in
undesirable temperature increase within the Omnimagnet. If the
temperature of the wire insulation exceeds its critical temperature
in any of the solenoids, a short circuit may occur, resulting in irre-
versible device failure. Thus, a heat transfer study is necessary to
define operational limits for the Omnimagnet. Additionally, a heat
transfer model can be employed to improve future designs of
Omnimagnets.
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Petruska and Abbott [1] briefly considered heat transfer in an
Omnimagnet as a part of the original design process. They
assumed a steady-state condition and calculated the maximum
current density for a desired magnetic field strength. Transient
heat transfer within the Omnimagnet has not been previously
studied. Other relevant research is related to heat-transfer studies
within power transformers. The heat source in both a power trans-
former and an Omnimagnet is resistive heating, and the materials
(copper, electrically resistive paper, and polyamide insulation) are
similar. Thus, the basic heat transfer within a power transformer
and an Omnimagnet is alike; hence, the published work on power-
transformer heat transfer is relevant. Temperature is a key factor in
controlling power transformer aging. Based on the international
standards for oil-immersed transformers (IEC 60076-7), the aging
rate of power transformers is normal at temperatures lower than
98 °C. For every 6 °C temperature increase, the lifetime of a trans-
former is reduced by 50% [6]. Another key performance parameter
in transformers is hot-spot location. Locating hot spots and calculat-
ing their temperature are two of the primary reasons researchers
have investigated power-transformer heat transfer [7-9]. Computa-
tional fluid dynamics (CFD) and thermal network models (TNM)/
thermal hydraulic network models (THNM) are two of the main
techniques that have been applied to model heat transfer within
power transformers [10-13]. In the review paper by Campelo
et al., it was reported that increasing oil flowrate does not signifi-
cantly change the convection coefficient in high-voltage power
transformers [6]. They concluded that CFD and TNM methods pro-
duced the most accurate thermal models for power transformers.
CFD methods were reported to be more accurate, but computation-
ally expensive, and as a result, researchers are using TNM fre-
quently in their studies [10].
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Fig. 1 Omnimagnet components. (a) Frame 1, Frame 2, and the spherical core;
(b) Frame 3 is added; (c) Frame 4 is added. The three solenoids, which are wound
around the respective frames, are omitted for clarity. The dimensions shown are
for one particular Omnimagnet design, but the device can be scaled homothetically.
(d) Photo of an assembled Omnimagnet.

Research studies focused on modeling heat transfer within power
transformers are still being reported [9,14]. For instance, Rodriguez
et al. [12] focused on the cooling capacity of radiators that have
been used to decrease the temperature of the windings. They per-
formed experiments to validate their simulation results and
showed that oil is 10 times more efficient than air in cooling the
transformer. They also reported that the air flowrate has only a
minor effect on convective cooling of the transformer.

In most heat-transfer studies related to power transformers, a
steady-state condition has been applied. Power transformers typi-
cally operate continuously at steady-state; thus, the spatial tempera-
ture distribution has been the main objective of most studies. On the
contrary, an Omnimagnet is typically activated for a relatively short
period of time and does not reach a steady-state condition; therefore,
the transient temperature response is more desirable.

Probably, the most important outcome in an Omnimagnet heat-
transfer study is the maximum time the device can be operated, for
a given power distribution in the three coils, before its failure. Alter-
natively, one is interested in the maximum power that can be applied
for a certain period of time. Therefore, a steady-state assumption is
inappropriate for an analysis of Omnimagnet thermal behavior.

Methods to mitigate temperature rise in electrical devices such as
power transformers have also been pursued recently. For instance,
modified nanomaterials with better thermal properties (higher
thermal conductivity and higher cooling convection coefficient)
[15-17] and magnetic fluid coolants [18,19] are two interesting adap-
tations that have been studied. Mineral oil has been used as a cooling
fluid in transformers. Nanofluids have also been used as alternative
coolants. The thermal conductivity of nanofluids can be as much
as 75% greater than that for mineral oil, making these new substances
attractive as coolants. Increasing the operational temperature limit
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for wire insulation is also an attractive upgrade for transformers.
Typical wire insulation consists of polyamide. New nanomaterials
(aliphatic polyamide) that are reinforced with SiO,, Al,O5, and
TiO, have been patented by Weinberg and Senyurt [20]. These alter-
native insulations have better thermal properties than pure polyam-
ide. In addition, carbon nanotube (CNT) materials can potentially
replace copper wire, as they have high thermal and electrical conduc-
tivity [15,21]. As a method to increase transformer cooling rate, Patel
et al. have used a magnetic fluid as a coolant. A Mn-Zn ferrite mag-
netic fluid (TCF-56) can reduce the winding, core, and top oil tem-
peratures by 20°C, 14°C, and 21°C, respectively [19].

In practice, an Omnimagnet operates for short time intervals, so it
is unlikely that a steady-state thermal condition is reached. Thus,
calculating the maximum allowable current density (as in Petruska
and Abbott [1]) to produce a desired magnetic field does not provide
transient temperature data. In this study, a transient thermal model
of an Omnimagnet is developed and validated for the first time. A
preliminary version of this work was presented in Ref. [22]. The
model is applied to determine the relationship between current
density and thermal limits. In addition, potential cooling methods
are investigated. Finally, a model in state-space form is provided
to facilitate control of the magnetic field strength while taking
into account transient temperature increase.

Thermal Lumped Capacitance Model

The details of an Omnimagnet design are presented in Ref. [1].
The main components include frames, solenoids (coils), wire insu-
lation, and a ferromagnetic core. The ferromagnetic core can be
spherical or cubical. An Omnimagnet may be thermally modeled
as a set of its elements (see Fig. 1).

