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ABSTRACT In inductive power transfer (IPT) system, the magnetic coupling has significant effects on
power and system efficiency. The voltage and current on the secondary side are coupling dependent. Load
measurements are not possible through sensors on the primary side. This article proposes the secondary-
side voltage controller based on the primary-side control by means of bifurcation approach. The main
advantage of operation under bifurcation is that the coupling and load on the secondary have no effect on
the voltage gain. This enables the secondary voltage control through the primary voltage. With the proposed
sensing coil on the primary side, the bifurcation detection is possible. The proposed control can utilize the
frequency split phenomenon and track the bifurcation frequency to ensure maximum efficiency in various
coupling conditions. In addition, the design guidelines of the parallel-parallel compensation configuration
are introduced for a desired load profile and transfer distance. The constant voltage gain with respect to
conditions of magnetic coupling variation is verified by using finite element analysis and experimental study.
A 1-kW IPT prototype is constructed to validate the proposed bifurcation detection and voltage control.
Experimental results show that the proposed IPT can achieve up to 90% of maximum efficiency while

maintaining constant secondary voltage.

INDEX TERMS Bifurcation, inductive power transfer, sensing coil.

I. INTRODUCTION
An inductive power transfer (IPT) based wireless charger
offers several benefits such as electrical and mechanical
safety isolation, safe operation in harsh environment, and
fully automatic charging procedure for electric vehicles
(EVs), comparing with conventional plug-in chargers [1].
In fact, the circuit configuration of an IPT based wire-
less charger is similar to a traditional plug-in charger. The
AC-DC converter regulates the dc-bus voltage for the reso-
nant inverter. The resonant inverter then supplies high alter-
nating voltage or current to the loosely air-core coupled coils
separated by large air gap, causing considerable leakage flux.
A reactive power compensation is commonly chosen to
overcome the issue of poor magnetic coupling. Commonly
used topologies are series-series (SS), series-parallel (SP),
parallel-series (PS) and parallel-parallel (PP) compensations.
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The two weakly coupled resonant networks are tuned to
the resonant frequency wq to provide the zero-phase-angle
frequency (ZPA). Parameter variations cause a split in the
resonant frequency wg into multiple ZPA frequencies. The
instability of the number of ZPA frequencies is known as
bifurcation in IPT [2]. The SS topology is the only topology
that achieves the independence feature between operating
frequency and magnetic coupling variations. The reflected
reactance is always equal to zero on the primary side [3].
The power control strategies are used to regulate the pri-
mary voltage based on the primary side controller. The con-
trol methods in past work are based on modifications of
switching sequence of the inverter. The asymmetrical voltage
cancellation (AVC) [4] and symmetrical voltage cancellation
(SVCO) [5], [6] can be used in full-bridge topologies. The
single-stage boost bridgeless converter offering power factor
correction (PFC) for high power, high efficiency, and high
power factor is reported in [7]. Unfortunately, it can be oper-
ated only in a fixed or narrow frequency range. In [8], [9],
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the phase shifting method is proposed to address the load
variations under practical operation.

However, the mentioned control strategies simply do not
work under bifurcation due to the instability of the ZPA
frequency. The phase-lock-loop (PLL) control has been used
to track the ZPA of the input impedance [10]. The bifurcation
phenomenon results in an increased number of ZPA frequen-
cies and the frequency tracking becomes a formidable task.
In [11], the ZPA detection using the inverter output voltage
and the secondary current is reported to solve the problem
of multiple ZPA frequencies under bifurcation. However, the
communication between primary and secondary subsystems
has further complicated the system.

Under bifurcation, the original resonant frequency no
longer supplies the maximum power [12]. In [13], an interme-
diate coil is added to form a three-coil configuration for the
single boosting effect, an increased apparent coupling coef-
ficient, which in turns induces the bifurcation phenomenon.
The output voltage (V,) can be estimated while high transfer
efficiency is achieved. In [14], the four-coil series resonator
with two intermediate coils located in the primary side offers
double boosting effect for further increased coupling coef-
ficient. Theoretically, the voltage gain can be unity and the
RMS input current can be reduced, compared with [13].
However, under misalignment conditions, the majority of the
induced effect occurs on the intermediate coil as opposed
to the secondary coil. The coupling coefficient is greatly
reduced causing an excessive circulating current in the
primary side.

