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Design and Optimization of a Novel Double-Layer
Helmholtz Coil for Wirelessly Powering
a Capsule Robot

Jinyang Gao ", Siyu Tian

Qiulin Tan

Abstract—Inductively coupled wireless power transfer (IWPT)
is promising to power a freely moving capsule robot (CR) contin-
uously. The existing IWPT system for this application normally
adopts a single-layer Helmholtz coil (SHC), which can generate
a uniform alternating magnetic field (AMF) to cover the CR
workspace but leads to low power transfer efficiency (PTE). To im-
prove the PTE, this article proposes a novel double-layer Helmholtz
coil (DHC). The DHC is composed of two in-parallel connected
SHCs that have identical coil turns and winding directions but
different diameters. To design and optimize the DHC, a dedicated
analytical model is built and verified. A comparison between the
DHC and SHC is also conducted, which shows that the DHC can
not only generate a uniform AMF to cover a larger region, but its
power consumption is lower when the generated AMF is identical,
thus improving the PTE. Finally, the DHC is used to power a 3-D
receiving coil, and the achieved PTE is in a range of 7.58 %-17.41 %,
higher than that when using the SHC, which is in a range of
6.74%-14.92%.
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I. INTRODUCTION

CAPSULE robot (CR) that integrates an active loco-
motion unit and some functional modules (e.g., biopsy
forceps, drug release mechanism) is promising to enable a min-
imally invasive diagnosis and treatment for intestinal diseases
[1], [2]. However, the power demand of the multifunctional CR
is up to hundreds of milliwatts [3], [4], making the power supply
for it being a challenging issue, because a button battery is not
sufficient to power it for a long duration and a power cable can
cause a friction resistance to its locomotion. Inductively coupled
wireless power transfer (IWPT) provides a promising solution
to this issue, and it is implemented with a 1-D transmitting
coil (1DTC) around the human abdomen and a 3-D receiving
coil (3DRC) onboard the CR [5], [6]. The 1DTC normally
adopts a traditional Helmholtz coil to generate a uniform and
unidirectional alternating magnetic field (AMF) to cover the
abdominal region and the uniform AMF is for ensuring that the
CR at different locations can receive stable power. The 3DRC
is constructed with three mutually orthogonal coils so that it
can always induce the unidirectional AMF when the CR posture
changes randomly. Because the size of the IDTC (>400 mm)
is much larger than that of the 3DRC (<15 mm), the coupling
between them is very weak, thus leading to a low power transfer
efficiency (PTE). To improve the PTE of the IWPT system, a lot
of valuable works have been conducted in the literature.

In the 1DTC-related aspects: a class-E power amplifier is
designed to drive the 1DTC, and by optimizing the circuit
parameters, the efficiency of the amplifier can reach a maxi-
mum of 99.3% [7]. A self-tuning LCC inverter is proposed to
drive the 1DTC whose inductance/capacitance is sensitive to
the surroundings, thus avoiding excessive power loss caused by
detuning and improving the PTE equivalently [8]. An analytical
model for optimizing the design parameters of the traditional
Helmholtz coil is built in [9], which indicates that increasing
the coil turns is beneficial to improving the PTE. A noteworthy
work concerning optimizing the coil structure of the IDTC was
conducted in [10] and [11], the traditional Helmholtz coil that
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has two subcoils was modified to have three and four subcoils,
and the modified structure was proven to improve the AMF
uniformity and power transfer stability. Note that the current in
the subcoils should flow in the same direction, which is beneficial
to gather the AMF inside the 1DTC, thus improving the PTE to
the 3DRC. If the current flows in opposite direction, typically
as a cylindrical transmitting coil consisting of two subcoils for
2-D omnidirectional wireless power transfer [12], the generated
AMEF will mainly radiate to the surroundings, which can be used
for recharging the electronic products adjacent to the transmit-
ting coil.

In the 3DRC-related aspects, a ferrite core having the shape
of a cylinder [13], cross [14], or ring [15] was inserted within
the 3DRC to enhance its mutual inductance with the 1DTC,
thus improving the PTE. A 2-3DRC (one 3DRC is the receiving
coil, and the other is the load coil) was proposed to form a
three-coil inductive link with the 1DTC, which allowed the
receiving coil to have a higher quality factor for compensating
the weak coupling and consequently improving the PTE[11]. An
impedance-matching network constructed with two capacitors
was designed to achieve the optimal load, thus maximizing the
power delivered to the load and increasing the PTE with a factor
of 1.73 [16]. A power management module containing a power
buffer was designed to deal with the issue that the CR power
demand changes with its performed functions, which can store
the excessive power when the power demand is low and release
it when the power demand is high, thus improving the PTE
equivalently [17].

Despite the achievements mentioned above, the existing
IWPT systems all use a single-layer Helmholtz coil (SHC) as
the 1DTC. To further improve the PTE on the basis of existing
works, this article proposes a novel double-layer Helmholtz coil
(DHC), which is constructed with two in-parallel connected
SHCs that have identical coil turns and winding directions but
different diameters. Besides the novel coil structure of the DHC,
this article contributes in the following aspects.

1) An analytical model for correlating the equivalent resis-
tance of the DHC with its design parameters is built and
verified to be correct.

2) A flow for optimizing the DHC design parameters to
minimize its transmitting power when generating an AMF
with the required amplitude is proposed.

3) A comparison to the SHC in terms of AMF distribution
and safety, AMF uniformity, and transmitting power, is
conducted to confirm the superiority of the DHC.

4) The DHC is used to power a 3DRC to validate its useful-
ness in improving the PTE compared to the SHC.