Transactions of the ASME



e Frames: Four sets of two identical parallel frames are included
(four elements).

e Solenoids: Three solenoids of copper wire wound around each
frame are the main components of an Omnimagnet (three
elements).

e Wire insulation: Solenoid wires are insulated; however, each
solenoid is modeled as a copper solid rather than a conglomer-
ation of separate wires. Thus, the wire insulation is also
modeled as a single solid surrounding the solenoid conductor
(three elements).

e Ferromagnetic core: A solid ferromagnetic spherical or cubical
core is located in the middle of the Omnimagnet to magnify the
electromagnetic field; this sphere/cube is considered a separate
element (one element).

In addition to the main components, the design may include extra
electrical insulation to ensure the safety of the Omnimagnet. These
insulation layers are modeled as separate components.

e Cover insulation: The outer surface of each solenoid is covered
with an additional layer of thin electrically resistive insulation
(three elements).

o Insulating paper or Kapton tape: Thermal insulating paper or
Kapton tape is placed between each solenoid and the surround-
ing frames.

e Material in the innermost region: The material that fills the
deepest part of the Omnimagnet is modeled as an independent
element. This gap may be filled with trapped air or any other
material.

The four frames, each consisting of two parallel frame sections,
and their assembly for a sample Omnimagnet are shown in Fig. 1.
Inner, middle, and outer solenoids are wound around Frame 1,
Frame 2, and Frame 3, respectively. Frame 4 is used as a support
to join all the parts together. An image of a complete Omnimagnet
is shown in Fig. 1(d). The wire insulation and outer insulating cover
insulation are optically transparent; thus, they are not visible in the
photo.

Due to the high-thermal conductivity k of most Omnimagnet com-
ponents (on the order of 10-100 (W/m - K)), low convection coeffi-
cient A (natural convection assumed, 0 — 25 (W/m?- K)), the small
characteristic length L of each component (<0.2m), the Biot
number Bi for each element is less than 0.1. The Biot number is
defined as Bi = hL/k, where L is calculated as the ratio of the compo-
nent volume to its surface area. To be conservative in the estimate
of component Bi, h is assumed to be 25 (W/m2-K). As an
example, the volume and surface area of wire insulation1 are approx-
imately 54.9 cm? (see Table 1) and 582 cm?, respectively; thus, L is
approximately 0.094 cm and Bi is approximately 0.094. Using this
approach, Bi for components 1 to 16 is 0.0005, 0.0003, 0.0003,
0.0003, 0.002, 0.0002, 0.0002, 0.094, 0.086, 0.08, 0.092, 0.005,
0.086, NA, 0.03, and 0.03, respectively. Owing to the small Bi for
each component and symmetry, it is reasonable to model the Omni-
magnet using a lumped-capacitance method. The main assumptions
for the application of this method to the elements of the Omnimagnet
include the following:

e Temperature distribution is uniform in each element (Bi < 0.1).

e Conduction between elements is modeled with Fourier’s Law,
where the differentials are approximated with variable
differences.

e Thermal contact resistance is neglected.

o The temperature of the surroundings is equal to that of ambient
air.

e All thermal properties of the elements (except the copper coils)
are considered to be temperature independent.

e Radiation heat transfer between different elements is
neglected; however, radiation between the surrounding and
insulating paper, Frame 4, wire insulation of solenoid 3,
cover insulation of the solenoid 3, and outer solenoid (solenoid
3) is included.
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o Electrical insulating materials (paper or Kapton tape) is placed
between each solenoid and the surrounding frames. These
insulating layers can be incorporated in the model as correction
coefficients.

e The view factor between solenoid 2 and ambient and the view
factor between solenoid 3 and ambient are both assumed to be
unity.

Utilizing these simplifying assumptions and applying an energy
balance to each element, n ordinary differential equations (ODEs)
are developed for n unknown temperatures. n is the number of ele-
ments of the Omnimagnet. The number of elements includes the
principal elements (11 elements), the inside trapped material (one
element) and the number of extra electrical insulation layers. The
general form of the ODE for each element is

Jj=n m=3 T
5 (St

d7;
picyiVig, =Ril} = [

=T, \m=1
m=3
- |: Z (Z hijSijm(Ti — T1)>:|
j=01j=14 \m=1
m=3
- Z ceiSiom(T, = Ty) (D
m=1

The variables p;, Vi, ¢,i, T;, €, R;, and [; are density (kg/mS),
volume (m?), specific heat capacity at constant pressure (kJ/kg -
K), temperature (K), emissivity, electrical resistance (£2), and
input current (A) of the ith element, respectively. «; is thermal con-
ductivity (W/m-K) of the jth element. /; is nonzero only for the
three solenoids. Time (s) is represented by 7. S;;,, and Ax;,, are
contact surface area (m?) and thickness (m) between the ith and
Jjth elements in the m direction (x = 1, y = 2, or z = 3), respectively.
Note that S;;,, =S m hi; is the convection coefficient (W/m?-K)
between the ith element and the ambient (j = 0) or the inner air
(j = 14). h;; is a function of temperature and the orientation of
the surface. Based on the orientation of the heated surface h;; can
be estimated by the convection coefficient correlation in an enclo-
sure (h;j)encs, Over a vertical surface (h;;),, above a horizontal
surface (h;j)nq, Or below a horizontal surface (h;);,. All heat trans-
fer coefficient correlations are provided in Appendix A for a specific
Omnimagnet.

T4 1s the temperature of the innermost trapped fluid (K). Note that
if the gap inside the inner solenoid (Solenoid 1) and the middle sole-
noid (Solenoid 2) is filled with a solid, this term is replaced by a con-
duction term. ¢ is the Stefan-Boltzmann constant (5.67 x 1073 (W/
m?-K*) and T, is ambient temperature (K) of the air surrounding
the device. The term on the left-hand side of Eq. (1) is the storage
term for the ith element. The first term on the right-hand side of
Eq. (1) represents heat source. Source terms are applicable only to
the equations related to the three solenoids. The second term repre-
sents conduction between elements, the third term represents convec-
tion to the inside trapped fluid, the convection to ambient if the
component is exposed to the ambient air, and the fourth term repre-
sents radiation exchange with the surroundings. Radiation is
included in the equations related to the outer solenoid, the outermost
frame (Frame 4), and the insulating paper.