In fact, the bifurcation can be avoided or allowed as
needed, by either adopting complicated control strate-
gies or proper design considerations. The primary and sec-
ondary quality factors (Q) are used in the bifurcation criteria
through the discriminant of the input reactance [2]. Initially,
most WPT systems are designed to avoid the bifurcated
region because a sudden change of impedance characteristics
after the bifurcation boundary is undesirable. Recent research
efforts have been directed toward investigating the benefits of
operation under bifurcation. The critical coupling (ki) has
been adopted as the bifurcation boundary. Table 1 summa-
rizes the reported bifurcation criteria [15]-[19]

Clearly, the bifurcation determination requires an exact
value of the coupling k. Various sensors including infrared
sensors, tunneling magnetoresistive (TMR) and sensing
coils are used to detect the position of the secondary
coils [20]-[23]. In practice, the exact determination of the
coupling k remains rather difficult.

Although the bifurcation can provide high constant output
current in SS compensation system, the output voltage level
is not suitable for the on-board charger. The PP com-
pensation, on the other hand, provides higher secondary
voltage under bifurcation. In [19], the non-ZVS region due
to bifurcation can be avoided by a given design procedure
to operate at the original resonant frequency. The differ-
ences between this work and what was done in [19] are as
follows.
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TABLE 1. Bifurcation criteria in literature.

Circuit No. of . . Bifurcation
Ref. Year Topology Coils Bifurcation Criteria
407
SS o > 4Q22 )
2 i 1
(2] | 2004 | sp&pp Avoid 00+
2
PS 9>0
[15] 2011 SS 4 Allow k,>1/0,,
[16] 2015 SS 2&4 Allow
1 1
[17] 2016 SS 2 Allow Keri *0 1*@
1
ke,
[18] 2019 SS 2 Allow i > 00,
. 1 1
[19] 2019 SS 2 Avoid Keri 0 1*@

*(, and Q, are primary and secondary quality factors, respectively.

LH'67 2

=

Fullbridge On-board
Rectifier Charger

FIGURE 1. Equivalent circuit of PP compensation.

o The operating region in this work is intended to be
under bifurcated condition as opposed to avoiding it.
Therefore, a bifurcation detection is proposed with a
sensing coil.

« No sensor is needed on the secondary side, since the
secondary voltage and current can be estimated from the
primary side.

In this article, the PP configuration with a full-bridge
current-source inverter (CSI) is adopted. The output voltage is
targeted at a compatible voltage level of the on-board charger.
The constant output voltage operation under flexible charging
distances can be accomplished. The bifurcation phenomenon
is observed by an additional sensing coil installed at the
primary side. With the proposed designed procedure, the con-
stant voltages on both sides can be achieved while providing
a flexibility on the coil positions.

II. PRINCIPLE OF PP COMPENSATION

An equivalent circuit focusing on the PP compensation is
shown in Figure 1. The compensation circuits are commonly
tuned at the same resonant frequency. Both sides are magnet-
ically coupled with the coupling coefficient k1, described as,

kip =Mi2/v/Lily N

The impedance of the secondary circuit (Z;) is given by,

1
Z = ioly 4 ——— 2
2O T G + (1/R) 2)
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The reflected impedance (Z;) from the secondary side
referred to the primary side is given as,

272
w ki, L1Ly
zZ, =—1L2"= 3
v Z 3)
The reflected resistance and reactance are expressed as,
27,2
w°ki,L1LoR
Re{Z,} = — , )
R (02CoLy — 1)” + 0?13
and
3.2 2 (.2
—w’ki,L1Ly |CoR” (w"LaCy — 1) + L
niz) = —ARh L [OR @G~ ) il )

R (02Caly — 1) + 0212
respectively. The primary and secondary sides are tuned at the
same natural frequency. Therefore, the primary capacitance is
given by,

CoL
c, = &b
L

The input impedance (Z;,) can be calculated in (7), as
shown at the bottom of the page, which can be separated
into real and imaginary parts. By setting the imaginary part
from (7) to zero, the ZPA frequencies can be derived as
(8)—(10), as shown at the bottom of the page. The inductance
L, is slightly changed under different coil positions. It is
rather difficult to identify the coupling and load values from
the primary side of the proposed setup without additional
sensors or a wireless communication system. An increase in
either k1> or R causes the bifurcation frequencies w; and w; to
be lower and higher, respectively. Initially, the boundaries of
w1 and w; are determined using the maximum values of k2
and R based on the predefined operating constraints (i.e. the
minimum transfer gap and the end of the charging process).
In this article, the maximum ZPA frequency is set on the PLL
controller to cover the frequency boundaries. The bifurcation

(6)

frequency is automatically tracked without having to evaluate
the system parameters throughout the operation.

