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Maximizing Output Power of Inductive Power
Transfer Systems Under Rebar Array Shielding

Yuner Peng
Ruikun Mai

Abstract—Sensors in structural health monitoring systems can
be wirelessly powered by Inductive power transfer (IPT) technol-
ogy. However, wireless power transfer to sensors is significantly
affected by the shielding effect of magnetic fields due to induced
eddy currents in rebar arrays. This article presents a method to
lower the equivalent impedance of rebar loops, which thereby
transforms the rebar array from a shield to an intermediate relay
coil to improve power transmission. The proposed method uses an
additional coil mounted on the rebar, which is coupled with two
adjacent rebar loops and connected in series with a capacitor. By
modifying the capacitance value, the magnitude and phase of the
induced current in the rebar array can be modified to increase the
induced voltage in the receiver (RX) coil. The equivalent circuit
model of the system is analyzed based on the dipole coil as the
transmitter and RX coil. Furthermore, a parameter design method
for capacitance in series with the additional coil is presented to
enable the system to achieve maximum output power capacity.
Experimental results showed that the proposed method elevates
the output power from 0.15 to 2.67 W.

Index Terms—Inductive power transfer, maximum output power
improvement, rebar array.

I. INTRODUCTION

ECENTLY, inductive power transfer (IPT) technology has
R gained significant attention and has been widely adopted
in various commercial applications, including automated guided
vehicles, electric vehicles, and consumer electronics [1], [2], [3],
[4], [5], [6]. The convenience and flexibility of IPT technology
have made it a popular choice for powering wireless sensor net-
works [7], [8], [9], particularly in combination with unmanned
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aerial vehicles or robots [10], [11], [12]. IPT technology has
been especially beneficial in extending the lifespan of wireless
sensors used in structural health monitoring (SHM) systems as
they are embedded in concrete, and their batteries cannot be
easily replaced [13], [14]. By utilizing IPT technology, these
SHM systems, used in large structures such as bridges, tun-
nels, and dams, can be powered for a long time, thus making
them more practical and commercially viable. As the demand
for safer and more efficient infrastructure continues to grow,
the use of IPT technology is expected to become increasingly
important in ensuring the longevity and safety of these critical
structures.

In contrast to most IPT systems that have air as the medium
across which the power transfer takes place, the transmission
medium of IPT systems used in SHM systems is concrete,
containing rebar arrays, and has different degrees of attenuation
and absorption of the transmitted power.

Concrete comprises cement, sand, aggregate, and water,
which can cause dielectric loss and resonant frequency variation.
The extent of these effects depends on the concrete mix propor-
tion, the degree of moisture, the type of aggregate used, and the
system frequency [15]. Currently, some studies have established
loss models for concrete, which indicate no significant impact
on the system when operating in the hundreds of kilohertz
range [16], but significant power attenuation occurs when the
frequency rises to tens of megahertz [17].

The rebar array used to increase the strength of concrete is
made of metal bars that are welded together but it is well-known
that these metals significantly impact the performance of IPT
systems [18], [19], [20]. The conductive loop within the rebar
array will exhibit eddy currents when subjected to an alternating
magnetic field excitation, and these eddy currents will generate
a magnetic field that cancels out the magnetic field produced by
the transmitter (TX) coil current. This phenomenon is known as
Faraday cage shielding [21]. As shown in Fig. 1, the magnetic
field near the receiver (RX) coil underneath the rebar faces
a sharp reduction in the magnetic field after shielding. The
decrease in magnetic strength means a decrease in the equivalent
mutual coupling, which results in a decrease in the maximum
power output of the system. In [22], it is observed that placing the
RX coil on the surface of the rebar resulted in a decrease in output
power from 12 dBm (without rebar) to 1 dBm. Furthermore,
an investigation focused on eddy current distribution within a
double-layer rebar array through simulation was developed in
[23]. The results demonstrate that the magnetic field near the
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Fig. 1.

Schematic of IPT system with rebar array shielding.

bottom-layer rebar array decreases significantly to the extent that
the generation of eddy currents becomes nearly absent following
the shielding effect of the upper-layer rebar array.

Several attempts have also been made to mitigate the impact
of the rebar array. In [24], a coil structure comprising a large
and four small coils in series was proposed to increase mutual
inductance. A multirelay IPT system installed on rebar columns
was proposed in [25], which reduces eddy currents by installing
coils inside rebar loops. These methods aim to minimize eddy
current losses by designing the size and position of the coils with
respect to the rebar array. In addition, Peng et al. [26] proposed
a method utilizing eddy currents in the rebar array for wireless
powering of sensors. However, this approach has limitations, as
it can only supply power to the sensors located near the rebar
array and is not applicable to sensors located beneath the rebar
array.