Equation (1) is applied to each of the n elements to produce
n ODEs with n unknown element temperatures. The model requires
input data such as initial temperature, volume and thickness of
each element, contact surface area between two adjacent ele-
ments, thermal properties, convection coefficients, and electrical
resistance and input current of each solenoid. An example of the
thermal model applied to a specific Omnimagnet is presented in
Appendix A. The equation set is solved using MATLAB (function
ode45). The ode45 function uses the last time-step to provide the
results for the next time-step using an explicit Runge—Kutta (4,5)
method [23]. A state-space format of the equations is provided in
Appendix B. Simulations from the model should be validated and
assessed for accuracy by comparisons to experimental data. An
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experimental apparatus and test procedure for model validation are
presented in the following section.

Experimental Setup

A schematic of the experimental setup is depicted in Fig. 2. An
AMC high-frequency PWM servo drive provides an effectively
constant electrical input current to the solenoids. Two Omega
type-K thermocouples are implanted on opposite sides of each sole-
noid, near the coil center, to measure temperature. The location of
each thermocouple depends on the number of windings in each
solenoid. The thermocouples are implanted at the middle layer if
there are an even number of layers, and one wire toward the core
from that if there is an odd number of layers. Two similar thermo-
couples are used to measure the ambient air temperature and the air
temperature beneath the center of the Omnimagnet. Electrical resis-
tance of each solenoid is measured using a Fluke 87 True-RMS
Multimeter at the beginning of each experiment. All temperature
data are recorded every 0.5 s, and the electrical potential difference
of each solenoid is measured every 5 min.

The computer and AMC servo drive together control the input
current and maintain it at the desired value to each solenoid. As tem-
perature increases, the copper wire resistance changes, requiring
modifications to the applied voltage to achieve a constant current.
The control loop functions between the computer and the solenoids
and does not require temperature feedback. In Fig. 2, the line
between the data acquisition system (DAQ) and the computer indi-
cates temperature data acquired and stored on the computer.

The critical temperature in the experiment is equivalent to the
lowest melting point of all the component materials. For the Omni-
magnet used in the experiments, the cover insulation melting point,
and thus the critical temperature, is 120 °C. In the absence of the
cover insulation, the critical temperature would be equivalent to
the melting point of the wire insulation, which is 240 °C. The exper-
iment is stopped when the maximum temperature is 5 °C lower than
the critical temperature or after 2h. The maximum time that the
Omnimagnet is powered depends on the input current; higher
input current leads to shorter safe operating time. Experimental
data from this process are used to validate simulation results as pre-
sented in Appendix A.

(@

Digital to
" analog

To validate the model, 40 independent experiments were con-
ducted on the lab-scale Omnimagnet. In each experiment, tempera-
tures of the three solenoids were measured at two separate locations
(six measurements total) as a function of time. Measurements were
repeated for three current levels and different combinations of
powered solenoids (20 heating experiments). Passive Omnimagnet
cooling was also considered (20 experiments).

Uncertainty Analysis and Sources of Errors. A single thermo-
couple from a batch of identical thermocouples was selected as the
reference thermocouple. This thermocouple was calibrated using a
two-point method, and the uncertainty of the temperature measure-
ment was determined to be 0.1 °C. All thermocouples embedded
in the Omnimagnet solenoids were from the same batch of thermo-
couples as the reference thermocouple. The error range of the mul-
timeter (Fluke 87 True-RMS) is 0.05% of the reading plus one digit
for voltage and 0.2% of the reading plus 2 digits for electrical resis-
tance [24]. Using the voltage and resistance uncertainties, the elec-
trical current uncertainty is 0.001 A. Finally, the time measurement
uncertainty is 0.5s [25].

Validation and Optimization

Omnimagnets are manually wound; therefore, some uncertainty
exists in values required as input data to the model. For instance,
the exact value of the contact surface area between different ele-
ments, the thermal contact resistance, and the thickness of the
various insulation layers is not easily measurable and is not
reported. Given these unknown parameters, the following assump-
tions are made to the model initially:

e Contact resistance between different elements is neglected.

e Each solenoid is in perfect contact with its frame and with the
adjacent solenoid(s). Thus, the maximum contact area between
elements is assumed.

e Thickness of all elements is assumed to be constant. Shrinkage
or expansion due to winding pressure or temperature increase
is neglected.

Multimeter

o1

AMC
Servo Drive

Current
command

urrent
feedback

Omnimagnet

AMC Servo Drive

|| =

Analog to

digital

USB-TEMP data acquisition
(DAQ) device

Omnimagnet

Fig. 2 Experimental setup: (a) location of thermocouples in each solenoid, (b) schematic, and

(c) photos
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The model is solved applying these assumptions and the resulting
temperature data are compared with experimental data. Conditions
in the model are set to match those used in the experiments. If the
differences between the experiment and simulation temperatures
for the solenoids are acceptable, this model can be applied for
further studies or for controlling the system. The initial validation
process produced an average NRMSE of 26.7% (data are normal-
ized with temperature in degree celsius) with similar transient tem-
perature trends for the three solenoid experimental and model data
sets. This error is due to the aforementioned uncertainties; however,
better performance can be achieved by modifying the model using
experimental data. To reduce the error and to ultimately create a
more accurate model, a set of coefficients is added to the basic
code. These coefficients are applied to the terms with uncertain
dimensions (e.g., thickness, contact area) and where there is a
high probability that contact resistance may be present. In addition,
some coefficients are used as correction factors in the convection
heat transfer terms to better estimate convection coefficients. All
assumptions and simplifications presented in the previous para-
graph are incorporated through these correction coefficients.