Under bifurcated condition, the conditions in (9) and (10)
are met. By setting the discriminant of the input reactance
(Im{Zin}) in (7) to zero, the critical coupling k.,; is obtained
by solving for k1> which can be given as,

20 2GR 2,/ C3ROQL, + C2R?)
- - +
Ly L3 L3

kcri ==
(11)

The critical load resistance (R.,;) can be obtained in the same
manner,

Ly 1 — k2
Royi= | — |(1—=/1—k> 12 12
cri c) ( ) ( k122 (12)

By substituting (8) — (10) into (7), the impedance at the
ZPA frequencies can be calculated as,

Ly (1 - k122)
Zin(wg) = —————== 13
m( 0) k122C2R ( )
L
Zin(@1) = Zin(an) = L—;R (14)

At the frequency wo, the input impedance Z;, depends on
the vertical distance and misalignment position in terms of the
coupling coefficient k12. When the frequency is changed to
w2, Zin becomes independent on the coupling k1> as indicated
in (14). In other words, the distance and misalignment no
longer have effect on the input impedance and the supply
voltage. The main focus of this work is on the operation at
frequency ws.

The secondary voltage (V3) is shown in (15), as shown
at the bottom of the next page. Referring to (8) and (10),

Zin(jw)

LiLyRe* +jo (Ly (R*+BLyCoR*— L)k}, — Dw? — (ki — DICoL3 (k3 — D43C3 L3R [w* — C L3 R (k3 — Dew®))

 (R2H[L2 - 4Ly R | +2[ Ly (kD — D)+ CoR2(3— k)| Co L3 [Lo (ki —1) +4CoR?1 (k1) C3 L3 w5+ CF LR [k, —11200b)

(N
wo
1 1
= = (®)
\/L1C1 (1—k%,) \/L2C2 (1—ki)
w1
Ly (1= k) = CoR — \J13 (K}, — 1) + 4CaR? (CoAD,R? + Lok, — 1) o
N\ 2L, C2R% (k3 — 1)
)
Ly (1= k) = CR +\J13 (k}y — 1) + 4CaR? (CoAD,R? + Lok, — 1) o
A 2L, C2R% (k3 — 1)
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FIGURE 2. Proposed WPT system.

the voltage V; at the frequencies wg, and w; can be calculated
as,

Va(wop)
_ RCkio/LiL
= —jv, 2K124/L1L2 (16)
Li\/L,C (k3 — 1)
Va(wr)
_ Vily
" 2Ck1nR2LiLy
A—L (k§, — 1)
X . 2 2 1
+2V2C LR (ki — 1) \/Lz((klzfl)LerzczRZJrA)
(17)
where A is given as,
A=y (K2, — 12 L3 + 4CoLaR? (K — 1) +4C2KLR
(18)

The phase difference between V| and V>, at wg in (16),
is approximately 90°. As the bifurcation occurs, the ZPA
frequency splits into 3 values and the controller tracks for the
highest ZPA frequency, namely w,. The relationship between
V, and V| at w, becomes (17). Note that the phase difference
between V;, and V| is reduced due to the real part in (17).
Although the phase difference between V, and V| indicates
the bifurcation, it is not possible to measure the phase of
voltage V; from the primary side.

Ill. THE PROPOSED IPT SYSTEM FOR

ON-BOARD CHARGER

The block diagram of the proposed IPT system for an
on-board charger can be depicted in Figure 2. A single-
phase 220Vac power supply is converted to DC source. Both
DC-DC converter and the inverter would be used to regulate
the primary voltage (V1) and the inverter current (fi,y). Then,

TABLE 2. System specifications.