II. DESIGN OVERVIEW OF IWPT SYSTEM AND DHC

Fig. 1 presents the equivalent circuit model of the IWPT
system. The transmitting side contains a signal generator for
outputting a square-wave pulse signal, a voltage source for
supplying a dc voltage Vpc, a coil driver for converting Vpc
to an ac driving voltage V1 under the control of the pulse signal,
a 1DTC that is represented with a lumped parameter model (L,
Ci, Ry), and an inductor Lt and a capacitor Cp for tuning
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Fig. 1. Equivalent circuit model of the IWPT system.

the IDTC. The receiving side contains a 3DRC that is also
represented by a lumped parameter model, three capacitors for
tuning the 3DRC, arectification module, an integration capacitor
C for voltage stabilization, and an equivalent CR load.

When the transmitting side is tuned to resonance, the IDTC
can be equivalent to a resistance Rgr, L and C can be equiva-
lent to a resistance Ry, and the coil driver can be equivalent to
a power source that can supply a sinusoidal driving current /.
Note that the amplitude and frequency of the AMF generated by
the IDTC is controlled by I1. When the receiving side is tuned
to resonance, the 3DRC and tuning capacitors can be equivalent
to a power source having a voltage &,,,,s and an internal resistance
RgsR, and the CR load can be equivalent to a load resistance Ry.,.
Under the above equivalence, the PTE of the IWPT system can
be written as

n=P./Pr ey

2V 2mems R, — 16Vep Ry,
S8Ry, + m2 Rsr

2
P, =V#/Ry, = ( ) /RL (2
8 |
72 (Rst + Rrun)

where Pp, is the load power, Pr is the transmitting power,
11, is the load voltage, and Vgp is the forward voltage of the
diode in the rectifier. The expression of V7, is referenced from
[17], and it is related to &ys, Ry, VEp, and Rsg. “~” in (3)
is related to the relationship between |It| and |Vr|, and it has
|It| =~ [|[Vr|/(Rst + Rrun)] X (4/7), where 4/ is the Fourier
coefficient because It is generated by the Fourier fundamental
frequency component of V thatis approximate to a square wave.
The aim of this study is to improve the PTE 7 by using a novel
DHC, and the DHC with optimized design parameters, can have
a smaller Rgt and consequently a lower Pr than the SHC, when
the AMFs generated by the DHC and SHC are identical.

Fig. 2 presents the design details of the DHC. The DHC is
constructed with an inner-layer SHC (ISHC) and an outer-layer
SHC (OSHC) that are connected in parallel, and their lead-out
ends are twisted together to avoid electromagnetic interference
with surroundings. The ISHC and OSHC have identical coil
turns and winding directions, and an electrical insulation layer is
set between them to ensure they are in coaxial. The DHC design

1
Pr = §|IT|2(RST + Ryun) =~ (3)
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Fig. 2. Design details of the DHC.
TABLE I
DEFINITIONS OF DESIGN PARAMETERS OF DHC
Parameters Definition
a Radius of the ISHC, fixed as 20 cm
b Radius of the OSHC, b=a +2r +1;
D, Distance between two sub coils, Dy=a
tis Thickness of the insulation layer, to be optimized
N Coil turns of DHC/ISHC/OSHC, to be optimized
r Radius of litz wire bundle, » =1 mm
ry | Radius of litz wire bundle excluding coating, 5,=0.99 mm
Litz S Thickness of a coating, ¢ =0.01 mm
wire - - - —
bundle | Radius of single strand in the bundle, 7, =0.051 mm
ng | Number of twisted strands in the bundle, n, =180
q Spiral pitch of the twisted strands, ¢ =16 mm

parameters labeled in Fig. 2 are all defined in Table I. Note that in
this study, the radius of the ISHC is fixed as a = 20 cm to ensure
an adult can lie down within it, and the distance between two
subcoils Dy is set to be equal to a with the consideration of AMF
uniformity. In addition, the winding wire uniformly uses a litz
wire bundle having specifications listed in Table I to minimize
the skin-effect loss. Thus, the DHC design parameters required
to be optimized include only the coil turns N and the insulation
layer thickness t;s.

III. ANALYTICAL MODEL OF DHC

The analytical model of the DHC is built to correlate its equiv-
alent resistance Rst with the design parameters. By representing
the DHC also with the lumped parameter model in Fig. 1, Rsr
can be written as

Ry
(1 — 4772f2LtCt)2 + (27TfCth)2
where f is the transfer frequency. The following presents the

analytical models of the inductance L, parasitic capacitance
C4, and ac resistance Ry, of the DHC.

“

Rsr =

A. Model of Inductance

Because the ISHC and OSHC are connected in parallel and
are wound in the same direction, the inductance of the DHC can
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Fig. 3. Comparison of calculated and measured inductance of DHC with
different design parameters.

be approximately calculated as [18]
Ly = (LaLy, — M3)/(La + Ly, — 2My,). 5)

where L, is the inductance of ISHC, Ly, is the inductance of
OSHC, and M,, is the mutual inductance between ISHC and
OSHC. They can be calculated as follows:

N N N
Lo=Y L(a,r)+ > > M(as,aj,pi; = 0,di;)(1 = 65)
i=1

i=1 j=1
(6a)
N N N
Ly =Y L(br)+ Y > M(bi,bj,pi; = 0,di;)(1 = 65)
i=1 i=1 j=1 6
N N
My, = > M(ai,bj, pi; = 0,d;j) (6¢)

i=1 j=1

where ¢ and j denote ith and jth turns, respectively, and it has a;
=a;=aandb; =b; = . p;; and d;; are the lateral misalignment
and axial distance between the 7th and jth turns, respectively. d;;
= 1 when i = j and §;; = 0, otherwise. The concrete formulas
of the self-inductance function L(---) and mutual-inductance
function M (- --) are given in [19]. Fig. 3 shows the calculated
and measured L of the DHC when the design parameters are:
a= 20 cm, t;; €[0, 8 cm], and N= 30, 40, and 50. Here, L;
is measured with an LCR meter (HIOKI IM3536) at a low
frequency of 4 Hz. The good agreement verifies the correctness
of (5) for calculating L of DHC.