The number of correction coefficients and the appropriate terms
to augment in the model depends on the structure of any specific
Omnimagnet. As an initial step, a correction coefficient is added
to each term and an optimization process is performed. If a correc-
tion coefficient is found to be small after optimization, that coeffi-
cient can be neglected. Only the correction coefficients that cause
a significant change to the final results (minimization of the differ-
ence between model and experimental data) in the optimization
process are incorporated into the model.

As noted, an optimization process is performed to determine
appropriate values for the correction coefficients based on minimi-
zation of the solenoid temperature differences between the experi-
ments and simulations. During the optimization process, transient
solenoid temperatures for seven experiments corresponding to the
seven combinations of powered solenoids are evaluated and com-
pared with simulation data determined under similar conditions.
A MATLAB optimization toolbox (using the fmincon “interior point
algorithm” [26]) is used to minimize the maximum solenoid tem-
perature difference by varying the coefficients using a quasi-
Newton method. The algorithm is illustrated in Fig. 3. The final
result is a semi-empirical model, based on the lumped capacitance
method, for the Omnimagnet. The coefficients for the conduction
terms can vary between 0 and 1. On the other hand, the coefficients
for the convection terms can be larger than one, but the upper limit
for convection coefficients should not exceed the upper limit for the
type of the convection used to cool the Omnimagnet (e.g., for
natural convection in air the convection coefficient should not
exceed 25 W/m?-K [27].

The model is applied to the Omnimagnet used in the experiments.
Details of the input data for the Omnimagnet are presented in
Appendix A. Following the optimization process, the average
normalized root mean square error is less than 4% (data are nor-
malized by temperature in °C) at solenoid temperatures less than
120 °C. Comparisons of simulation and experiment transient tem-
peratures for the three solenoids are shown in Fig. 4. In Fig. 4(a),
only the inner solenoid (Solenoid 1) is powered (at 3.13 A). The
average normalized-root-mean-square error in this case is 2.5%.
During cooling, no electrical current is flowing in any part of the
system (Fig. 4(b)). The model accurately predicts solenoid tempera-
tures under conditions of natural convection and radiation cooling
(NRMSE = 2.7%). Transient solenoid temperature response when
current is applied to the middle (Solenoid 2) and outer solenoids
(Solenoid 3) (3.04 A in each) is shown in Fig. 4(c). Note that the
average error (NRMSE = 3.7%) is nearly equal to that when only
the inner solenoid is powered (NRMSE = 2.5%). Finally, the tran-
sient solenoid temperature response when all three solenoids are
powered at 3.8 A is presented in Fig. 4(d), where the average
NRMSE is 2.1%. These errors are deemed acceptable given the
uncertainties in some of the input data and the assumptions inherent
to the lumped capacitance method. When using an Omnimagnet in
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Fig. 3 Optimization algorithm to determine modification
coefficients

practice, a factor of safety can be included that accounts for this
level of modeling error.

Results and Discussion

After validation, the model is used to study the thermal behavior of
the Omnimagnet under different conditions. Of most interest is the
maximum time f,,,x, the Omnimagnet can be powered before the
maximum temperature 7,,x in the device reaches the temperature
limit (melting point), which for the Omnimagnet prototype (see
Appendix A) is 115°C. f,,x data are shown in Fig. 5 for seven
cases corresponding to seven combinations of solenoids carrying
current /.

As shown in Fig. 5, when cooling is achieved by natural con-
vection and radiation with the surroundings, the worst-case scenario
occurs when all three solenoids are powered simultaneously.
The inner solenoid heats more quickly than the other two, due to
the high thermal resistance between the inner solenoid (solenoid
1) and the ambient. According to the data in Fig. 5, free convection
is not very effective in removing excess heat from the Omnimagnet,
which limits the time the device can be powered. Thus, more effec-
tive cooling mechanisms should be considered. Increasing the con-
vection heat transfer coefficient on the surface of the middle and
outer coils, which are exposed to the ambient, is an option to
decrease T,,x and subsequently increase #,,,.. The effect of the con-
vection heat transfer coefficient is discussed in the next section.

Effect of h for Heating and Cooling. The inner solenoid is not
exposed to the ambient; so, it is not directly affected by convective
cooling from the outer surfaces of the Omnimagnet. On the other
hand, all four external surfaces of the outer solenoid and two of
the four external surfaces of the middle solenoid are exposed to con-
vective cooling with ambient air. Therefore, it is expected that
increasing the convective heat transfer coefficient will directly
affect the transient temperature response of the middle and outer
solenoids while the inner solenoid will only be indirectly influ-
enced. The effect of & on the temperature of the solenoids is
studied in both cooling and heating modes. A set of four different
values of h are selected for the study. A heat transfer coefficient
equal to 5(W/m?-K) is chosen as a representation of natural con-
vection in air. A value of 250 (W/m?-K) represents forced
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Fig. 5 Maximum operational time for the omnimagnet under
seven different combinations of powered solenoids in a range
of current from 0 to 50 A and natural-convection cooling
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convection in air, and 500 and 1000 (W/m?-K) correspond to
natural convection in a liquid media, which can be produced by
nanofluids as mentioned in the Introduction section. The effect of
h for six different values of input current applied only to the outer
solenoid is shown in Fig. 6. Generally, the heating rate for the sole-
noid with the highest temperature (Solenoid 3) is slowed as &
increases, but this effect is tempered at higher input current. For
large I (depending on size and structure of the Omnimagnet), this
effect is negligible. At lower current, the input power is of the
same order of magnitude as the convection heat transfer rate,
which enables control of the Omnimagnet temperature. According
to Eq. (1), doubling the current leads to four times the power. As
a result, for larger values of I, increases in convection coefficient
have less effect on reducing the rate of temperature increase,
making a maximum safe operating temperature impossible. It
should also be noted that for relatively high input current (it depend-
ing on size and structure of the Omnimagnet), Solenoid 3 heats very
rapidly, and the safe operating temperature is achieved quickly. For
these power levels, heat dissipation by convective cooling is over-
whelmed by the input power and changes in / are inconsequential.
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Fig. 6 The effect of heat transfer coefficient on the outer sole-
noid transient temperature (only solenoid on) at six different
input currents (3, 5, 7, 10, 15, and 20 A). Arrows indicate increas-
ing h (5, 250, 500, and 1000 (W/m?-K)).