Parameters Symbol Value
Nominal input voltage, 50 Hz Vi 220V
Output voltage vy 275V
Rated output power P, 1000 W
Charging current Tt 15A
Battery voltage Voat 48V
Load range R 78 —200 Q
Primary inductance of coreless pad L 51 uH
Primary inductance of ferrite pad L, 68 pH
Secondary inductance of coreless pad L, 51 pH
Secondary inductance of ferrite pad L, 68 uH
Primary capacitance C 750 nF
Secondary capacitance C, 750 nF
The coupling range k12 0.15-0.24
Sensing coil inductance Liense 30 pH

the secondary side voltage (V>) is converted to DC and fed
to the on-board charger. The equivalent circuit of rectifier
and on-board charger on the secondary side are combined and
modelled as the load resistance R.

A. OPERATION REGIONS

Using the parameters in Table 2, Figures 3(a) and 3(b) show
the frequency responses of the phase angle of Z;,, with respect
to the coupling k1, for coreless and ferrite pads, respectively.
When the coupling k13 is greater than k., bifurcation occurs
and the frequency fj is split into f; and f>. The recommended
operating region is capacitive region (negative phase angle
region) for the zero-current-switching (ZCS) condition.

The operable frequency range varies dependently on the
coil configuration. For instance, in a coreless pad when
k12 = 0.3, the operable frequency range is from 25.7 kHz
to 30.5 kHz. The frequency range becomes smaller as the
coil inductances and the coupling increase. To illustrate the
constant-voltage gain capability of the proposed method,
regardless of coil configuration and coupling coefficient,
a ferrite module is added to the coreless pad. Both induc-
tances L; and L; are increased from 51 uH to 68 pH. The
coupling kp, is increased from the initial value of 0.22 to
0.24. Consequently, the ZPA frequencies, fy, fi and f> are all
decreased. Especially, the operating frequency f>, is reduced
from 28.7 kHz to 25.2 kHz. Note that the current frequency
range is from 22.3 kHz to 26.3 kHz. Thus, the coverage
frequency range when using both ferrite and coreless pads is
22.3 - 30.5 kHz. The operating points when using the coreless
and ferrite pads are located on the frequency f> trajectory as
depicted in Figures 3(a) and 3(b), respectively.

V2 (jo)

Link12 LRV L (0% — CoLs (ki) —1) 0*)+j (limk12R* VL1 Ly (0—2CaLyo® +C3L3 (1—k3,) 0°))

= 2 2
R2+(13-4CLaR) 0?2Co13 (Lo — Ky Lo —3CoR2+Coky R) wh+ C3L3 (13 (kD — 1) +4CoLoR? (k] — 1)) 0 +R2CHLE (1) o
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FIGURE 3. Frequency responses of input phase angle with respect to
coupling coefficient, (a) coreless and (b) ferrite pad configurations.

B. COUPLING INDEPENDENT OPERATION
Since the coupling coefficient k12 no longer has effect on
the input impedance at w; and w,. This means that both
input voltage and current remain constant for virtually any
coil distance and misalignment. The secondary voltage V> is
shown in (15). Referring to (10), the magnitude of voltage V;
at the ZPA frequency w; can be found as,
Ly
Valp=w, = limR L, (19)

Clearly, the voltage V5 is independent of the coupling. The
system now possesses a flexible charging position capability
with constant voltage for a given load resistance R. The
voltage gain (G,) and current gain (Gy) can be given as,

L
1Gy(@2)| = \/Li? (20)

1G1(@)| = 2D

1Gy(w)]
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Referring to (20) and (21), both voltage and current gains
are independent on the coupling coefficient k1> as long as
the bifurcated condition is maintained. To illustrate the cou-
pling independence on the magnetic domain, different coil
configurations, namely the coreless and ferrite pads are sim-
ulated using COMSOL multiphysics software package [20].
Simulation studies using finite element method (FEM) are
performed basing on system parameters given in Table 2.

To verify the independently coupling operation, the inclu-
sion of ferrites essentially changes the coil configuration by
increasing the inductances from 51 to 68 pH. The coupling
coefficient k7 is increased from 0.22 to 0.24, corresponding
to the operating frequencies f> of 28.7 and 25.2 kHz, respec-
tively. Note that in both cases, the system is intentionally
operated under bifurcation. Since the primary and secondary
coils assume the same geometry (L; = L), the unity
gain operation, as in (20) and (21), is possible. As shown
in Figure 4, the magnitudes of the primary voltage V| and
current /1 are similar to the secondary voltage V, and current
I>. The difference in the current magnitude is at 6% while the
difference in voltage magnitude is slightly larger at 10%. The
maximum flux density on the coupling coils without ferrite
in Figure 5 is at 3.5 mT, and it is increased to 4.4 mT as the
ferrites are included.