B. Model of Parasitic Capacitance

For ISHC and OSHC that both have two subcoils, their
parasitic capacitances can be respectively calculated as

Ca = C|r=a x (N —2)/N?
Cb = C|R:b X (N—2)/N2

(7a)
(7b)
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Fig. 4.

Model of the parasitic capacitance between two nearby turns.

where C'is the parasitic capacitance between two nearby turns
of SHC, and R is the radius of SHC. C' can be calculated as [20]

C= Ccoatingcgap/(ccoating + 2Cgap) (8a)
Ccoating = 27TR505rc/ IH[T‘/(T - §)} (8b)
Coap = 2mRepery/[2(1 — cos @) + h/r] (8c)

where Ceouing 1S the capacitance of the insulating coating of
the litz wire bundle, and Cy,, is the capacitance of air gap, as
shown in Fig. 4. g is permittivity of vacuum, €,.( = 3) is relative
permittivity of coating, &, is relative permittivity of air gap and
it is fitted as 1.202 by matching the measurements, 8( = 45°) is
facing angle of two nearby turns, and A is width of air gap and
it is equal to 0 mm for a tightly wound coil. Because ISHC and
OSHC are connected in parallel, the voltage difference between
the same turns in them is almost equal to 0, then the parasitic
capacitance between ISHC and OSHC can be neglected and the
total parasitic capacitance of DHC can be calculated as

Cy = Cy + Ch. )

However, Cicalculated with (9) cannot fit well to the mea-
surements, especially when t¢;; < 3 cm. For this reason, a more
accurate calculation formula for C} is used here

CVt = Ca (tis)

p(tis) = —0.0022t2 + 0.1116t; + 1.7509 (10)

where p(t;s) is the fitting polynomial, and it is obtained by
comparing the measured C; with C, calculated by (7a). Here,
the measured C is obtained with Cy=1/(4n%f2;L:) , where
f(self-resonance frequency) and L. both can be measured
with the LCR meter (HIOKI IM3536). Fig. 5 presents C} cal-
culated with (10) when a = 20 cm, t;; €[0, 8 cm], and N= 30,
40, and 50, which fits well with the measurements.

C. Model of AC Resistance

When It flows in the DHC, each coil turn of the DHC will be
subjected to the AMF generated by the current flowing in itself
and in other coil turns. The AMF can change the uniformity of
the current distribution in the coil turn and cause a power loss.
This power loss is directly related to the ac resistance Ry, and it
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is contributed by three parts
Ry = 2Ppuc /|17
PDHC = Ps + Pp_inl + Pp_ext

(1)
12)

where Ppyc is the total power loss of the DHC. P is the power
loss caused by the skin effect of each strand in the litz wire
bundle, and it is related to the AMF generated by the current
flowing in the strand itself. P, i, and P, ¢y are the power losses
caused by internal and external proximity effects, and they are
related to an internal AMF Hj,¢ and an external AMF Hgy¢ that
are exerted at each strand, respectively.

1) Current Division in ISHC and OSHC: To analyze the
AMF generated by the DHC, the current division in ISHC and
OSHC, is required to be determined first. For this aim, ISHC
and OSHC are both represented with the lumped parameter
model shown in Fig. 6. As calculated in the previous section,
the parasitic capacitance C,(C},) is normally less than 50 pF,
thus when the transfer frequency is in a commonly used range of
100-500kHz [3], [4], [5], [9], [10], [11], the capacitive reactance
is in the order of kilohm, much larger than the ac resistance
R.(Ry,) that is normally less than 10 €. Therefore, the parasitic
capacitance branch can be considered open circuit. Then, by
abiding the rule that the terminal voltages of ISHC and OSHC
are equal to each other, it has

dr, dL, dL, dr,
I, Lyo— +Myp— =1 Ly— + My —
alRa + a g + M, 7t bRy + Ly 7t + My dt(lg,)
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Fig. 7. 3-D view of the litz wire bundle, and the generated AMF when a
sinusoidal AC current I flows into it.

where L,, Ly, and M,, can be calculated with (6). When the
DHC is in resonance, I, and Iy, are in the same phase and both
have a sinusoidal form

Ia(b) = |Ia(b) ‘ Sin(27rft). (14)

By substituting (14) into (13), the division ratio can be ap-
proximately derived as

|Tal/|Ib| = (L, — M) /(La — Map). (15)

2) Calculation of AMF Hjny and Hexy: The internal AMF
H;,¢ exerted at each strand is generated by the current flowing
in other strands in the same litz wire bundle. Because each strand
carrying the current spirals forward, the current I flowing into
the litz wire bundle can be considered to have two components
of I, and I, as shown in Fig. 7. I}, is in the cross section of the
litz wire bundle and it generates H | that is perpendicular to the
cross section, whereas [, is perpendicular to the cross section
and it generates H |, that is in the cross section. By referring to
the magnetic field formula of infinite solenoid and Ampere law,
H;,¢ at polar radius p can be derived as

Hine(p) = Hi(p) -u+ Hy(p) - v (16a)
H,(p) = I(ro — p)sinatana/(2777) (16b)
H,(p) = Ipcosa/(2mrd) (16¢)

where u is the unit vector perpendicular to the cross section,v
is the unit vector that is tangent to the circle with a radius p
in the cross section, « is spiral slant angle, and it has o =
arctan(2mry/q).