In [27], the rebar array was modeled as multiple inductive
coils to analyze its impact on the output voltage, indicating that
the rebar loop impedance is a key factor limiting power transfer
to the RX coil. This type of system can be effectively modeled by
introducing unavoidable “coils” with shielding effects between
the TX and RX coils. In some studies, passive shielding coils
were introduced to reduce the electromagnetic field of IPT sys-
tems to the external environment [28], [29]. These shielding coils
are typically configured to be inductive to optimize the shielding
effectiveness by adjusting their impedance to manipulate the
magnetic field distribution [30], [31]. The primary reason for
shielding is that the phase of the induced eddy current in the
inductive rebar loop opposes the TX coil current, resulting in a
smaller magnetic field generated by the two currents compared
to that generated by the original TX coil. Using this shielding
concept, this article proposes a solution that uses additional
auxiliary coils to modify the equivalent impedance of the rebar
loops, with the aim of altering the phase of the induced eddy
current. This adjustment enables the magnetic field due to the
induced current to be effectively combined with the magnetic
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Fig. 2. Equivalent circuit of a rebar array.

field generated by the TX coil, resulting in an increase in the
maximum output power.

The rest of this article is organized as follows. Section II
explains the equivalent circuits of the rebar array in detail.
Then, the proposed system’s structure and equivalent circuit are
presented in Section I1I. In Section I'V, the trend of the equivalent
impedance of the rebar loop and the parameter design method for
the maximum power output capability is derived. A prototype
is constructed to verify the theoretical analysis in Section V.
Finally, Section VI concludes this article.

II. CALCULATION OF REBAR CURRENT DISTRIBUTION

The relative positions of the TX coil, RX coil, and rebar array
of a wirelessly energized sensor embedded at a depth beyond
the rebar array are shown in Fig. 1. The metallic rebar array is
situated within the magnetic field region between the TX coil
and the RX coil. Thus, eddy currents are generated in the rebar
loops, shielding the magnetic field.

The rebar array is commonly constructed by welding multiple
steel bars together. These bars possess conductive properties, al-
lowing each rebar loop to act as a coil interconnected with others,
and also to be magnetically coupled with the TX and RX coil. In
[23], each rebar loop is represented as an inductor in series with
parasitic resistance. However, a more realistic equivalent circuit
model should consider the effect of the connections between
the rebar on the distribution of rebar currents. Therefore, we
established the equivalent circuit diagram of the rebar array, as
shown in Fig. 2. Each short bar is represented as an inductor L,
in series with a parasitic resistance R,. I,, represents the current
of rebar loop “n,” whose positive direction is defined in the same
way as that of the TX and RX coils, as shown in Fig. 1.

In addition to being magnetically coupled with the TX and
RX coils, the rebar loop is also magnetically coupled with the
surrounding loop. We only consider the cross-coupling between
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leown

Fig. 3. Definition of mutual inductance between short bars.

adjacent coils, such as loop 0 and loop 1. The coupling be-
tween diagonal loops such as loop 0 and loop 2 is negligibly
small. When considering the connection of rebars, the equivalent
cross-coupled mutual inductance can be calculated based on the
coupling between these short bars. The coupling between short
bars of two adjacent loops is shown in Fig. 3. These mutual
inductances can be divided into four categories, M, My, Mc,
and Mp, according to the position relationship between the short
bars. M is the mutual inductance between two connected bars,
such as Lo, and Ly, that are in the same direction. My is the
mutual inductance between two short bars that are parallel but
located in different loops, such as Loyp and Ligown. Mc is the
mutual inductance between two parallel and adjacent bars, such
as Loup and Logown. Mp is the mutual inductance between two
bars, such as Lojefs and Liyigng, Which are parallel and apart by
one bar.
The induced voltage by I; in loop 0 can be expressed as

Vi to0 = jwli (2Ma — 2Mp + 2Mc — Mp)
— (JwLmiadie + Ry) I1. (1)

Since Linjqdle = Ly and wlLyigdie >> Ry, (1) can be rewritten
as

Vi to 0 & jwMgqlh,
Mpq = 2Ma — 2Mp + 2Mc — Mp — Liidae-  (2)

According to Kirchhoff’s voltage law, the relationship be-
tween currents of the TX, RX, and rebar loops can be obtained.
M, represents the mutual inductance between the TX coil and
the nth rebar loop, while Mg, denotes the mutual inductance
between the RX coil and the ny;, rebar loop. Ly represents the
inductance of the RX, Cr represents the series compensation
capacitor of the RX, and Ry represents the parasitic resistance
of the RX