C. BIFURCATION DETECTION USING SENSING COIL
The bifurcation detection serves as a safety measure to
ensure that the system never operates under misalignment and
load condition mismatch beyond the design boundaries. The
bifurcation condition must be ensured before the system is
initiated.

A sensing coil (Lgepse) for bifurcation detection in an IPT
system is proposed, as shown in Figure 6. The sensing coil
is placed in the middle between the primary and secondary
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FIGURE 5. Magnetic flux density distribution results, (a) coreless and (b)
ferrite pad configurations.

R, e =100kO

sense

I, n=/==q L L == V,&R

FIGURE 6. Equivalent circuit of the PP system with bifurcation sensing
circuit.

coils. The main purpose of the sensing coil is to detect the
leakage flux as a result of the phase difference between V>
and V7 (6y1—2), which can be used as a bifurcation indicator.
The coupling between L; and Lgepge is represented by kis.
Similarly, kps is the coupling between L, and Lgepse. The
voltage and current relationships on the primary, secondary,
and sensing circuits are given below,

) ) 1 kion/LiLy
lip(jo) = | joC1 + — | VI — ————D,
JoL Ly
kls\/ LlLsense
- L—llsense (22)
ki 24/ LiL, k2s\/ Lo Lgense
0=- I — Lsense
Ly Ly
(L vjec+ L)y 23)
— a) p—
jols Jwl?2 R 2

Vsense(ia)) = ja)LsenseIsense - jwkls\/ L1L3ll

_jwkZS\/ Ly Lensel> (24)

To minimize interferences due to the current Isense On the
primary and secondary coils, the following conditions are
assumed:
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FIGURE 7. Non-bifurcated operation with R =20 @, Q, = 2.1,
(a) magnetic flux density and (b) main and sensing coil voltage
waveforms.
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FIGURE 8. Bifurcated operation with R = 80 2, Q, = 8.4, (a) magnetic
flux density and (b) main and sensing coil voltage waveforms.

o The kis and kpg are negligible compared with the cou-
pling between the main coils (k12).
o The sensing resistor (Rgenge) 18 sufficiently high to avoid
interference emanated by the sensing current (Zsepge ).
The simplified sensing voltage, Viense, can be formulated
as,
kls\/ LlLsense

Visense (]a)) = - L—l Vi

e 0
—Jw Lo Lgense (k12k1s - k2s) (?2) Va (25)

The difference between the voltages V| and V; is related
to the leakage flux and the induced voltage on the sensing
coil. The primary side is operated at the highest possible
ZPA frequency. The voltage V; is constant regardless of the
coupling k1> and load resistance R. Finite element simulation
results for operations under non-bifurcation with R = 20 Q2
and bifurcation with R = 80 €2 are shown in Figures 7 and 8§,
respectively. The voltage Vi and coupling ki, are kept con-
stant in both cases.

For the case of non-bifurcated condition in Figure 7, at
1 while Viense is at the peak value, the maximum magnetic
flux density measured at the primary (Bprimary) and sensing
(Bsense) coils are 0.654 mT and 26.2 uT, respectively, as
illustrated in Figure 7(a). The voltage V> in Figure 7(b) is
50% less than Vi, while the phase angle 6y1_5 is at 90°. The
voltage Viense induced by the leakage flux from the main coils
is around 1.93 % of voltage V. On the other hand, under
bifurcation, R is equal to 80 €2. The flux linkage is increased.
The voltage V; also increases and becomes slightly larger
than V1. The leakage flux on the sensing coil Bgepge is reduced
to 3.9 uT, as shown in Figure 8(a). A very low leakage
flux is a result of the phase 6y;_»> reduction to 30°. The
voltage Viense 18 reduced to 1.2% of the voltage V| as shown
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FIGURE 9. Vsense Vs. Q under various coupling conditions.

in Figure 8(b). Since Viense greatly varies from one value
under the bifurcation operation to another value under non-
bifurcation, therefore it can serve as the bifurcation indicator.

The critical coupling k. is commonly formulated as a
function of Q, as mentioned in Table 1. Figure 9 shows
the relations of voltage Viense Vs Q> under various values
of coupling ki, obtained from the FEM studies. The ratio
between Vgense and Vi (Vgense/V1) is increased as the ver-
tical distance increases. When the coupling k15 approaches
zero, the voltage Viepse 1S at its maximum and remains con-
stant regardless of Q». Once the bifurcation occurs, the ratio
Vsense/ V1 noticeably decreases.

