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Abstract—Misalignment between charging coils is an unavoid-
able problem in all electric vehicle (EV) charging systems that are
based on wireless power transfer (WPT) technology. This is because
variations in both self- and mutual inductances of charging coils
due to coil misalignments significantly affect the charging rate and
efficiency of the EV charger. As a solution, this article proposes
a new control technique that maintains the rated charging power
level at optimum efficiency in spite of large coil misalignments. To
compensate for the variations in inductances, the technique uses the
information extracted from input impedance to operate the system
essentially at unique converter voltages with zero phase angle,
ensuring that charging will take place at rated power with optimal
efficiency despite any pad misalignments. The article presents a
comprehensive mathematical model, describing the theoretical ba-
sis of the proposed control philosophy. To demonstrate the validity
of the proposed control concept, a 1-kW bidirectional WPT EV
charging system is built and results are presented under misaligned
coil conditions. Results convincingly indicate that the proposed
controller is efficient and capable of maintaining the rated charging
rate despite large coil misalignments and without any dedicated
wireless communication.

Index Terms—Bidirectional, control, misalignment, wireless
power transfer (WPT), zero phase angle (ZPA).

I. INTRODUCTION

G LOBALLY electric vehicles (EVs) are now accepted as
the means of future transport that addresses energy and

emission concerns. EV can be charged using either a wired
or wireless power transfer (WPT) technology. Wired charging
is the most common way of charging EVs but long charging
cables pose trip hazards, and it is not ideal for in harsh and
hostile conditions where there are snow, ice, and chemicals. In
contrast, wireless EV charging, based on the inductive power
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transfer technology, is gaining recognition as a convenient way
to charge EVs through weak magnetic coupling with no physical
connections. WPT enables power transfer across an air-gap and
is safe and convenient and, hence, becoming popular in EV
charging applications [1]–[8].

EVs can be charged wirelessly when the vehicle is either
stationary or moving (dynamic). Irrespective of whether the
EV is stationary or moving, one of the main challenges in
wireless EV charging is to mitigate the adverse effects caused
by the misalignment between charging coils. This is because all
wireless charging systems essentially employ resonant networks
to minimize the supply of reactive power when charging an EV
at the desired power rate. However, in practice the coils cannot
be perfectly aligned during charging and, as a consequence, the
charging system invariably operates under detuned condition
due to variation in magnetic coupling and coil inductances
caused by coil misalignment. When detuned, the system draws
reactive power, increasing system losses and reducing the charg-
ing power level.

A number of techniques, including new control concepts,
special coil designs, hybrid coil structures, topologies, etc., have
been proposed and implemented to address this problem with
varying degrees of success [9]–[26]. Polarized charging pads,
such as Double-D (DD) and bipolar pads, have been proposed
in [9], [10] to improve the magnetic coupling and the tolerance
to pad misalignment. Based on these coil structures, some com-
pensation topologies have also been utilized to further improve
power transfer capability. A dual-coupled LCC compensation
network with compact DD and Q pads has been used in [11]
to improve performance under misalignment. Parallel-hybrid
and series-hybrid topologies of the LCL and CL compensation
networks have been proposed in [12] and [13] to achieve stable
output power and relatively high efficiency. However, without
any active control, the design and construction of these passive
solutions are complex in nature, in addition to being prone to
power fluctuations.

An alternate approach is to adopt active control strategies with
common and simple compensation topologies. This approach
offers freedom to regulate output power through the control of
both primary and secondary converters, and such examples are
phase-shift modulation of full-bridge converters [14]–[20] and
duty cycle control of dc–dc converters [21]–[24]. Although more
control freedom can be achieved with the use of converters, it
is also important to establish a criterion that regulates output
power while operating the system at its optimal state. In [18], an

https://orcid.org/0000-0002-1129-7597
https://orcid.org/0000-0002-0339-7782
mailto:yeranliu@my.swjtu.edu.cn
mailto:mairk@swjtu.edu.cn
mailto:u.madawala@auckland.ac.nz
mailto:Hezy@home.swjtu.edu.cn
http://ieeexplore.ieee.org