The external AMF Hy¢ exerted at each strand is generated by
the current flowing in other coil turns in the DHC. Here, Hext_ai
and Hext bi are used to specifically denote the external AMF at
the ith coil turn of ISHC and OSHC, respectively, and they can
be calculated as

o ¢ Hext_ai = Ha_ai + Hb_ai
" | Hext_bi = Ha bi + Hp_bi

where H, ;i and Hy,_a; are the AMF at ith coil turn of ISHC
that are generated by other coil turns of ISHC and OSHC,
respectively, and H, p; and Hy, 1; are the AMF at the <th coil

a7
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turn of OSHC that are generated by other coil turns of ISHC and
OSHC, respectively. Because of the circular symmetry of ISHC
and OSHC, the AMF generated by each coil turn in the zoz
plane can represent the AMF in 3-D space, as shown in Fig. 8.
Using a polar radius p and a polar angle ¢ to denote any point
in the cross section of the litz wire bundle, where Hy_ai, Hp_ai,
Ha bi, and Hp, p; can be calculated as

N
H, ai(p,p) = Z H,(a + psing, z;; + pcosp) (18a)
J=Li#i
N
Hy, ai(p,p) = Y Hp(a + psing, z;; + pcosp)  (18b)
j=1
N
Ha vip, @) = Z Ha.(b+ psin, z;; + pcosp) (18¢)
j=1
N
Hy vi(p, 0) = Z Hy, (b+ psing, z;; + pcosp) (18d)
j=Lj#i

where z;; is the distance between the jth and ith coil turns in
the oz direction, and H, and Hy, are the AMF generated by the
jth coil turn of ISHC and OSHC, respectively. Note that the two
items in the brackets of H, and Hj, denote x and z coordinates
of the point (p, ) relative to the origin O, and O is set at the
center of the jth coil turn. Referring to Biot—Savart’s law, H,
and Hy, at an arbitrary point P(z, z) can be derived as

al, [*™ zcosfB-i+ (a —xcosfB) -k
Ha(e,2) = E/O 3, (T, 2) dp
(19a)
2 L3 _ .
Hb(x,z):bﬁ/ zcos 3 14;(1) x cos f3) kdﬂ (19b)
ar Jo 5y (2, 2)

where i and k are unit vectors along ox and oz directions,
respectively, and r p, and r p;, are the distances between the point
P(z, z) and the jth coil turns of ISHC and OSHC, respectively.
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3) Power Loss Caused by Skin Effect: Assuming the current
flowing in a litz wire bundle is uniformly distributed in each
strand, then the skin effect caused power loss is calculated as

Pi= P, .+ Py, (20a)
Py o = nyRac u(27aN/ cos a)(|L]/v/2ns)’ (20b)
Py 1y = 15 Ree o(27bN/ cos a)(|Tu|/v/2n,)” (20¢)
R

where P , and P, are the skin effect caused power losses
of ISHC and OSHC, respectively, R,. , is skin-effect related
resistance of single strand per unit length [21], 75 = v/27/6,
where 0 is the skin depth ( =1/v/muouco f, where pg is air
permeability, pu, is relative permeability, and o is conductivity
of copper), ber() and bei() are the real and imaginary parts of
zeroth-order Kelvin functions, respectively, and ber’ () and bei’()
are the first derivatives of ber() and bei(), respectively. Note that
the item cos « in (20b) and (20c) is for considering the length
increment caused by twisting the strands in the litz wire bundle.
4) Power Loss Caused by Internal Proximity Effect: The
internal proximity effect caused by power loss is calculated as

Ppﬁint = printfa + printfba (213)
Pp_int_a = nsPstrand_u_a(27raN) (21b)
Pp_int_b = nsPﬂtrand u b(2’/TbN) (21C)
Hint (p, I = L)|*2mpd
Pstrand_u_a = G( fO | t(p )| Trep (21d)
71'7"0
" Hine (p, I = 1,)|*27pdp
-Pstrandfufb = G('Ys)fo | mt( D) )‘ (216)
777"0
Glys) = —277s  bera(vs)ber’(7s) + beia(7s)bei’ (7s)
T ber?(74) + bei?(7,)
(21f)

where B, in_o and P, i are internal proximity effect caused
power losses of ISHC and OSHC, respectively, Pyrand u_» and
Pyranda_u_b are power losses of single strand per unit length in
ISHC and OSHC, respectively, G(7s) is a conversion function
correlating the internal AMF with power loss of single strand
[21], and bery() and beis() are the real and imaginary parts of
second-order Kelvin functions, respectively. Note that in (21d)
and (21e), \Hint\Q is averaged over the cross section of the
litz wire bundle; this is because each strand can appear at all
positions of the cross section along its spiral path, thus the
average of the AMF along the spiral path of each strand can
be considered equal to the average over the cross section.

5) Power Loss Caused by External Proximity Effect: The
external proximity effect caused power loss is calculated as

B p_ext — P, p_ext_a + P, p_ext_b (223)
|Hext ai|2pdpd§0
Py exia = ; ng - 2wa - G(7, f WT%_
(22b)
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where P, ex_a and F,_ex_p are external proximity effect caused
power losses of ISHC and OSHC, respectively. Note that in (26b)
and (26¢), |Hext_ai|? and |Hext bi|? are also averaged over the
cross section of the litz wire bundle, for a similar reason of
averaging |Hipg|?.

D. Model Verification

To verify the correctness of the model built above, the calcu-
lated Rgt is compared to the measured ones, as shown in Fig. 9.
It can be found that the following statements hold.

1) The measured results are all a bit larger than the calculated
ones; this may be because the power losses of the connec-
tion lines between the subcoils are not considered in the
calculation. Also, the differences between the measured
and calculated results increase slowly with f, which may
be led by that f can amplify the calculated errors of Ly,
Ct, and Ry, as indicated by (4). However, the difference is
small and is about 0.2 Q2 when f= 500 kHz, thus verifying
the correctness of the built model for calculating Rgst of
the DHC.

2) When f is relatively low, Rsr when ¢;,= 6 cm is a bit
larger than that when ¢;;= 2 cm; with the increase of f,
Rgt of the former becomes smaller than that of the later,
manifesting that the increase of ¢ is beneficial to reduce
Rgr of the DHC at a high frequency.