According to (25), the maximum sensing voltage can be
estimated as,

kls\/ L Lyense

Voense | _ Ksv/iLvense (26)
Vi Ly
Normally, the coupling ki, for EV application is in the
range of 0.15 ~ 0.24. The operating condition under the
vertical distance of 15 cm and O, of 1 in Figure 9 yields 85%
of the ratio Viense/V1 in (26). It is empirically chosen as the
bifurcation boundary.

max

D. PROPOSED CONTROL

An implementation of the secondary voltage control based on
the primary-side controller is demonstrated in Figure 10. The
proposed controller consists of two parts as follows.

1) PHASE-LOCKED-LOOP CONTROL
The PLL controller regulates the input impedance phase
angle, which is the phase difference between the current
I;p, and voltage V. As shown in Figure 10, the impedance
phase angle is detected by the zero-crossing detector (ZCD)
through the phase detector module inside 4046 IC chip. The
phase angle is converted to a DC value via the low-pass filter
(LPF). The PI controller modifies the phase angle response.
The switching frequency (f;) is maintained above the highest
possible ZPA frequency.

Initially, the switching frequency (f;) is set at the maximum
frequency (fmax). The controller then reduces f; until the
impedance angle is within the setting value. fs is maintained

VOLUME 8, 2020

Thau

On-
CA board
Charger

Voan

Ly

Inverter Current |_®_|
I

Primary Voltage

.
'

'

'

' RMS/DC  LPF Pl M
H Current controller
'

'

v

'

'

.

RMVS/DC  LPF )

Iy ?_' V-I Controller

crossing
detector Phase ref

controller

Overlapped

'
'
.
.
'
'
.
.
'
'
.
: command

PLL Controller

FIGURE 10. Secondary voltage controller based on primary side control
with bifurcation detection.

slightly higher than the targeted ZPA frequency for the
desired phase angle. When the bifurcation is occurred,
the constant voltage gain operation is possible by tracking the
frequency f>. The duty cycle of driving signals in inverter is
set to 54 % for overlapping period of the CSI.

2) V-l CONTROLLER

Since the inverter operates at the frequency f> by PLL con-
troller, the voltage V is directly controlled by the voltage V|
regardless of load and coupling variations as referred in (20).
The V-I controller consists of voltage-control and current-
limit loops using conventional PI controller. The voltage V;
is regulated, while the inverter current i,y depends on load
requirements. The secondary voltage V> is regulated through
the voltage Vj in the voltage control loop. The current limit
of Iy is implemented through the current control loop. Note
that V-1 controller is enabled by the bifurcation detection loop
as mentioned in the previous section.

IV. DESIGN

A. LOAD MODEL

The on-board charger in Figure 2 receives electrical power
from the PP compensation and regulates the charging current
(Ivar) and battery voltage (Vpa). The charging process con-
sists of two stages, constant current (CC) charging mode and
constant voltage (CV) charging mode. The ac equivalent load
resistance seen by secondary side is given by [21].

R = 77_2 Tcharger Voz 27)
8 ViattIpart

The charging profile of the on-board battery charger with
80% of efficiency is shown in Figure 11. The following load
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FIGURE 11. The charging profile of 6 cells of 3K T-885 lead acid battery.

conditions are considered as a representative of each mode of
operation.

1) CC MODE

Initially, the charging process begins with the CC mode,
as shown in Figure 11. The on-board charger behaves as a
resistive load with the equivalent resistance of 90 2. The
current lpa is regulated at 17.8 A. At the end of this stage,
the Vpa reaches 54 V. The equivalent load resistance is
reduced to 80 2 and the supplied power is at its maximum.

2) CV MODE

In this mode the output voltage is regulated. As the equivalent
resistance is increased, the charging current reduces. Experi-
mental waveforms of the case when the equivalent resistance
is at 190 Q are considered.