5344 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

active rectifier has been used to control the output voltage/current
while using a control criterion, independent of the variation in
mutual inductance, to calculate the primary converter’s optimal
pulsewidth, based on the output voltage and the pulsewidth of
the active rectifier. In contrast, a mutual inductance estimation
method has been proposed in [24] to track the optimal state
against the coupling variation via a buck–boost converter on the
secondary side, while controlling the output voltage through
the primary converter. The Perturb & Observation strategy,
proposed in [21] and [22], searches for the optimal operating
point without using mutual inductance information, but by cal-
culating system efficiency online and adjusting the duty cycle of
converters. The main drawback of these methods is the need for a
wireless communication link to exchange information between
the primary and secondary sides to achieve the optimal state
of operation to minimize losses. In [25], a controller based on
the “ON” and “OFF” times of the primary converter has been
proposed to eliminate the need for communication, but at the
expense of lower efficiency due to loss of resonant energy during
the long “OFF” time period. According to literature, a simple
and cost-effective technique that restores the rated charging
power level at maximum efficiency under large coil misalign-
ments and without any dedicated communication is yet to be
reported.

This article therefore proposes a simple control strategy for
wireless EV charging systems to maintain the rated charging
power level at maximum efficiency even under large coil mis-
alignments and without any direct communication. The tech-
nique estimates the phase relationship between the input voltage
and current from the input impedance and uses the phase rela-
tionship to compensate for the variations in inductances due to
coil misalignment. With the proposed technique, the system is
operated at zero phase angle (ZPA) and with unique converter
voltages to ensure that the output power remains at the rated level
and at maximum efficiency despite misalignments in charging
coils. A comprehensive mathematical model is presented, de-
scribing the theoretical relationship among ZPA, optimal load
resistor, coil inductances, and duty cycles of the converters
that lead to rated power delivery at maximum efficiency. The
proposed method is applicable to both uni- and bidirectional
WPT EV charging systems, and its validity is demonstrated
through theoretical and simulated results, presented in compari-
son to measured results of a 1-kW prototype BD-WPT charging
system.

II. CIRCUIT ANALYSIS

A. Circuit Modeling

A schematic of a typical series–series (S–S) compensated
bidirectional WPT system is shown in Fig. 1(a). The full-bridge
converters, used on both sides, are operated either as an inverter
or a controlled rectifier at 85 kHz, depending on the direction of
power flow. Vo represents the battery voltage of EV, and Vdc that
feeds the primary-side converter is derived from the grid using
a low-frequency converter, which is not shown for brevity. To
improve power transfer capability under weak coupling, an S–S
resonant network is chosen. LP and LS are the self-inductances

Fig. 1. (a) Bidirectional WPT system with series–series compensation.
(b) Fundamental harmonic circuit model during the forward power flow.

of the charging coils, and CP and CS are the respective com-
pensation capacitors. M is the mutual inductance between the
primary and secondary coils.

Fig. 1(b) shows the circuit model at the fundamental fre-
quency, where the voltage produced by the primary converter
is represented as a sinusoidal voltage source V̇P at an angular
frequency ω. The secondary converter, which acts a controlled
rectifier during the forward power flow, and the dc battery load
are represented by an ac equivalent load resistor RLeq. The
equivalent-series resistors (ESRs) of primary- and secondary-
side charging coils are denoted as RP and RS , respectively.

Using Kirchhoff’s voltage law, the circuit model in Fig. 1(b)
can be expressed mathematically by the following equations:

V̇P = ZP İP + jωMİS (1)

0 = jωMİP + ZS İS +RLeqİS (2)

where impedances ZP and ZS seen by primary- and secondary-
side voltages, respectively, are given by

ZP = jωLP + (jωCP )
−1 +RP = jXP +RP (3)

ZS = jωLS + (jωCS)
−1 +RS = jXS +RS (4)

where XP and XS represent the reactance of coil inductances.
Both converters are controlled with phase-shift modulation, and
the rms voltage V̇P produced by the primary converter can be
expressed as

VP =
2
√
2

π
sin
(α
2

)
Vdc (5)

where α is the duty cycle of the primary converter, which is
related to phase-shift ϕP between the two legs of the converter,
through α = 180◦ − ϕP .