Z - I=—jwlr-M 3)
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where
I Mo
I, My
I I, M= Mo
In MTn
Iy Mrr
Zo Zo1 Zo2 Zon  JwMRgo
Zo1 Al AD) Zin  JwMry
7 — Zo2 Z12 Z Lo JwMRga
Zon Z1in Zon Zn  JwMgng
JwMro jwMRr1 jwMgo JwMr,  Zr
Zo =2y ="+ =2n=jwleq+ Req, Leq = 4L,

—2Mc¢, Rgq = 4R,
7w = jwLr + 1/jwCr + Rr + Ry, andw = 27 f.

According to (2), the mutual impedance of adjacent rebar
loops such as Zy; and Zy3 can be expressed as

Zor = Zoz = ... = jwMgq. 4)

The mutual impedance between other nonadjacent rebar
loops, such as Zyp2 and Zy4 can be considered 0

Zoyg = Loy = ...=0. (5)

By solving (6), Ir and the currents of rebar loops can be
obtained

I=2Z"' (—jwly-M). (6)

Moreover, the current in each bar can be obtained by sub-
tracting the currents in two adjacent loops. Based on this, the
impact of the rebar array on the IPT system can be investigated,
as discussed in Section IV.

III. PROPOSED SYSTEM

A. Structure

Fig. 4 shows the method proposed for changing the equivalent
impedance of the rebar loops with an additional compact coil. As
shown in Fig. 5, the dipole coil, which has been proven suitable
for long-range sensor applications [32], [33], [34], [35], has been
chosen for both TX and RX coils. The TX coil is located above
the rebar array, while the RX coil is located below the rebar array.
The TX and RX coils are aligned to achieve stronger magnetic
coupling.

Rebar loop 0 and rebar loop 1 are opposite to the TX and RX
coils, making them the most influential loops in the system. An
additional coil in series with a compensation capacitor is placed
between the rebar loop 0 and loop 1 and coupled with the two
rebar loops. Thus, the equivalent impedance and current of the
two coupled rebar loops (I and I;) can be changed by changing
the capacitance value.

The winding of the additional coil, illustrated in Fig. 6,
comprises two semitoroidal ferrite cores and a Litz wire. Ferrite
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view.

TX coil, RX coil, and the additional coil. (a) Front view. (b) Right

cores are wrapped around the rebar, and the Litz wire is tightly
wound around the magnetic core in the same direction.

B. Equivalent Circuit Analysis

As shown in Fig. 4, TX utilizes an LCC compensation topol-
ogy consisting of L;, C;, and Cp. When wl; = 1/wC; =
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Ferrite

Aditional coil

Rebar

Fig. 6. Cross section of the additional coil.

wLr-1/wCr, the current of the TX coil (I7) is maintained con-
stant. Four MOSFET (Q1—Q4) and dc voltage sources constitute
a high-frequency ac power supply. The RX coil is connected in
series with a compensation capacitor Cg and connected to the
load resistance Ry q. through a half-bridge rectifier consisting of
two diodes (Dq and D5).

The elements of each matrix in (3) need to be adjusted as
additional coils are added. Regarding the small additional coil,
its mutual inductance with the TX/RX coil is considerably
smaller compared to the coupling with the rebar loop, and can
be neglected. I and M can be rewritten as

Iy Mg
I, M
I, Mo
I=| |, Mm=]-. 7)
In MTn
TIA 0
| Ir | | Mrr |

where I 5 represents the current of the additional coil.

Since the ferrite is wrapped around the short bar between loop
0 and loop 1, the self-inductance of the bar will increase so that
Zy, Z1,and Zy; change into Zy’, Z;’, and Zy; . Z can be rewritten
as (8) shown at the bottom of this page.

Due to the opposing flux flow generated by the additional
coil through loop 0 and loop 1, both loop 0 and loop 1 own the
same mutual inductances with the additional coil (M 4 ) but with
different connection polarities. The equivalent reactance X of
the additional coil L and the capacitor Cp is defined as X5 =
wLa-1/wCa while Rp represents the parasitic resistance of the
additional coil.