IV. OPTIMIZATION OF DHC AND COMPARISON TO SHC

A. Optimization of DHC Design Parameter

As shown in Fig. 10, the optimization flow of the DHC
design parameters (/N and t;) is designed at a certain f, and
the optimization aim is to find the optimal N and ¢, that can
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4»( Given design parameters N and tis)
v

Calculate L, with Eq. (5), C; with Eq. (10), and
|Ll/\fy| with Eq. (15)
v

Based on required AMF amplitude and |1,|/|/,|, solve out I,
and 7, from Eq. (19), then Ir =1, + I,

v
With 7, and 1, calculate R; with Egs. (11), (12),
A (20), (21), and (22), then calculate Rgr with Eq. (4)

v
With I and Rgr, and assuming Rrpy,=0,
calculate Pr with Eq. (3)
v

Store N, t;s, and corresponding Pr

(Compare Py to determine optimal N and t@

Fig. 10. Optimization flow of DHC design parameters at a certain f.

minimize Pp of DHC when generating the AMF with required
amplitude. Note that for a different f, or a different ISHC radius
a, or a litz wire bundle with other specifications, this flow is also
applicable. Fig. 11 shows the changes of Pr, Rst, and IT with
N and t;5, when f= 300 kHz and the required AMF amplitude
at DHC center is 10~ T. It can be found that the following
statements hold.

1) With the increase of N, Pr decreases as a whole. This

is because although Rgy increases with N, It required
for generating the AMF with the amplitude of 104 T
decreases rapidly with IV, thus resulting in a decrease of
Pr ultimately.
With the increase of ¢, Pr first decreases rapidly and
then increases slowly. This is because when t; is small,
the external AMF Hy, ,; and H, p; are both large and
can lead to a large power loss, at this time increasing t;g
can make the external AMF decrease rapidly and conse-
quently lower Rgt and Pr. With ¢i; continuing to increase,
Rgr decreases more and more slowly and even begins to
increase, and It required for generating the AMF with
the amplitude of 10 T increases, making Pr begin to
increase.

The above results manifest that Pr can be lowered by select-
ing a large N and a suitable .

2)

B. Comparison Between DHC and SHC

In the following comparison, the radius and distance between
two subcoils of the SHC are set to be equal to those of the ISHC,
to ensure the internal region sizes of the DHC and SHC are
identical.

1) Comparison of AMF Distribution and Safety: The AMF
distribution of DHC and SHC is observed with a simulation soft-
ware of COMSOL Multiphysics. Fig. 12 shows the simulation
results in the xoz plane. When the AMF amplitudes at DHC and
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Fig. 11. Change of (a) Pr, (b) Rst, and (c) I with N and ti;, when f=
300 kHz and the required AMF amplitude at the DHC center is 10 T.

SHC center are both 10* T, N of DHC and SHC are both 50,
and ti; of DHC is 40 mm. It can be found that the following
statements hold.
1) DHC and SHC can both generate uniform AMF inside
themselves. This is owing to that the current in the left
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Fig. 12.

AMF distribution of (a) SHC and (b) DHC. The left figures show the overall distribution of the AMF in the xoz plane. The middle figures show the

AMF distribution details around the right subcoil. The right figures show the AMF amplitude near the winding wire of the right subcoil. Note that the unit of the
color bar is T (Tesla).

2)

3)

4)

and right subcoils flows in the same direction, making
the z-axis component of the generated AMF inside the
DHC/SHC have identical direction, which superposes
each other to form the uniform AMF along the z-axis.
The AMF amplitude inside the DHC/SHC is obviously
larger than that outside them. This is because the AMF
inside and outside the DHC/SHC always forms a closed
loop, whereas the AMF outside distributes in a much larger
region, causing its amplitude to be smaller than that inside
the DHC/SHC.

As shown in the middle of Fig. 12(b), the AMF in the
rectangle region between the ISHC and OSHC basically
points to four directions, i.e., up, left, down, and right, and
reaches a minimum in the region center. This is because
the currents in the ISHC and OSHC both flow inward
on the paper surface. The z-axis component of the AMF
generated by them has opposite directions and counteracts
each other, and the counteracting is complete in the center.
While the x-axis component has the same direction and
superposes each other, which both points up in the left
half region and down in the right half region.

The AMF amplitude reaches a peak near the winding wire.
To clearly observe the difference in the AMF peak between
the DHC and SHC, the AMF amplitude in the region of
x €[19.5cm, 19.9 cm] and z €[15 cm, 25 cm] is extracted
and plotted with the curve. This region is inside and near

the winding wire of the right subcoil, which has a width
of 5 cm. It can be found that the closer to the winding
wire, the larger the AMF amplitude. Also, the AMF peak
of SHC is all obviously larger than that of DHC at each
x. For example, when = =19.9 cm, the AMF peak of
SHC is 4.277x10~* T (2 =22.5 cm), much larger than
that of DHC, which is 3.164x10~* T (z =22.04 cm and
22.44 cm). This is owing to that when generating identical
AMF in the DHC/SHC center, the driving current of DHC
(0.9160 A) is divided into ISHC (0.6227 A) and OSHC
(0.2933 A), and the current in ISHC is smaller than that
in SHC (0.8898 A). The above results manifest that the
DHC is safer in avoiding peak electromagnetic exposure.
Note that the AMF peak of DHC/SHC has different values
in Fig. 12, which is related to the grid size when taking the
simulation results to plot the figure. The smaller the grid size,
the larger the AMF peak.
2) Comparison of AMF Uniformity: The AMF uniformity is
described with an index of divergence D;, here, and the AMF is
considered uniform if