The relationship between the dc load resistor RL and the ac
equivalent load resistor RLeq can be represented by

RLeq =
8

π2
sin

(
β

2

)2

RL (6)
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Fig. 2. Output power with various M and β.

where β is the duty cycle of the secondary-side converter, which
is related to the phase-shift ϕS between its two legs through
β = 180◦ − ϕS . RL is an actual load resistor or a dc equivalent
load resistor of battery load expressed as

RL =
V 2
O

Pout
=

VO

IO
(7)

where Pout and IO are the charging power and charging current,
respectively.

B. Dependence of Output Power on M, α, and β

According to (1), the currents on both sides can be
expressed as

İP = V̇P (NPR + jNPI) /WP (8)

İS = V̇P (NSR + jNSI) /WP (9)

where
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

NPR = ω2M2 (RS +RLeq) +RP

[
(RS +RLeq)

2 +X2
S

]

NPI = −XP (RS +RLeq)
2 + ω2M2XS −XPX

2
S

NSR = ωM(RPXS +RSXP +XPRLeq)

NSI = ωM(XPXS − ω2M2 −RPRS −RPRLeq)

WP = (X2
P +R2

P )
[
(RS +RLeq)

2 +X2
S

]

+2ω2M2(−XPXS +RPRLeq +RPRS + ω2M2/2).

Using the above equations, the input power and output power
can be represented by

Pin = Re
[
V̇P · (İP )∗

]
= V 2

PNPR/WP (10)

Pout = Re
[
İS ·RLeq · (İS)∗

]
= V 2

Pω
2M2RLeq/WP (11)

where (·)∗ is the conjugate of variables. As evident from (11),
Pout is mainly dependent on VP , RLeq and M, and hence can
be controlled through α and β for any given M, as per (5) and
(6). However, there are still an infinite number of combinations
of α and β that satisfy (11). Fig. 2 shows the dependence of

TABLE I
CIRCUIT PARAMETERS FOR THEORETICAL ANALYSIS

Pout on M and β. The duty cycle α was set to be 120° and
VP was equal to 156 V according to (5). Unless otherwise
specified, all the theoretical analysis results and figures are
based on the parameters listed in Table I. Note that XP and
XS are assumed to be constant here because the variations
of both LP and LS are small in comparison to M, and the
sensitivity analysis of XP and XS is presented in the next
section.

For example, consider a situation where the system is operated
with α =120◦ while regulating the output power by controlling
β of the secondary converter. In this situation, the rated power is
delivered only when M is 50 μH and β is 147◦, as illustrated by
point A in Fig. 2. Now if M changes from 50 to 35 μH, then the
operating point moves to B, increasing output power to 1.9 kW.
In order to restore the output power to 1 kW, β must be reduced,
forcing the operating point to settle at point C on the rated power
curve. In general, if β is controlled to be along the rated power
curve in Fig. 2, the system can maintain the rated charging power
against the variation of M.

However, Pout is also dependent on VP. Thus various VP (α),
will result in various rated power curves. The equivalent load
resistor RLeqO for given Pout is a function of VP (α) and can be
solved from (11) as where

⎧
⎪⎨
⎪⎩

ZM = ωM

K1 = ω2M2RP +RSX
2
P +RSR

2
P

K2 = ω2M2XP −XSX
2
P −XSR

2
P .

Substituting (5) and (12) shown at the bottom of this page,
into (6), the duty cycle of the secondary converter βO for rated
power can be represented by

βO = 2arcsin

⎛
⎝
√

8RLeqO (α)

π2RL

⎞
⎠ . (13)

βO, as a function of both α and M, is shown in Fig. 3. It is
obvious that βO for constant output power varies with α, which
again has many combinations for each M. Moreover, there is
also a region where any value of β that is not able to provide
rated output power due to small α and relatively large M. This
region can be avoided by increasing α or Vdc.
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Fig. 3. βO for constant Pout versus M and α.