B. DESIRED COIL INDUCTANCE CALCULATION
From the relationship in (11), the maximum secondary induc-
tance L, under bifurcation condition can be calculated as,

L,

2 <C2R2—C2k122R2—\/ C22R4—3C22k122R4—C22R4k162)

<
(k8 1)’

(28)

Note that the primary inductance L; is selected by the
voltage gain in (20) and the primary capacitance C; cal-
culated in (6). The circular coil is often chosen for static
wireless charging application, because the symmetrical con-
figuration allows the secondary coil movement from any
directions. The primary and secondary coils are made of 7
turns of 600 strands of SWG39 wire. The ferrite bars are
included for magnetic flux shielding and guiding. The dimen-
sion of I-core ferrite bars is 120 x 40x6 mm.

C. MISALIGNMENT CONSIDERATION

For the desired load values of 80 ~ 190 €2, the L and L,
inductances are both at 68 uH while the critical coupling k.,
is at 0.12. The relationships between the coupling coefficient
k12 and the lateral misalignment at different vertical distance
is shown in Figure 13. The coupling coefficient reduces as the
misalignment is increased. So long as the coupling coefficient
is greater than the critical coupling (k12 > k), the coupling
independent operation is possible. In this work, the k.,; allows
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FIGURE 13. The coupling coefficient k;, plot for the different value of
misalignment.

the misalignment up to 16 cm and 22 cm at the vertical
distances of 20 cm and 15 cm, respectively.

V. EXPERIMENTAL RESULTS

A 1-kW IPT hardware prototype with the proposed control
is implemented in a golf cart as shown in Figure 14(a). The
system parameters are given in Table 2. The primary side
consists of a buck converter and a full-bridge current-source
inverter supplying the square-wave current [, to the PP com-
pensation circuit. The converter and inverter are constructed
by using IRGPH40UD IGBTs. To block negative voltage on
the switches, RURG 8060 fast recovery diodes are connected
in series with the IGBTs. The RURG 8060 diodes are also
used in the rectifier circuit on the secondary side. The vertical
distance for the experimental study is 15 cm with the coupling
between main coils k1 at 0.24. The relative position of the
primary, secondary, and sensing coil is shown in Figure 14(b).

A. OPERATION UNDER COUPLING INDEPENDENT

An experimental study is conducted to demonstrate the
impact of the proposed bifurcation control and operation
under coupling independent, through a sudden misalignment.
As shown in Figure 15, the coils are initially in perfect align-
ment (cursor position 1), where both V| and V; are at 100 V.
The operating frequency is at 25.2 kHz, while the inverter
and load currents are both at 1 A. Then, the secondary coil is
abruptly moved to the position of 20-cm misalignment. The
coupling is reduced from 0.24 to 0.13. In Figure 3, the PLL
controller continues to track the ZPA frequency f> and auto-
matically reduces the operating frequency to 23.1 kHz. The
voltages and currents remain the same, as shown at cursor
position 2. Clearly, with the proposed control, both voltage
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FIGURE 14. Experimental setup for (a) the golf cart, (b) the relative
position of primary, secondary, and sensing coils.
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FIGURE 15. Experimental results under abrupt misalignment, (top to
bottom) V;, V5, Iy, and Ijyq4, under perfect alignment (cursor position
1) and 20-cm misalignment (cursur position 2).

and current are regulated regardless of the misalignment,
provided that the system is operated under bifurcation.

B. BIFURCATION DETECTION

At the vertical distance of 15 cm, the coupling k15 and kpg is
at 0.053 and 0.037, respectively. The load quality factor QO is
set at 2. The bifurcation boundary in (26) is selected as 85%
which is equal to the ratio Vgepge/ V1 at 1.8 %. Figure 16(a)
shows the waveform measurement under non-bifurcated con-
dition, the same condition as in Figure 7. The inverter is
operated at fy which is 23.33 kHz. The phase angle 6,1_»
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FIGURE 16. Measured waveforms for bifurcation detection of £, V;, V,
and Vsense under (a) non-bifurcation and (b) bifurcation conditions.

is at 90° as mentioned in (16) and the voltage V; is lower
than V;. The voltages Viense and Vi are at 1.9 V and 103V,
respectively. The ratio Venge/V1 18 1.85%, which is greater
than the bifurcation boundary. This indicates that the system
is operated under non-bifurcated condition.