Projg, H(z, z)| — [H
D)= [Pl = ol

where H(z, z) is the AMF at point (z,z), Hg is the AMF
at the DHC/SHC center, and Proji,H(z, z) is the projection
of H(z,z) in the direction of Hgy. With (23), (19) that can

x 100% < 10% (23)
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Fig. 13.  Change of the AMF uniform region diameter DD with the DHC/SHC
design parameters /N and tis.

be used for calculating H(z, z) and Hp, and the simulation
results shown in Fig. 12, we find that the uniform AMF basically
forms a rectangle region in the xoz plane. Because the DHC and
SHC are both circular symmetric, the uniform AMF can form a
cylindrical region in 3-D space (refer to Fig. 8), which just fits to
the cylindrical shape of the human waist and abdomen. Here, we
use D to denote the uniform region diameter, and Fig. 13 shows
the change of D with DHC/SHC design parameters. It can be
found that D of DHC increases with N and t;5, and D of SHC
increases with N. Also, D of DHC is always larger than that of
SHC, even when ¢ takes a minimum of 2 mm. This is because
DHC is constructed with an ISHC with a radius @ and an OSHC
with a radius b(>a), and its equivalent radius is larger than the
SHC radius a. As reported in [9], the larger the coil radius, the
larger the uniform AMF region.

3) Comparison of Transmitting Power Pr: In this com-
parison, the design parameters of DHC/SHC are selected in
commonly used ranges, i.e., N €[10, 60] and ti; €[2 mm,
80 mm]. The comparison standard is the transmitting power Pr
of DHC/SHC when the generated Hg has identical amplitude
(10™* T) and frequency (100-500 kHz).

Before the comparison, the influence of N on Pr of SHC is
analyzed, with a flow similar to that presented in Fig. 10. Fig. 14
shows the change of Pp of SHC with N, which indicates that
the optimal N is all equal to 60 for SHC at different f.

Fig. 15 shows Pr of SHC when N= 60, Pr of DHC when
N=60and t;;=2 mm, 10 mm, 30 mm, and the optimized values.
Note that the optimized t; is obtained with the flow shown in
Fig. 10. It can be found that the following statements hold.

1) When tj;= 2 mm and 10 mm, Pr of DHC is first slightly

lower than that of SHC, but with the increase of f, it
becomes significantly higher than that of SHC. This man-
ifests that a small ¢4 is not suitable for DHC, especially at
a high f.
With the increase of f, the optimized ¢;; increases rapidly
from 37 mm and then gradually stabilizes around 70 mm.
When using the optimized t;5, Pr of DHC can be at least
20.18% (f= 500 kHz) lower than that of SHC.

2)
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identical amplitude (10 T) and frequency (100-500 kHz).

The above results manifest that when generating identical Hg,
Pr of DHC can be lower than that of SHC by selecting an
appropriate ts.

V. EXPERIMENT
A. Experimental Setup

To verify the benefit of the proposed DHC in lowering trans-
mitting power, the experimental setups shown in Fig. 16 are
constructed, which involve a driving circuit for generating an
ac driving voltage, an SHC, a DHC and a 3DRC prototypes,
a power management circuit for 3DRC, a load ( = 30 2), and
an oscilloscope (Tektronix DPO 2024B) for observing the ac
driving voltage Vi, and the load voltage Vi,.

The design parameters of the SHC, DHC, and 3DRC are
listed in Tables II and IIIl. The SHC and DHC both use the
optimized design parameters (i.e., N= 60, tj;= 70 mm), and
they are constructed by winding the litz wire bundle around
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Fig. 16.  Experimental setups for verifying the benefit of the DHC.
TABLE II
DESIGN PARAMETERS OF THE SHC AND DHC
Parameter SHC | DHC
Winding wire Litz wire bundle, with specifications listed in Table I
Number of turns 60 60
. ISHC 20 cm
Radius 20 cm OSHC 27 em
L (mH) 1.4186 1.2782
C, (pF) 5.0735 12.2143
TABLE III
DESIGN PARAMETERS OF THE 3DRC
Parameters Coil a | Coil b | Coil ¢
Total size (mm) @ 10.6x15
Winding wire AWG35 enameled copper wire
Number of turns 80 80 80
Mean size (mm) 12.45%7 .45 13.35x7.45 ® 10.3
Ferrite Material Manganese-Zinc Ferrite, R2K, by MMG-Neosid Ltd.
core(< Size (mm) @ 10x15, having grooves for winding wire at lateral
500 and end faces
kHz) E-factor 2.9562 2.8243 4.1577
L, (uH) 292.453 274.455 219.650
C; (pF) 32.440 32.864 55.368
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TABLE IV
RESISTANCES OF THE SHC, DHC, AND 3DRC AT DIFFERENT FREQUENCY

SHC DHC 3DRC
(kﬁz) Rsr Rryn Rsr Rrgn | Rsra | Rsrb | Reree
()] ()] ()] ()] @ ()] Q)
100 1.24 0.97 0.81 0.9 5.16 5.02 4.12
150 1.57 0.99 1.04 1.21 6.64 6.31 5.05
200 2.06 1.14 1.33 1.12 8.70 8.10 6.25
250 2.63 14 1.78 1.42 11.33 10.37 7.77
300 3.37 1.67 2.29 1.67 14.61 13.18 9.65
350 4.32 2.15 2.94 2.13 18.65 16.63 11.97
400 543 2.43 3.81 2.52 23.52 20.76 14.80
450 6.74 3.21 4.83 2.81 29.30 25.72 18.25
500 8.18 3.72 6.11 3.68 36.22 31.47 22.44

the cylindrical plastic (polyvinyl chloride) shell. Note that the
electrical insulation layer between the ISHC and OSHC of the
DHC is just air because air is a good electrical insulator, and
several plastic supporting rods having equal length are evenly
set between the ISHC and OSHC to form the insulation layer
and ensure the ISHC and OSHC are in coaxial.