Consequently, determination of the correct α and β combi-
nation that gives maximum efficiency, even for this simplified
condition, is extremely difficult and involves optimization that
cannot be executed real time. However, this difficulty can be
overcome as described below.

C. Optimal Combination of α and β for the ZPA Condition

As explained in the previous section and illustrated in Fig. 3,
there are endless combinations of α and β for both constant
output power and any given M. Moreover, not all combinations of
α and β are optimal in relation to system efficiency, and finding
the unique combination that corresponds to optimal efficiency is
not a simple and straight forward task. However, this challenge
can be overcome by using the phase angle θP between the input
voltage and current, estimated from the input impedance Zin seen
by the primary converter, as the criterion for finding the unique
and optimal combination of α and β. This is because when
the pads are misaligned, the system is detuned (nonresonant)
due to variations in self- and mutual inductances and, therefore,
θP is no longer zero as Zin is now complex. Consequently, the
converter inevitably supplies reactive power to the resonant net-
work, increasing overall system losses. However, if the primary
converter can be operated with ZPA for any given combination of
α and β, the system can be operated at optimal efficiency under
any misaligned conditions to deliver rated power, as described
below.

The input impedance ZIN is the sum of the self-impedance in
the primary side and the reflected impedance from the secondary
side and can be expressed as

ZIN = RP +
ω2M2 (RS +RLeq)

(RS +RLeq)
2 +X2

S

+ j

(
XP − ω2M2XS

(RS +RLeq)
2 +X2

S

)
. (14)

Fig. 4. Variation of θP with M and α.

The input impedance angle θP is given by

θP = arctan

(
Im (ZIN)

Re (ZIN)

)
(15)

where Re(ZIN) and Im(ZIN) represent the real and imaginary
parts of ZIN, respectively.

Fig. 4 shows the variation of θP against M and α, subject
to constraint given in (13). As can be observed, the surface of
θP that intersects with ZPA plane is a single line, and this line
indicates the optimal α that satisfies the ZPA condition for any
given M.

The equivalent load resistor RLeqO that satisfies the rated
power condition is given by (12), whereas RLeqZ that satisfies
the ZPA condition when Im(ZIN) = 0 is given by

RLeqZ |Im (ZIN) = 0 =

√
XS

XP
·
√
ω2M2 −XPXS −RS .

(16)
Accordingly and as shown by the intersection line in Fig. 4,

α satisfies both conditions only when

RLeqO (α) = RLeqZ . (17)

Therefore, the optimal value αopt that corresponds to ZPA
can be determined first by solving (17), and then the optimal
value of β for constant power can be found from (13) using the
optimalα. In summary, the combinations ofα andβ, determined
from (13) and (17), are the optimal duty cycles of converters
that correspond to maintaining constant output power at the
ZPA condition despite any variations in inductances due to pad
misalignment.

RLeqO =
Z2
MV 2

P − 2K1Pout −
√

Z4
MV 4

P − 4Z2
MV 2

PK1Pout − 4K2
2P

2
out

2Pout (X2
P +R2

P)
(12)
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D. ZPA Point as the Optimal Efficiency Point

The system efficiency can be derived by considering the ratio
of output to input power as given by

η=
Pout

Pin
=

ω2M2RLeq

ω2M2 (RS +RLeq) +RP

[
(RS +RLeq)

2 +X2
S

] .

(18)
By setting the derivative of η with respect to RLeq to zero, the

optimal-efficiency load resistor RLeqM can be obtained as

RLeqM =

√
RS

RP
·
√
ω2M2 +RPRS +

RP

RS
XS . (19)

From (16) and (19), it is evident that the two equations are of
similar form and have the common term ω2M2. Usually, ω2M2

is much larger than the other terms, and therefore (16) and (19)
can be approximated as

RLeqZ ≈
√

XS

XP
·
√
ω2M2 =

√
rXωM (20)

RLeqM ≈
√

RS

RP
·
√
ω2M2 =

√
rXmωM. (21)