[ Zy Zo' Zo2
Zot' zy Z12
Z2 Z12 Z2
ZOn Zln Z2r1

JwMy  —jwMa 0
jwMgro JwMgr1 jwMga

Zon jwMA jWMRO
Zin —JjwMy  jwMgy
Zon 0 JwMRga
Zn 0 jOJMRn
0 7 XA+ Ra 0
jWMRn 0 ZR |

Zy' = Zy' = jwLgq' + Req', Zo1' = jwMgq'. (8)
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A TABLEI
VALUES OF SYSTEM AND COMPONENT PARAMETERS
Vv q> Parameter Value Parameter Value
+ Ly 4.1 uH C 97.3 oF
Zrreva | Cr 23 nF Ly 1782 uH
Leo 360 nH Lo’ 506 nH
Mrr 1.18 uH My 2.62 uH
Fig. 7. Thevenin equivalent circuit on the RX side. Mrq -64 nH Mg’ -210 nH
Req 0.12Q Reg’ 0.12 Q
MTO 417 nH MT] -417 nH
. . . . MTZ -87 nH MT3 87 nH
C. Thevenin Equivalent Circuit My 54 nH Ms 151 nH
MT6 54 nH MT7 87 nH
For the system as proposed, there are too many loops to Mis 87 nH Mo 54 nH
include in the calculations, and it is difficult to derive the analytic My -151 nH My -54 nH
expression. Therefore, the Thevenin equivalent circuit is utilized M -9 nH M -6 nH
to analyze the circuit characteristics. Applying Thevenin’s the- Mg 6 nit Muis o nt
y - Applying 14 : Myo 224 nH Mg -224 nH
orem, the proposed system can be converted into its equivalent Mrs -28 nH Mzs 28 nH
circuit on the RX side, as shown in Fig. 7. In this way, the impact My 1T nH Mps 23 nH
of the TX coil, additional coil, and rebar array on the RX side AA;[“ ]218 r:; %“7 2181 r:;
. . . . . R8 = R9 -
is modeled as a voltage source Vi in series with the impedance Mo 23 nH Mes _11 nH
ZR_rebar' Mri> -2 nH M3 -2 nH
The V)1 can be obtained by treating the RX side as an open A/z‘““ s 327HHH A;’;‘” 02431';2
. . . . o A L A .
circuit. Substltutlpg Zr = o0 to (7), an.d (8) shown at the bot.torn Le 1714 uH Re 096 Q
of the next page into (6), the current in each loop can be given Cy 10.76 nF Cr 2.358 nF
when the RX is open (IopgN) Cr’ 2.349 nF f 250 kHz
1 .
IOPEN\ZR:OO:Z (—jwlr - M). ) .
m
Then, V1 can be represented as a function of variable X 40T Inductive
— A
Vum(Xa)=[Mro -+ Mg, 0 0] - Iopex. (10) X, increase
By setting the It to zero and applying a voltage source 207
(Vzero) to the RX, Zgr_,ebar can be calculated. In this case,
the current of each loop (Izgro) can be obtained from 0 A X=0b, Re
-1 T
Izerolp,—o=2"-[0 - Vizmo | . (11)
Based on the RX coil current (Ix_zgro) obtained in (11), 20 [
ZR_rebar can be derived through
VZERO . ) L Capacitive
ZR_rebar (XA) = - - (JWLR + ]-/]ch + RR) . (12) -40
IR zEr0

. X Fig. 8.  Distribution of Zgqo in the complex plane with X4 .
To achieve maximum output power, the value of Cr should

be configured to cancel out the imaginary part of the impedance
of ZR_rebar andijR

Re 4 3 2 -1
Im (ZR_rebar (XA) =+ ijR+ 1/]&]03) =0. (13) ' ) ) . f 0
Niof
IV. EQUIVALENT IMPEDANCE CHANGE METHOD Vi ) i -1
A. Analysis of Equivalent Impedance Change ;(,A:'w Vi
rebar_o
. . . -2
The impedance of rebar loop 0 (Zgqo) is the ratio of the X,=0
induced voltage of the rebar circuit to the rebar current I Vieoar
. 1 -3
—Jw M T I T
Zggo = 170 (14)
0 1 4
By utilizing the mutual inductance and rebar array parameters
in Table I, the trajectory of Zrqg, and Vi with X5 in the complex o=0+0 X, increase Im
A |

plane can be shown in Figs. 8 and 9. As X approaches — oo and
+ o0, the additional coil is in an open circuit situation, and the  Fig. 9. Distribution of Vj in the complex plane with X4 .
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Fig. 10.  Rms value of Vy with Xa.

system is almost equivalent to without the additional coil, as
shown by red points in Figs. 8 and 9. In this case without the
additional coil, Zgqo approximates to a pure inductance. As X
increases, Zgqo moves from the first quadrant to the fourth and
back again. In other words, Zrqo changes from inductive to
capacitive and finally to inductive again.