It can be concluded that for high 7, forced convection from the outer
surfaces of the Omnimagnet by itself is not a suitable method to
slow the heating process and to prevent undesirable effects of
high temperature.

While convective cooling of the Omnimagnet is found to be insuf-
ficient for extending the operational time at relatively high input
power, convective cooling should be effective when none of the sole-
noids is powered and the objective is to cool the entire device to an
acceptable temperature level. To study the validity of this hypothesis,
the transient response of non-dimensional temperature of the three
solenoids is considered with no power applied to the device
(Fig. 7). To calculate the initial temperature, it is assumed that all
solenoids are powered for 60 min with / = 3 A. The temperature at
the last time-step is used as the initial temperature of the cooling
period. Initial temperatures for Solenoids 1, 2, and 3 are 75.3 °C,
71.1°C, and 66.0 °C, respectively. A non-dimensional temperature
is chosen to display the temporal response as the trends are self-
similar for different initial temperatures. As expected, cooling rates
are greater for increasing values of 4. This is especially true for
forced convection with air or aliquid. As expected, the outer solenoid
(Solenoid 3) with its entire outer surface exposed to the convective
environment cools at the highest rate. The data in Fig. 7 indicate
that the cooling rate on the inner solenoid (Solenoid 1) is lower
than the other two. The inner solenoid does not have direct contact
with the ambient air, while the middle solenoid (Solenoid 2) has
less surface area exposed to convection in comparison to the outer
solenoid (Solenoid 3). While the cooling process is reasonably effec-
tive, it would be advantageous to find other means to reduce 7},
increase ., and decrease the cooling time to achieve a desired tem-
perature level.

Conclusion

Thermal performance of an Omnimagnet is studied using a
lumped capacitance model, which is validated with experimental
data from a single Omnimagnet. An optimized model, which
includes correction coefficients for the Omnimagnet used in the
validation, is found to be in good agreement with the experimental
data. The maximum root mean square error of the model is approx-
imately 4% (data are normalized by temperature in degree celsius).
Based on a parametric study that considers all seven possible com-
binations of powered solenoids, the safe range of input current,
where the maximum temperature of the system does not reach the
minimum critical temperature of the Omnimagnet components, is
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Fig. 7 The effect of heat transfer coefficient on the temperature
of the three solenoids with no input current. The arrow indicates
increasing h (5, 250, 500, and 1000 (W/m?-K)).

calculated. Increases to the external heat transfer coefficient are
found to be beneficial only at low input current. With no power
applied to the device, external convection is found to be much
more beneficial for heat dissipation although cooling time is still
significant.

Given the ineffectiveness of external convection, active cooling
of device components, such as the frame or the interior sphere,
should be considered to improve overall thermal performance of
the Omnimagnet. The thermal model is linearized and presented
as a state-space equation that can be applied in a Kalman filter con-
troller. This model may be used as a basic thermal management tool
for any type of omnidirectional electromagnetic device.
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Appendix A: A Case Study

The implementation of the lumped-capacitance transient model
on the Omnimagnet used for the validation experiments is presented
in this section. The Omnimagnet consists of 16 components as indi-
cated by the volume of each in Table 1. The components include the
three solenoids, four frames, wire insulation on each solenoid (3),
cover insulation on each solenoid (3), the air trapped within the
inner solenoid by the middle solenoid (inner air), the spherical
core, and the electric insulation paper between Solenoid 2 and
Frame 4. Thin insulating paper is placed between all solenoids
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and their adjacent frames; however, their impact on heat transfer in
negligible with one exception. The insulating paper between Frame
4 and Solenoid 2 is included, because it transmits radiation to the
ambient. Applying Eq. (1) to all 16 elements produces a set of 16
ODE equations with 16 unknown temperatures, which are solved
at each time-step. The input data for the model are presented in
Tables 1-7. Table 2 contains the constant thermal properties for

the materials in each component. While the exact composition of
the wire insulation is unknown, it consists primarily of polyamide.
The specific heat capacity at constant pressure c,. (Eq. (Al) [27-
29]) and thermal conductivity k. (Eq. (A2) [27-29]) of copper are
modeled as functions of temperature.