If the ratio rX = XS /XP is designed to be approximately
equal to the ratio rXm = RS/RP , then the following relation-
ship can be established:

RLeqM ≈ RLeqZ = RLeqO (αopt) . (22)

This is because if the ratio between primary and secondary
coil turns is N (N ≥ 1), then the inductance ratio of the two coils
is proportional to or less than N2, and the resistance ratio of the
two coils is proportional to N. Accordingly, rX ≥ 1/N2 whereas
rXm = 1/N . Thus, the ratio between RLeqM and RLeqZ is less
than

√
N . Usually, N is in the range of 1–1.5, therefore the

difference between RLeqM and RLeqZ is relatively small.
Equation (22) satisfies the condition for constant output power

operation of the system with the ZPA at optimal efficiency.
Moreover, it is easier to satisfy (22) with symmetric charging
coils having the same self-inductances and ESRs, and then ZPA
operation ensures optimal efficiency. For asymmetric charging
coils, whether (22) can be satisfied depends on the variation of
self-inductance and how compensation capacitors are designed
and this aspect needs detailed analysis in such situations.

Fig. 5 shows the variation of system efficiency against M for
various α. For each fixed α, the system efficiency reaches the
maximum for only one value of M but decreases with other val-
ues of M. However, it should be noted that the system efficiency
η is maximum irrespective of the value of M when α equals αopt

given in (17).
The rms values of primary and secondary resonant currents

are shown in Fig. 6. The variations of currents are in accordance
with the system efficiency. For symmetrical coils, it is expected
to have balanced primary and secondary currents. Whenα=60°,
IP and IS intersects at M= 15 μH. However, when M increases,
the difference between IP and IS becomes large, resulting in
larger losses in coils. When α equals αopt, IP and IS are not the
minimum currents, but remain equal in magnitude, to minimize
total coil losses.

Fig. 5. System efficiency with various α versus M.

Fig. 6. Primary and secondary currents with various α versus M.

Fig. 7. Structure of the DD pads.

III. PARAMETER ANALYSIS

A. Influence of Self-Inductance

In Section II,XP andXS were assumed to be constant for sim-
plification. In fact, the self-inductances of coils with ferrite cores
vary with misalignment due to change in magnetic reluctance
with the displacement. In this article, DD type pads are used
as the charging coils, and x represents the misalignment along
X-direction, as shown in Fig. 7. Variations of measured mutual
M, self-inductances LP and LS with misalignment are shown in
Fig. 8 and, as evident, all inductances decrease with increasing x.



5348 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 5, MAY 2020

Fig. 8. Variation in self- and mutual inductances with coil misalignment.

The maximum variation of LP (LS) is about 10.9 μH (10.7 μH)
corresponding to the variation in reactance by 5.82 Ω (5.71 Ω).

In order to demonstrate how the variation in LP and
LS affects the currents, the nominalized self-inductances
LP /LPm (LS/LSm) within the range from 100% to 95% are
considered, while maintaining the mutual inductance at 20 μH.
With each LP and LS , α and β were solved according to (17)
and (13) to satisfy rated output power and ZPA condition, using
the voltage parameters in Table I. Then the primary current IP
and the secondary current IS can be solved.

Fig. 9(a) shows the primary current IP versus LP /LPm and
LS/LSm. It is evident that IP increases with smaller LS but
decreases with smaller LP . In contrast, the variation in LP and
LS has an opposite effect on IS , as can be seen from Fig. 9(b).
Therefore, simultaneous minimization of both IP and IS is quite
difficult to achieve, as minimum IP corresponds to the maximum
IS , and vice versa. A better approach is to balance currents on
both sides to reduce the losses.

The system efficiency η as a function of XP and rX is plotted
in Fig. 10. XP was set to 0.5, 2.5, and 3 Ω to investigate the
sensitivity of the system efficiency to the absolute value of
reactance. Moreover, rX was varied from 0.2 to 5 to show how
the difference betweenXP andXS affects the system efficiency.
For eachXP andXS ,α and β were solved according to (17) and
(13) while satisfying the rated output power and ZPA condition.
Then η was calculated through (6) and (18).