The measured waveforms for the bifurcated condition are
shown in Figure 16(b). For comparison purpose, the voltage
V1 is kept constant at 103 V. When the quality factor Q> is
increased to 8, the voltage V> also increases to 108 V. The
unity voltage gain is achieved, since the frequency increases
to 25.42 kHz which is slightly higher than the frequency f>.
The phase 61— is now at 30° as mentioned in (17). The ratio
Vsense/ V1 1s reduced to 0.85 %, which is lower than the bifur-
cation boundary. This confirms the operation under bifurca-
tion. Clearly, the bifurcation detection is possible through the
proposed ratio Viepge/V1 and the corresponding boundary.

C. OPERATION UNDER CHARGING CONDITIONS

The waveforms during start-up of the on-board charger are
shown in Figure 17. The system is initiated by applying 280 V
of the voltage V;. After the voltage V; reaches the desired
value, the on-board charger then supplies a constant current
Iva at 15 A to the battery pack while the current [,y is at
4.5 A. The voltage Vipy is at 54 V. Note that the voltage
V1 remains rather constant even though the load current is
changed from 0 A to 15 A.

Figure 18(a) shows the measured waveforms during the
beginning of CC mode. The switching frequency fs is at
25.4 kHz. The voltage V, of 284.2 V and current [jpaq 0f 3.2 A
are obtained under steady state. The output power Poy is at
815 W. Measured waveforms on the battery side are shown
in Figure 18(b). The voltage Vipyy is at 47.4 V while the
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FIGURE 18. Measured waveforms at the beginning of CC mode. (a) V;,
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battery is charged under constant charging current lp, at
14.9 A. When the battery voltage is close to the desired value,
the voltage V> remains at 284.8 V, as shown in Figure 19(a).
The current [}o5q increases to 3.6 A and the equivalent resis-
tance in (27) is reduced. The switching frequency f; is reduced
to track the frequency f> at 25.3 kHz. The output power Py, is
also increased to 931.5 W. The voltage Vi, is at 54 V and the
current Iy, is constant at 14.9 A as illustrated in Figure 19(b).

The waveforms of an operation under CV mode are shown
in Figure 20(a). The voltage V; is at 287 V following the
voltage V1 at 274 V. The current Iy, is reduced to 1.5 A.
As a result, the voltage Vi, is maintained at 54 V while the
current Ina 1S decreased to 3.3 A as depicted in Figure 20(b).

D. PRACTICAL OPERATION IN THE COUPLING VARIATION
Figure 21 describes the primary, secondary, and sensing coil
voltage characteristics with respect to the coil coupling. The
primary voltage Vp is kept constant to avoid unnecessary
interaction. When the coupling is less than k., the sec-
ondary voltage V; varies with the coupling, while the ZPA
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voltage controller, PLL controller and bifurcation detection under
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frequency is constant. As the coupling becomes greater than
keri, bifurcation occurs and V; remains constant regardless
of the coupling value. At the same time, Ve is reduced
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whereas the ZPA frequency f; is increased. The rate of change
of the ratio Vi,s./V1 can be used to identify the bifurcation.
Clearly, the ratio Veps/ V1 reduces noticeably under bifurca-
tion. However, the detection level is selected with a desired
margin to guarantee bifurcated operation. The bifurcation
detection level is set at 1.8%.

E. EFFICIENCY

The system efficiency is obtained throughout the operation as
illustrated in Figure 22. The output power and efficiency of
the proposed system are plotted for three different coupling
conditions at k1 = 0.24, 0.20, and 0.15 corresponding to the
vertical distances of 15 cm, 20 cm, and 25 cm, respectively.
Note that within a given load condition, the output power
remains relatively the same even when the coupling coeffi-
cient ky; is varied. The maximum efficiency of the proposed
wireless charger system can be accomplished up to 90% for
the rated power of 1 kW. The efficiency is decreased as the
output power decreases. Overall, the effect of coil position on
the implemented system is insignificant.

VI. CONCLUSION

In this article, the wireless power supply for on-board charger
has been proposed. By approaching bifurcation, the proposed
secondary-voltage controller based on primary-side control
offers constant-voltage gain feature under a variety of loads
and coupling coefficients. Moreover, the bifurcation detec-
tion is performed via the sensing coil located in the middle of
the primary coil. The constant voltage gain can be achieved in
both coreless power pad and the pad with ferrites providing a
flexibility of coupling coefficient and inductance variations.
With the proposed method, cores made of ferromagnetic
material could be reduced or even removed for the benefit
of size, weight, and cost. Experimental results confirm that
the proposed system is suitable for the on-board charger with
the maximum efficiency of 90%.
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