The 3DRC is composed of three mutually orthogonal coils
a, b, and c, and an inserted cylindrical ferrite core with side
grooves, as shown in the upper part of Fig. 16. The coils a and b
are both rectangular, and they are wound along the side grooves
of the ferrite core. The coil cis circular and it is wound around the
circumference of the ferrite core. The ferrite core can enhance
the induced electromotive force (emf) compared to the air-core
case [22], and its E (enhancement)-factor is listed in Table III,
which is measured by comparing the emfs of the ferrite-core
and air-core 3DRCs. Because the employed ferrite core has a
frequency range of up to 500 kHz, the E-factor can remain stable
when f< 500 kHz. Note that when f changes, the SHC, DHC,
and 3DRC are required to be retuned by changing the tuning
components, and their related resistances at different f are listed
in Table IV.

The power management circuit has a diameter of 11 mm and
a thickness of 1.7 mm, which integrates three sets of tuning
capacitors and three full-bridge rectifiers (BAS4002A by Infi-
neon Technologies). Its equivalent circuit is shown in the upper
part of Fig. 16. The tuned coils a, b, and ¢ are connected to three
rectifiers, respectively, and then the outputs of the three rectifiers
are connected in parallel. Because of the clamping effect of the
diodes in the rectifier, only the coil generating the maximum &,
can output to the load at any time, and the other two coils can
be considered to be open circuits. The parallel connection but
not the series connection is adopted here because the CR load
normally has a value less than 30 (2 when the parallel connection
can enable the 3DRC to output a larger average power, which has
been verified in a previous study [23]. The integration capacitor
selects a value of 10 uF by experience. When being integrated
into the CR, the power management circuit can be fixed at one
end face of the 3DRC because they have similar diameters.

B. Experimental Results

Fig. 17 shows the measured waveforms of Vr and V7, at
different f when the 3DRC was centered in the DHC/SHC
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Fig. 17.  Waveforms of Vi and V4, at different f when |[Hg|= 10"* T and the

central axis of the coil ¢ of the 3DRC was aligned with that of the DHC/SHC.

and the central axis of its coil ¢ was aligned with that of the
DHC/SHC. Here, |Hp| was fixed as 10~* T and the required
|I7| of the DHC and SHC was 0.77 A and 0.74 A, respectively.
The waveform of V1 but not I was measured because the series
connection of an ammeter can affect the resonance. It can be
found that the following statements hold.

1) With the increase of f, |Vr| for generating the fixed |Hp|
increases. This is because although | I'v| for generating the
fixed |Hp| is certain, Rgr and Rry, increase with f, thus
causing the increase of |V|.

Ateach f, |Vp| of SHC is always a bit larger than that of
DHC, and V7, is basically identical to each other, mani-
festing Hy generated by the SHC and DHC is identical.
V1. is basically stable thanks to the integral action of the
10-1F capacitor, but also has some small fluctuations that
appear more frequently with the increase of f. To eliminate
the fluctuation, a voltage regulator can be used in the
future.

Vo and Vi, when the central axes of the coils a and b were,
respectively, aligned with that of the DHC/SHC, were also
measured. With the measurements and (1)—(3), the changes of
Na(b)(c)» P> and Pp,_,p)(c) With f can be obtained, as shown
in Fig. 18. Here, the subscript a(b)(c) indicates the case that
the central axis of the coil a(b)(c) is aligned with that of the
DHC/SHC. It can be found that the following statements hold.

1) Pp_a(b)(c) when using SHC and DHC are almost equal

to each other; this is in line with Fig. 17 where V1, when
using them is basically identical.

2)

3)
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Fig. 18.  Changes of 1, (1,)(c), Pr, and Pp,_a(1)(c) With f when using SHC
and DHC to power a 3DRC.

2) Pr when using DHC is always lower than that when using
SHC, enabling DHC to achieve a higher 7,1, (). Note that
the difference between Pp when using DHC and SHC is
a bit smaller than that in analysis, where the resistance
of the tuning components Ry, is assumed to be 0. This
is because when generating identical Hg, I of DHC is
required to be larger than that of SHC, making the tuning
components of the DHC consume a higher power.

Na(b)(c) changes significantly with f; it first increases
rapidly with and then decreases rapidly with f, manifest-
ing that an excessive high or low f is indeed not suitable
for the application of powering the 3DRC, which has a
very small size (? < 15 mm) and an inserted ferrite core.
From the view of maximizing the PTE 7, the optimal f for
coils a, b, and c is all 300 kHz. At the optimal f, 7,, 75, and

3)

4)
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1. when using SHC are, respectively, 6.74%, 7.50%, and
14.92%, and they are, respectively, improved to 7.58%,
9.04%, and 17.41% when using DHC.

5) my is a bit higher than 7),, and they are all significantly
lower than 7. This is because €5 of coil b, which can
be calculated with the parameters listed in Table III and
the formula in [3] is a bit larger than that of coil a, and
Rgr of coil b is a bit smaller than that of coil a, as listed in
Table IV. According to (2), a larger &;,s and a smaller Rggr
can enable a larger P;, and consequently a higher 7. The
high 7. is owing to the large E-factor of the ferrite core
for coil c. Although coils a, b, and c are all wound around
a ferrite core, the equivalent length-diameter ratio of the
ferrite core for coil c is the largest, thus enabling a weakest
demagnetization effect [24] and a largest E-factor.

A noteworthy issue is that coils a and b have an identical
number of turns, and coil b has a larger size and uses more
winding wires, but Rgg of coil b is smaller than that of coil a.
The reason is that the winding wire of coil a at two end faces, is
closer to the ferrite core than that of coil b, thus causing a larger
copper loss [25].

VI. DISCUSSION

For the 3DRC with design parameters listed in Table III, the
optimal f is 300 kHz from the view of maximizing the PTE. Note
that the optimal f can change with the 3DRC design parameters.
If the coil turns of the 3DRC is reduced, the optimal f may be
higher than 300 kHz, because a higher f can compensate &ums
that is lowered by the reduced coil turns. Otherwise, if the coil
turns is increased, the optimal f may be lower than 300 kHz.