Vi is the vector sum of the induced voltage generated by the
TX coil current (Vi )and the induced voltage generated by the
rebar loop currents (Viepar), as shown in Fig. 9

VM = VTR + Vrebar (15)

Vir = — jwMwIT, Viewwr = —jw »_ Moo (16)

n=0

Since the It is constant, the Vg is constant, as the green
vector shown in Fig. 9. Viep,,, is represented by the orange vector
and V) is represented by the blue vector. When X approaches
—o0 and +o0, the vector of dashed lines (Vyi_o and Viebar_o)
is used to distinguish between different cases.

The magnitude and phase difference between Vi, epar and Vg
changes with Zgqo. When Zgqo is inductive, Viep,, is in the
opposite direction of Vg, resulting in the rms value of Vi
being smaller than Vg after vector sum, as a dashed blue vector
in Fig. 9. However, when Zg(y is capacitive, the component of
Viebar in the direction of Vg is positive. Especially when Zgqo
is minimal and approaches resistive characteristics, the induced
current in rebar loop 0 becomes relatively large, resulting in a
greater Viepar. Simultaneously, the direction of Vg, no longer
opposes Vrg. Consequently, the rms value of Vy; exceeds Vrr
after vector superposition, shown as a solid blue vector in Fig. 9.

Fig. 10 shows the trend of Vy; rms changing with X4, and it
can be seen that the appropriate value of X4 can significantly
increase the equivalent voltage at the RX side.

B. Parameter Optimal Design

However, any variation in X4 results in a corresponding alter-
ationin Zg _yebar, as illustrated in Fig. 11, which, in turn, impacts
the output power. To achieve the maximum output power, the
impedance of the imaginary part of Zg_,char should be canceled
outentirely by Cr and Ly . Similarly, a large real part of Zg_,cbar
(Re(Zr_rebar)) Will cause a small voltage drop across the load
resistance, resulting in a small amount of power the system
can output. Therefore, to maximize the system’s output power
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Fig. 11. Real and imaginary parts of ZrR _rebar With Xa.
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Fig. 12.  Calculated Py ax With XA .

capacity, X4 needs to be configured, carefully considering both
VM and Re(ZR_rebar)-

Based on the derivation in [26], output power, including the
impact of diodes, can be expressed as

FPr_our (XA, Riac)

2
R (V|- 22w

e S an
™ ’Tum + Re (ZRfrebar (XA)) + RR|

When V4 is assumed to be a fixed value, the Ry 4. that maxi-
mizes the output power can be obtained by solving a zero-partial
derivation of Pr_ouT(Xa, RrLdc) With respect to Ry qc

OPr our (Xa, Rrdc)
ORLqc

=0. (18)

By solving (18)

2

Rige op = 5 (Re (Zi v (Xa)) + Br). (19)

Substituting (19) into (17), the maximum output power can
be written as a function of Xa (Pmax (Xa)). The relationship
between X4 and the maximum power Py, .« is shown in Fig. 12.
As X approaches —oo and +00, P, is close to the original
value (without the additional coil). Moreover, there are two
peaks X; and X, one corresponding to the maximum point and
the other to the minimum point. By solving (20), two peaks can
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be obtained
dpmax (XA)
S P 0= Xy, X (20)
dXa ’

To identify the maximum point, we can take the second
derivative of P, With respect to Xa. After substituting the
given parameters into the equation, we can determine, which of
X1 and X, satisfies the condition in (21) and, thus, corresponds
to the optimal value (Xa_op)

d2Pmax (XA)

2 <0
dXa

@1

C. Aging Consideration

When the rebar array is embedded within concrete, aging
can occur, causing changes in the self-inductance and internal
resistance of the rebar loop, thereby affecting the output power.
Fig. 13 simulates the normalized variations in calculated out-
put power under 50% changes in only Lgq and Rgq, while
keeping other parameters constant. The power under unchanged
parameters is used as the reference, denoted as 1. It is important
to note that when considering parameter variations in the rebar
array, all loops should be taken into account, not just loop0 and
loopl. Therefore, the inductance Lq of the rebar loop without
the additional coil is more representative and used for plotting
and analysis. Since the presence of a magnetic core results in
Lrq’ of the rebar loop with additional coils slightly larger than
Lrq, when Liq changes, L’ used for calculation also changes
accordingly. The difference between Lgq’ and Lgq originates
from the self-coupling magnetic field enhancement caused by
the magnetic material of the additional coil, rather than aging.
Hence, it is considered to keep the difference between the two
unchanged during calculation.