Volume data for each component are presented in Table 1. The
volumes of the frames and core are extracted from SOLIDWORKS

Table 1 Component volume
Variable Element V (em®) Number Element V (em?)
Vi Solenoid 1 (Copper 1) 326 Vg Cover insulation 1 (Solenoid 1) 4.2
V, Solenoid 2 (Copper 2) 285 Vio Wire insulation 2 (Solenoid 2) 47.6
Vs Solenoid 3 (Copper 3) 320 Vi Cover insulation 2 (Solenoid 2) 5.5
A Frame 1 2x27.77 Via Wire insulation 3 (Solenoid 3) 524
Vs Frame 2 2x31.95 Vis Cover insulation 3 (Solenoid 3) 6.9
Ve Frame 3 2x25.46 Via Inside air 294
\%4 Frame 4 2x46.18 Vis Spherical core 525
Vg Wire insulation 1 (Solenoid 1) 54.9 Vie Insulating paper 29
Table 2 Thermal properties for component materials
kJ kg w
Component Cp <kg : K> p(m3 ) k(m : K> €
Frame (aluminum) 0.896 [27] 2700 [27] 210 [27] 0.03 [27]
Wire (copper) Eq. (A1) [27-29] 8960 [27] Eq. (A2) [27-29] 0.78 (heated) [32]
Wire insulation (polyamide) 1.670 [33] 1140 [33] 0.25 [33] 0.6 [34]
Ferromagnetic core 0.502 [35] 8165.57 [35] 13 [35] -
Cover insulation (polyurethane) 1.800 [36] 1200 [36] 0.024 [36] 0.9[37]
Inside trapped air 1.007 [27] 1.614 [27] 0.0263 [27] -
Insulating paper 1.336 [27] 950 [27] 0.143 [27] 0.95 [27]
Table 3 Contact surface area
m=1 m=2 m=23
Sijm Element x direction (cm?) y direction (cm?) z direction (cm?)
S1.8.m Solenoid 1 + Wire insulation 1 112 179 177
Si.om Solenoid 1 + Cover insulation 1 0 228 232
82.100m Solenoid 2 + Wire insulation 2 266 38 294
So11m Solenoid 2 + Cover insulation 2 326 0 285
S3.12.m Solenoid 3 + Wire insulation 3 381 362 72
S3.13.m Solenoid 3 + Cover insulation 3 422 403 0
Sa.5.m Frame 1 4 Frame 2 8 0 0
Sa8.m Frame 1 + Wire insulation 1 0 95 20
Sa14m Frame 1 + Trapped inside air 11 90 12
Sa15m Frame 1 + Sphere 0 17 0
Ss.6.m Frame 2 + Frame 3 5 0 0
Ss.8.m Frame 2 + Wire insulation 1 47 0 0
Ss.10m Frame 2 + Wire insulation 2 138 0 14
Ss.12.m Frame 2 + Wire insulation 3 0 3.6 0
Ss.14.m Frame 2 + Trapped inside air 65 27 43
S6.0.m Frame 3 + Ambient air 43 157 29.3
S6.7.m Frame 3 + Frame 4 0 6 0
S6.10.m Frame 3 + Wire insulation 2 0 5.4 0
Se6.12.m Frame 3 + Wire insulation 3 15 155 0
S7.0m Frame 4 + Ambient air 6 36 172
S7.12.m Frame 4 + Wire insulation 3 0 0 9
S7.16.m Frame 4 + Paper 0 0 43
Ss.14.m Wire insulation 1 + Trapped inside air 0 90 151
80.0.m Cover insulation 1 + Ambient air (middle channel) 0 134 0
S9.10,m Cover insulation 14+ Wire insulation 2 0 0 177
S10.14.m Wire insulation 2 + Inside air 72 0 220
Si1.00m Cover insulation 2 + Ambient air 0 0 160
Si112.m Cover insulation 2 + Wire insulation 3 242 0 0
Si1.16.m Cover insulation 2 + Paper 0 0 180
S12.0m Wire insulation 3 + Ambient air (middle channel) 0 178 0
S13.0m Cover insulation 3 + Ambient air 436 577 36
Si5.14.m Sphere + Inside air 73 73 73
S16.00m Paper + Ambient air 0 0 160
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Table 4 Component thickness

m=1 m=2 m=3 m=1 m=2 m=3
A X x-direction (cm) y-direction (cm) z-direction (cm) A X, x-direction (cm) y-direction (cm) z-direction (cm)
Axy 10 1.4 14 Ax, 0.8 11.9 0.8
Axz 0.7 12.1 0.7 Axy 10 0.6 2
Axs 0.5 12.7 1.1 Axgm 1.1 0.3 1.2
Ax7 1.2 14.3 0.6 Axg 0.6 0.08 0.08
Axg 10.06 0.02 0.02 Ax1om 0.05 0.7 0.05
Axy1m 0.02 12.11 0.02 Axio,, 0.04 0.04 0.8
Axy3m 0.02 0.02 13.67 Axi4m 0 0 0
Axys 4.5 3.7 4.5 Axyi6m 10.06 7.51 0.01

Table 5 Convection coefficients
hi; Nusselt number correlation Characteristic length (m) i Reference
— Pr 0.29
(hi1a)y N"L=0-18<mRaL) L=y —Vj 4,5,8,10, 15 [38]
— 0.387Ra)’® 2
R 0)enc Nup =10.825 + L L=L; 6,7,9,12,13 39
Bidenct L [ [1 + (0.492/Pr)"/ “”]8/27] 1391
(hionb Nuy = 0.52Ra, '/ L=A,P 11, 16 [40]
(hiDha Nuy =0.54Ra; /4 L=A/P 11, 16 [41]
Table 6 Correction coefficients

CFijm Component 1 Component 2 m Value
CFyg, Frame 1 Wire insulation 1 Conduction (y direction) 0.41
CFy33 Frame 1 Wire insulation 1 Conduction (z direction) 0.33
CFy 152 Frame 1 Sphere Conduction (y direction) 0.04
CFs6. Frame 2 Frame 3 Conduction (x direction) 0.88
CFsg Frame 2 Wire insulation 1 Conduction (x direction) 0.88
CFs 10,1 Frame 2 Wire insulation 2 Conduction (x direction) 0.13
CF5s 103 Frame 2 Wire insulation 2 Conduction (z direction) 0.30
CFs 123 Frame 2 Wire insulation 3 Conduction (y direction) 0.60
CF¢72 Frame 3 Frame 4 Conduction (y direction) 0.03
CFs,10,2 Frame 3 Wire insulation 2 Conduction (y direction) 0.95
CFe 12,1 Frame 3 Wire insulation 3 Conduction (x direction) 0.05
CFe 12 Frame 3 Wire insulation 3 Conduction (y direction) 0.18

cap files. The volume of the solenoids, insulation layers, and the
trapped air can be calculated using expressions provided in Ref. [1].