Although a higher f can reduce the coil turns, i.e., make the
3DRC size more compact, the IWPT system for powering a CR
normally uses f less than 500 kHz [3], [4], [5], [6], [9], [10],
[11]. The reason is that human safety related to electromagnetic
exposure, which is evaluated with an index of specific absorption
rate (SAR), must be considered here. SAR can increase rapidly
with f, and for the AMF with a higher f, SAR is easier to violate
its safety limit, which is 0.4 W/kg for whole-body occupational
exposure [26]. In addition, power losses related to inversion,
tuning, and rectification, all increase with f. Therefore, f higher
than 500 kHz is usually not used in this application, with the
consideration of ensuring human safety and improving the PTE.

Besides imposing constraints on f, the human body can
increase the parasitic capacitance C; of DHC/SHC, because it
has a much larger dielectric constant than air. The increase in
C can increase the equivalent resistance Rgr, and consequently
increase the transmitting power Prp and lower the PTE 7, as
indicated by (1), (3), and (4). In addition, the increase in C} can
change the reactive component of the DHC/SHC impedance and
make the DHC/SHC out of resonance, at this time, the vacuum
capacitor and adjustable inductor shown in Fig. 16 should be
both reduced for re-resonance. Finally, the increase in C} can
lower the self-resonant frequency of DHC/SHC, which is better
to be higher than 1 MHz to ensure the implantation of IWPT
operated at 100-500 kHz. To minimize the adverse effect of C,
the human body should be centered along the central axis of
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DHC/SHC and avoid any part (e.g., arms and legs) getting close
to the winding wire. Note that the human body basically does not
change the AMF distribution and the inductance of DHC/SHC,
because its relative permeability is basically identical to air.

The parallel connection of ISHC and OSHC enables the DHC
to have a smaller Rgr than the SHC, and consequently to achieve
a higher PTE. It is known to all that by connecting two similar
coils in parallel, the dc resistance can be half reduced. However,
for the DHC operated at hundreds of kilohertz, its Rst can be
lower than that of the SHC only when ;s exceeds a certain value.
As shown in Fig. 11(b), Rst of DHC ( N= 60) decreases from
4.32 to 2.01 Q2 when t; increases from 2 mm to 80 mm, and it
can be lower than that of SHC (3.37 (2, listed in Table IV) when
tis > 11 mm. This is the reason that the analytical model of the
DHC is built to correlate Rst with /N and ¢ in this study, which
enables us to select suitable N and ;s to improve the PTE. The
reason why ¢;s has a significant influence on Rgr is explained in
Section IV-A.

The comparison between DHC and SHC indicates that a three-
layer Helmholtz coil (THC) may be better than DHC. It can
be expected that the THC will generate a larger uniform AMF
region because its equivalent radius is larger than that of DHC.
In addition, when generating identical Hg, the THC will be safer
in avoiding peak electromagnetic exposure, because its driving
current I will be divided into the three layers, and the current
in the innermost layer can be smaller than that in the ISHC
of DHC. However, the PTE of THC is not necessarily higher than
DHC, because Rgt of THC maybe just a little smaller than that of
DHC, and It of THC is larger than that of DHC when generating
identical Hg. Note that the difference of Rgt between THC and
DHC is much smaller than that between DHC and SHC, by
analogizing the difference of dc resistance when multiple similar
resistances are connected in parallel [27]. C of THC is larger
than that of DHC, which can further reduce the difference of
Rgst between them, as indicated by (4). Therefore, DHC may be
the best from the view of maximizing the PTE. Certainly, the
above conclusion needs further analysis and verification, which
will be conducted in our further work.

The PTE to the 3DRC when using the proposed DHC is in a
range of 7.58%—17.41%, which is much lower than that of the
existing IWPT system for recharging applications [12], [28], but
is acceptable for powering the CR. The intention of using the
IWPT system here is to solve the challenge of power supply for
the CR, which has a very limited size and is targeted to inspect
the hard-to-reach human intestine. Assuming the PTE is as low
as 5%, the CR power demand is 500 mW, and the inspection
process lasts two hours, then we can compute that the required
transmitting power is 10 W and the total power consumption
is only 0.02 kWh, whose cost is negligible in the expensive
endoscopy for the intestine. In fact, the PTE of the IWPT system
for CR application is normally less than 10%, as summarized in
[3] and [5]. The low PTE is caused by a weak coupling between
the DHC/SHC and 3DRC. Because the diameter of DHC/SHC
surrounding the human body (>40 cm) is much larger than that
of the 3DRC onboard the CR (<15 mm); also, the distance
between the DHC/SHC and 3DRC is normally larger than 10
cm. The proposed DHC has been proven effective in improving



1838

the PTE compared to the traditional SHC. To further improve
the PTE, optimizing the geometry of the ferrite core inserted
within the 3DRC to gather more magnetic flux [24], can be a
promising way.

VII. CONCLUSION

A novel DHC for wirelessly powering CR has been presented
in this article. The built analytical model of the DHC has been
proven correct for calculating the equivalent resistance of the
DHC. Based on the analytical model, the optimization flow
has been designed, and the optimization results show that the
transmitting power of the DHC can be reduced by selecting
a suitable insulation layer thickness and large coil turns. The
comparison to the SHC has shown the benefits of the DHC in
generating a uniform AMF to cover a larger region, lowering
peak electromagnetic exposure near the winding wire, and re-
ducing the transmitting power when generating identical AMF.
The DHC with optimized design parameters has been used to
power the 3DRC, and the achieved PTE was higher than that
when using the SHC, manifesting it is promising to construct a
more efficient platform-type IWPT system for powering the CR.
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