It can be observed that as Rpq decreases, the output power
increases. This is because a smaller Rpq allows for a larger
current to flow in the rebar loop. When the change rate of
Rgq is 0%, both increasing and decreasing Lgq will result in
a decrease in output power. However, an increase in Lgq leads
to a significant decrease in output power, whereas a decrease in
Lgq results in a relatively slower decrease in output power. This
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Stepl: Obtain various inductance/resistance/mutual
inductance parameters.

( Step2: Set/r, Puin expects REQ aging min REQ aging max )

LEQ aging minandLF_Q aging_max

and Cy.

(StepS: Iteratively compute to obtain suitable designs for Cy )

| =1, RI:Qidesgin: REOfagingﬁmax |

—| 771, Leq_desgin™ LEQ_aging max |
v

Utilize Req design a0 Liq_design t0 derive the designs |
for Cy and Ck.

Substitute Req aging min t0 REQ aging max, and
LEq aging min t0 LEQ aging max INt0 equations (17)~(19)
to calculate the output power corresponding to each

set of parameters, and record it as matrix P.

Record the minimum value in P as Py(i, j). |

Liq desgin 2

~

Lkq_aging min?

Req dosgin 2
9

EQ_aging min?

4| =111, ReQ desein=REQ desgin-AL
v

Select the maximum value from P,,;, and denote it
a8 Pcsign op-

Pcsign op 2
9

Prin_expeer?

The design parameters corresponding to Pyesign op
are the optimal ones.

Fig. 14.  Design flow with concerning rebar aging.

is because an increase in Ly causes the rebar loop to approach
more towards inductive with the shielding effect.

It should be noted that each set of Rgq and Lrq corresponds
to its X4 to achieve maximum output power. Therefore, it is
not feasible to achieve the theoretical maximum power under all
variations of Rgq and Lgq with a fixed X5 . However, through
appropriate design, the output power can be relatively high and
acceptable under varying parameter conditions. If we consider
a narrower range of £20% for Lgq and Rgq variations, the
lowest output power is 0.65 times the power when Lgq and
Rpq remain unchanged. Although this represents a significant
decrease, it still exceeds the power achieved without employing
this method under shielding conditions.

Fig. 14 provided a design flow considering parameter varia-
tions. Through an iterative method, we obtain a design where
the lowest output power during aging remains higher than the
set boundary value Py, _expect - The first step involves obtaining
the parameters of inductance, resistance, and mutual inductance
in the system after determining the coupling mechanism design.
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Fig. 15.

Experimental setup.

The second step is to set the initial current value of the TX coil,
the expected minimum power value Pyin_cxpect during aging,
and the expected boundaries of Rgq and Lrq (REQ_aging_min>
REQ_aging_max’ LEQ_aging_mina and LEQ_aging_max) dllfing
aging. The third step involves iterating through different Rgq
and Lgq values as design references (REQ_desgins LEQ_desgin)
to calculate the minimum output power during aging, and finding
the maximum value (Pgesign_op) among all the minimum values
(Pin) corresponds to the optimal parameter design.

V. EXPERIMENTAL VALIDATION
A. Experimental Prototype

To validate the proposed concept, a 250-kHz IPT sys-
tem was built, as shown in Fig. 15. The MOSFETS Q:1-Q-
were BSC146N10LS5, and the rectifier diodes D-Dy were of
PMEG3050EP type. The dc load resistance was emulated by an
electronic load (IT8812C). The primary inverter of the system,
fed by an 8-V source, was connected to an LCC compensation
network to maintain a constant TX coil current of 1.1 A. The
system frequency is set at 250 kHz. HIOKI (PW6001) power
analyzer was utilized for power and efficiency measurements.

The rebar array was constructed with a kind of seismic rebar
(HRB400) that meets Chinese national standards and is typically
used in large structures. A total of ten 12 mm diameter HRB400
rebars were welded horizontally and vertically with a spacing
of 15 cm to form a 4 x4-grid rebar array. The distance between
the rebar array and both the TX and RX coils is 10 cm, while
the total transmission gap is 20 cm.

As depicted in Fig. 16, both the TX and RX coils are dipole
coils consisting of Litz wire wrapped around ferrite. The size
of TX ferrite is 20 cm x5 cmx 1 cm. In order to fit the practical
application for the SHM system, the size of the RX ferrite is
smaller, only 5 cmx5 cmx1 cm. The number of turns of the
TX coil is 30, and the number of turns of the RX coil is 40.
The structure of the additional coil aligns with the description in
Section III. The additional coil is wound by a 20-turn Litz wire
around the ferrite core and then wrapped around the rebar. The
ferrite core of the additional coil consists of two semitoroidal
ferrites separated by two gaps of 1.5 mm, as illustrated in
Fig. 14(c). The inner diameter of the ring core is 20 mm, with a
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Fig. 16.  Photos of the TX, RX, and additional coil.
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Fig. 17.  Measured output power with Ry,qc.