Cpe =31621+0.3177T, —3.5x 1074772
ke = 420.75 — 0.0684937,

(A1)
(A2)

The electrical resistance of wire is also modeled as a function of
temperature (Eq. (A3)):

R=Ro(1 + ap(T —293.15)) (A3)
where R is the initial electrical resistance of the wire, which is 3.2
Q, 2.8 Q, and 3.1 Q for Solenoids 1, 2, and 3, respectively. The
constant aq for copper is 0.0039 (1/K) [30,31].

Calculating the contact surface area between two adjacent com-
ponents (Table 3) is time consuming and prone to uncertainty. In
addition, the contact surface area depends on the Cartesian direc-
tion, as conduction is a vector quantity. Thus, in addition to the
contact surface area, component thickness is determined for all
three directions, as shown in Table 4. The thickness of one layer
of wire insulation, which is defined as Ax;7,,, is 0.004cm. The
thickness of wire insulation between frame 4 and wire insulation
3 is considered to be equal to the thickness of the wire insulation.

Natural convection heat transfer coefficients are based on empir-
ical correlations as presented in Table 5. The locations where they
are applied are as follows: (1) between the inside trapped air and
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adjacent components, (2) between ambient air and Solenoid 3,
(3) between ambient and the lower surface of Solenoid 2, and
(4) between ambient and the upper surface of Solenoid 2.

Nu; = hi;L/x;, Pr=v/a, and Ra;, =gpB(T;— T )L /va represent
average Nusselt number, Prandtl number, and Rayleigh number,
respectively. v is the kinematic viscosity (m?/s), a is the thermal dif-
fusivity (m%/s), g is the gravity (m/s?), f is the thermal expansion
coefficient (1/K), and L is the characteristic length (m). The sub-
script “s” represents the surface and subscript “co” represents
ambient. A, is the surface area of the hot surface (m?), and P is
the perimeter of the hot surface (m).

The melting temperature of the insulation covering the outside of
each solenoid is 120 °C, which is the lowest of critical temperature
of all the materials in the entire system. Therefore, this temperature
determined the upper limit for the experiments. All heating experi-
ments were terminated when the insulation achieved a temperature

”

Table 7 Correction coefficients for convection coefficients
CF;; i Component 2 Value
(CFj14)y 4,5,8,10, 15 Inside trapped air 1.96
(CF;0)enct 6,7,9,12,13 Ambient air 2.74
(CF;0)nanb 11, 16 Ambient air 2.88
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of 115 °C or after a total time of 2 h, whichever occurred first. As a result, the maximum time that the Omnimagnet was powered depends on
input current; higher input current leads to shorter safe operating time. Experimental data acquired from this process were used to validate
simulation results. Initially, the differences in solenoid temperatures between the experiment and simulations was as high as 25°C; however,
the transient trends were similar. The maximum temperature difference was found to occur at the upper operational limits near 115 °C.

To reduce the error, and to ultimately create a more accurate model, 15 coefficients were added to the basic code. These correction coef-
ficients were applied to the terms with uncertain dimensions (e.g., thickness, contact area) and where there was a high probability that
contact resistance may be present. In addition, three correction coefficients were added to the convection terms to account for the uncer-
tainty in convection heat transfer coefficients.

An optimization process was performed to determine appropriate values for the coefficients based on minimization of the solenoid tem-
perature differences between experiments and simulations. During the optimization process, transient solenoid temperatures for seven
experiments, corresponding to the seven combinations of powered solenoids, were evaluated and compared to simulation data determined
under similar conditions. The MATLAB optimization toolbox (using the fmincon interior point algorithm [26]) was applied by varying the 15
coefficients using a quasi-Newton method.

The optimized correction coefficients were then applied to the terms shown in Tables 6 and 7. For this specific model, CF;;,, = CFj; .
For the conduction correction coefficients, smaller values suggest conduction between components is insignificant, whereas values close to
unity indicate more dominant conduction processes. Convection term correction coefficients suggest the heat transfer coefficients were
underestimated by the correlations listed in Table 5.

Appendix B: State-Space Equations

A state-space equation may be used to predict the transient temperature through the entire Omnimagnet given a set of solenoid current
values that may also vary with time. The predictions may be compared with the corresponding temperatures recorded from a limited number
of thermocouples embedded within the device. By applying the Kalman filter, the error of prediction at each instance is reduced and tem-
peratures at all points are calculated more precisely. An accurate prediction of temperature is desired to avoid increasing the temperature of
any component above its melting point. Adjusting the current to avoid that scenario can be accomplished in real time using a feedback loop
that includes temperature prediction. To this aim, the state-space equation of an Omnimagnet is presented as Eq. (B1):

T = AT + BU + GT, (B1)

where T is asetof n temperature derivatives with respect to time (for the Omnimagnet in Appendix A, n = 16), A is an n X n matrix, Bis an n
x 3 matrix, and G is an nx 1 matrix. T is a vector consisting of n temperatures, and U is the input vector consisting of the square of three
input currents (/ ?). The non-zero components of the A, B, and G matrices are listed here, in a general form and for the specific Omnimagnet
presented in Appendix A. The round parenthesis are used when a parameter is function of temperature and brackets are used for grouping
terms. The general form of matrix A components are defined by Eqgs. (B2) and (B3):

1 j=n m=3 K‘Si - m=3 m=3
Ajj=— v Z Zﬁ + Z hijSijm | + Z o€iSiomT; (B2)
PiCpiVi jom 1 m=1

j=1,j#i \m=1 j=0[=14 m=

Aji=— Ay (B3)