TABLE II
POWER ANALYZER TEST RESULT AT MAXIMUM POWER

Without With additional
additional coil coil
Vin 8V 8V
Vour 1.04V 492V
Pr our 0.15W 2.67W
Efficiency 6.95% 34.79%

thickness of 7.5 mm, resulting in an outer diameter of 35 mm,
and a width along the direction of the rebar of 25 mm. The TX
coil Litz wire consists of 3000 strands of AWG?24, while the RX
and additional coil Litz wire comprises 300 strands of AWG24.
The two semitoroidal ferrite cores are custom-made from PC95
material. Other system parameters are presented in Table 1.

B. Experimental Result

In order to verify the effectiveness of the additional coil,
experiments were performed with and without the additional
coil. Fig. 17 depicts measured output power with Rp,q. in two
states. Table II compares these two states at maximum output
power. When there is no additional coil, the output power is
relatively small, only 0.15 W (@7 (), as shown in the red line
in Fig. 17. When with the additional coil, the output power is
significantly increased to a maximum of 2.67 W (@9 ().

Fig. 18 shows both efficiency and output power with Ry,qc.
The system efficiency and output voltage with the additional
coil are higher than the state without the additional coil over the
full range of Ry 4. from 1 to 500 Q2. The additional coil increases
the maximum output dc voltage from 2.21 t0 9.69 V (@500 (),
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TABLE III
COMPARISON WITH OTHER METHODS
Proposed in Ref. [26] Ref. [22] Ref. 24] This work
Method description Utilizing rebar eddy Isolatmg with Multi coil Chgnglng Febar loop
currents ferrite equivalent impedance
Operating frequency 85 kHz 13.5 MHz 82.3 kHz 250 kHz
TX dimension 200 mmx200 mm 80 mmx80 mm 300 mmx300 mm 50 mmx200 mm
RX dimension 1S mm wide /S mm |y 4o 5 4s mm| 300 mmx300 mm 50 mmx50 mm
high in cross-section
RX location Fixed on rebar Attaching to rebar Under rebar array Under rebar array
Gap 100 mm 20 mm 300 mm 200 mm
Initial power 0.84 W -32 dBm / 0.15 W
Maximum power (after 1.957 W 1 dBm (1.256 mW) 10 W 267 W
improving)
Efficiency (@maximum 18.68% 0.1256% 39% 34.79%
power)
Output voltage 5V / 33V 492 V
40 10 equivalent impedance of the rebar loop decreases, which also
greatly increases the rebar current, as shown as the yellow wave
30 Efficiency Vour | 78 in Fig. 19(d). The intervention of the additional coil alters the
With additional coil <> . .
S e e o ] 2 phase relationship between I}, and It from 180° to an acute
S 16 g o . . .
20 Et angle, facilitating an effective superposition of their effects. Asa
% 142 result, they collectively contribute to strengthening the magnetic
& é- field on the RX side, enhancing the output power.
10 0 == == =~ === = = x———=== ®omm oo *y0 This study primarily focused on reducing the shielding effect
X of the rebar array. Concrete, as another transmission medium
0 T T T m e — e oy — . . . . « .
0 100 200 200 200 o) in SHM applications, has bee'n fpund to have negligible effects
Rig (Q) on wireless power transfer within the range of tens to 250 kHz
[16]. If the proposed method is applied in the MHz or higher
Fig. 18.  Measured efficiency and VouT with Ry,qc.

a fourfold increase, indicating that the proposed method can
significantly improve voltage gain and output power under the
shielding of the rebar array. The peak efficiency during the
entire load variation process occurs at a load of 14 2, with an
efficiency of 36.18%. The efficiency at the point of maximum
power corresponds to 34.79% (@9 2).

The waveforms of I, Iy, Vout, and the current (Irggar = Io-
I,) of the rebar, where the additional coil was mounted, in Fig. 19
clearly show the variations in both the phase and magnitude of
the current. Fig. 19(a) corresponds to the case of maximum out-
put power without the additional coil, and Fig. 19(d) corresponds
to the case of maximum output power with the additional coil.
Theoretically, the induced voltage of the rebar loop lags behind
It by 90°. Experimental results reveal that in the absence of
the additional coil, Irena, exhibits a 180-degree phase lag with
respect to I, indicating the inductive nature of the rebar loop’s
equivalent impedance. IRephar and IT exhibit opposite phase
angles, leading to the shielding effect, which manifests as low
induced voltage. As a result, the induced voltage on the RX
side decreases, giving rise to the phenomenon known as the
shielding effect. When an additional coil is present, designed
with parameters that maximize output power, IRepay €xhibits
a lag of 71° with respect to Iy. In this case, the rebar loop
manifests as a complex impedance with resistive and capacitive
components. At the same time, due to partial compensation, the

frequency range, considerations for concrete attenuation and
parasitic parameters may arise, necessitating further analysis.