The matrix A non-zero components for the Omnimagnet discussed in Appendix A are

K9|:Sl,9,x + S1.9 + Sl,9,z:|
Ay =

S1.8.x + S18y + S1.8.z
AXg Ayg AZg

picpt(THVy

|:S2,l(),x S2.10y +52,1(),z]
Axig Ay Agzp

A_XQ Ayg AZQ
picpt(THVy

|
A =—[A1g+A1p], Aig=

)

Ay =—[A210+A2 1], Azi0= prer(To)Vs

|:S2,11,x S211y S2,11,z:|
—K11 +
Ao = Axq Ay Azyy

’ P26p2(T2)V2

B [53,12,)( 83,12,y + S3,12,z:|
12
6€3[S1300 + 8130y + 513,0,1]T§j| Asps = Ax; Ay Azp
) 12 =
p3¢p3(T3)V3 P3¢p3(T3)V3

Azz = —[Aa,lz +Az13+

[53,13,x 83,13,y 53,13,1]

K13 +

_ Axiz  Ayiz Az

As3= A
p3¢p3(T3)V3

, 44 =—[Ass +Ass +As1s +Ass)
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S. , .
RS +S4,5,; +S4,5,<.
AXS AyS AZS
Ays =

S. Sa8.y S48
k| 85 4 o, 0880y o, S48
Ays 78
Ayg =

AXg A
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(CF414h4,14),[Sa.1ax + Saray + Sarac] _ 15 [ | A5 T Az
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X z
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P5CpsVs
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K10 [CFs,lo,l st S50y o 5,10”] K12[ sizay S5y L op 5,12,z:|
_ Axip  Ayio Azyo _ Axpp  Ayp
As 0= Aspp =
’ P5Cps Vs ’ PsCpsVs
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514 =
PsCpsVs
S Ss6v  Ss56.2
Ks CF5,6,1 5,6,x + CF5,6,2 5,6,y + 5,6,z
Axs Ays = Azs
Ags =
P6Cp6 Ve
CFo0h60)anct] S6.0.x + S6.0 + Se.0.2
Aoo = _|:A6,5 T Agy +Ag 1o+ Ag1a + (CF60h60)enct[ S6.0.x + Se.0 + S, ]]
P6Cp6 Vo
Se7x  Sery | Sez S6,10.x Se,10y 56,10,z
- = ——— + CF, =
3 K7[ Ax;  Ay; Az _ 0] "Ax, “19% Ay " Az
Agy = , Agi0= ,
PeCp6 Ve P6Cp6 Ve
Se,12,x Se.12y | S6.12.2 S6.7.x Se67y  S67.
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Ag 12 = . Agg=
PsCp6 Vo pr¢p1V7

—(CF7.001,0)enct[ S7.0x + S70y + S7.0.2] + 0€7[S7.0x + S7.05 + S70:] T3 ]

Azg = _|:A7,6 +A712+A76 +
pr¢p1 V7

[57,12,x S$7.12y S7,12,z:| |:S7,16,x S7.16,y 57,16,1]
k12 + Ki6 +

B Ax;7  Ayir Azyg Axig  Ayis  Azig
Az = A

B 7,16

o1V prcp1Va
S S ) S z S X S | S 7
K1(T1)[ L8 | Ol8y 1,8,«.j| K4[ 48x CFusn 48y CFiss 4,gw:|
Asy1 = ax A Az Aga = Axy Ay, Azy
’ PsCpsVs ’ ' P58 Vs
Ssgr  Ssgsv  Sss.
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A Z
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K10 So.10 . S9,10,y + 89,10,z
(CFo,0h9.0)enci[So.0.x + So0y + S9,0,z]i| Ao o= Axyg Ay Agzp
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S So10y - S2.102 S. S S
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Apgra=—[Alsa +Als + Alas + A0 + Aras]
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|

(B4)

B is an nx 3 matrix. The general form of the components of B is (Eq. (B4))

picpiVi

where the non-zero components represent the contribution of the electrical current.
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For the Omnimagnet in Appendix A, B is a 16 x 3 matrix and the non-zero components are

R

) IS B pp——)
prcpt(T)Vy

= R(T»)
T pacpp (Vs

_ R(Ty)
3,3

= ¥ B5
P3¢p3(T3)V3 ®3)

G is a nx 1 matrix in general and the components are expressed as (Eq. (B6))

1 m=3 m=3

3

Gio=—— E hioSiom | + E o€iSiomTy
m=1 m=1

T pic piVi

(B6)

For the Omnimagnet in Appendix A, G is a 16 x 1 matrix with the following nonzero components:

_o€3 [Sl3,0,x + 8130y + S13,0,1]T3

>

3,0

_ (CF0h60)enci[S6.0.x + S0,y + S6.0.2)
0=

P3¢p3(T3)V3 ’ P6Cp6 Ve
_ (CF70h7,0)enci [S7.0x + 7.0y + S70:] + 0€7[S70.0 + S7.05 + S70:] T3
’ pr¢p1V7
_ (CF90ho0)enci [So.0.x + So.0y + So0.] _ (CF11.0)na,np((m11.0)na + (h11.0)pp)S110,y
0= s 0=
PoCpoVo prcpnVi
G (CF120m12,0)enct[S12.0.x + S12,0y + S120.2] + 0€12[S12.0x + S12.0y + S120.:] T
120 =
Prcp12Vin
Gian = (CF130m130)enct[S13.0x + S13.0y + S130.2] + o€13([S13.04 + S130y + S130] T3
130 =
P13¢p13V13
G = (CF160)hamb(h160)ha + (h160)m)[S160.x + S160y + S16.02] + 0€16[S16.0x + S160y + S16.02] T3
160 =
P16¢p16V16
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