C. Comparison

The proposed system was compared with other IPT systems
that take rebar into consideration, as outlined in Table III. In [26],
amethod utilizing rebar eddy currents to deliver power to sensors
near the rebar array was introduced. Appropriate compensation
parameter design increased the output power from 0.84 W to
1.957 W. In [22], using a ferrite pad to separate the RX coil
from direct contact with rebar increased the output power from
—32 dBm to 1 dBm. While both methods effectively enhanced
output power, they focused on transferring energy to the vicinity
of the rebar array rather than improving the ability to transfer
through it. Jang et al. [24] proposed a composite coil to enhance
the coupling, reducing the shielding effect of the rebar and im-
proving the energy penetration capabilities. However, to achieve
the desired effect of the coil combination, the dimensions of the
small coils within the composite coil need to match the rebar
loop, resulting in an overall size of 300300 mm. In contrast,
this study aimed to reduce the shielding effect or even transform
the rebar array into an energy relay by changing the equivalent
impedance of the rebar array itself. Even with an RX coil size
of only 50 mm x50 mm, significant power enhancement can be
achieved. In practical applications, a smaller-sized RX is more
suitable for installation, with a minimal impact on structural
strength, making it a more viable solution.
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Fig. 19.
(d) With additional coil (Rp,qc=9 Q).

D. Discussion

When considering the practical issue of applying IPT for SHM
systems, one must address the fact that the RX is hidden within
the concrete. Aligning the TX and RX coils is necessary to
achieve optimal output power. This consideration applies not
only to the proposed methodology in this article but also to
any IPT system implemented for SHM sensors. In this study,
additional coils are installed on the rebar, while the RX coil
remains fixed. Thus, the challenge becomes how to align the TX
coil with the target rebar.

One viable approach involves determining the position of the
target rebar through predesigned blueprints and key reference
positions in the engineering project. Once the concrete has been
set for 24 h, markings can be made on its surface. This is feasible
due to the fixed positioning of the rebar as dictated by the initial
design. The TX may be installed on automated devices such as
robots or drones, or portable manual operation equipment. Using
methods such as image recognition technology or visual obser-
vation, the TX can be aligned with the designated markings.

Furthermore, with emerging coil location identification tech-
niques based on IPT system characteristics, more precise meth-
ods for coil positioning may be available in the future. These
possibilities warrant further exploration.

VI. CONCLUSION

In this article, a method to enhance the maximum output
power of IPT systems used in SHM applications was proposed.
The method utilizes the rebar array as an intermediate relay coil
by using a compact additional coil connected in series with a
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Waveform of Ir, IR, IRebar, and Vour. (a) Without additional coil (Ry,qc.=7 €2). (b) With additional coil. (c) Without additional coil (Ry,q.=9 §2).

capacitor and enveloped around the rebar positioned between
the TX and RX coils. An equivalent circuit of the system was
presented, showing that the equivalent impedance of the rebar
loops can be modified through the adjustment of the capacitance
value to enhance power transfer to the RX. A design method
for the selection of capacitance in series with the additional
coil was also presented to achieve maximum output power. The
analysis indicates that when the impedance of the rebar loops
is adjusted to approach near-pure resistive with a capacitive
component, there is a significant improvement in the induced
voltage at the RX coil. Experimental results of a prototype
system were presented to show that the output power can be
effectively elevated from 0.15 to 2.67 W using the proposed
method.

However, in actual structures, more complex rebar arrays
may exist, which could involve multiple layers or even intricate
multilayer cages. The magnetic field is further shielded by
these additional layers of rebar, adding to the complexity of the
problem. Consequently, questions arise: How should the number
of additional coils be determined? How can the impedances
of multiple additional coils be designed simultaneously? How
will the equivalent impedance of the rebar loop be affected?
Moreover, the interaction between different layers needs to be
taken into account. The method proposed in this article cannot be
directly applied to multilayer rebar arrays. Nevertheless, the con-
cept of altering the equivalent impedance of the rebar array, as
proposed in the article, provides valuable insights for multilayer
configurations design where the lowest. In the future, research
on the shielding effects of more complex rebar structures is
imperative.
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