First, it can be noted that the maximum point of each curve
corresponds to rX = 1. That is, under specified condition, the
system efficiency reaches the maximum when XP = XS as
evident from (20) and (21). Second, the larger the mutual induc-
tance, the higher is the system efficiency, as expected. Third, the
system η is more sensitive to rX when M is small, and for large
values of M, the variation of XP and XS has minor effect on η.
Therefore, if rX is designed to be equal to rXm, then operation at
optimal efficiency can be achieved despite coil misalignments.

B. Design of Cp and Cs

CP and CS should be selected properly, keeping rX as close
as possible to the ratio rXm. Therefore, it is preferable to use
symmetrical primary and secondary coils. This is because RP

and RS are almost the same (rXm = 1) and the variations

Fig. 9. Influence of XP and XS on currents. (a) Primary current IP versus
XP and XS . (b) Secondary current IS versus XP and XS .

in LP and LS are also similar, which makes the selection
of CP and CS simpler. In this article, symmetrical DD pads
were used, and the measured self- and mutual inductances of
which are shown in Fig. 8. There are two ways to select CP

and CS . In the first approach 1/ωCP (1/ωCS) is set to be
larger than ωLPmax (ωLSmax) where LPmax (LSmax) is the
largest self-inductance of the primary (secondary) coil as, in
this case, XP (XS) is always negative and the capacitive re-
actance increases with misalignment. In the second approach,
1/ωCP (1/ωCS) is set to be smaller than ωLPmin (ωLSmin)
where LPmin (LSmin) is the minimum self-inductance at the
largest misalignment. The largest misalignment is dictated by
output power level and the maximum primary current as, in this
case, XP (XS) is always positive, and the inductive reactance
reaches the maximum when the coils are in alignment. Because
the system efficiency is more sensitive to reactance when M
is small, CP and CS should be selected to reduce XP and
XS during large misalignments. Thus, the second approach is
preferred.
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Fig. 10. System efficiency with various ratio of XP and XS .

Fig. 11. XP and XS versus misalignment position x.

In this article, the position x = 28 cm where M is 16.7 μH and
the coupling factor k is 0.09 is chosen as the largest misalign-
ment. The minimum self-inductances LPmin and LSmin equal
to 181.95 and 180.8 μH at this misalignment, and ΔL = 0.5 μH
was considered for the initial value of XP and XS . So, CP and
CS can be calculated as

CP =
1

ω2 (LP min −ΔL)
= 19.32 nF (23)

CS =
1

ω2 (LSmin −ΔL)
= 19.44 nF. (24)

Fig. 11 shows the variation of XP and XS against mis-
alignment with CP (19.32 nF), CS (19.44 nF), and the self-
inductance data in Fig. 7. The maximum XP and XS are 6.08
and 5.96 Ω, respectively, and occur at the position x = 0 cm.
The minimum XP and XS are 0.26 and 0.24 Ω, and occur at
position x = 28 cm. The actual ratio rX of XS and XP is close
to rXm, and the error between rX and rXm is less than 10%.
According to Fig. 10, the efficiency drop caused by the error
in rX is less than 0.1%. Therefore, the error in rX , which may
be caused by the variations in CP (CS) and LP (LS), can be
ignored. In addition, even though the maximum XP is 6.08 Ω,
the system efficiency can still be high because M is large and the
system efficiency is not sensitive to XP (XS).

C. Design of DC Voltage

For S–S compensation network, the output power is inversely
proportional to M, and the power transfer capability is limited
by the maximum mutual inductance Mmax. In order to guarantee
the delivery of rated output power under optimal load condition
over the entire misalignment range, the dc voltages Vdc and Vo,
Mmax, and the rated power Pout,rated must be carefully matched.
Moreover, α= β = π should correspond to the maximum input
voltage VP and the maximum equivalent load resistor RLeq

respectively. If α = β = π can satisfy the required power and
optimal load condition under Mmax, then the optimal combina-
tions of α and β under varying (smaller) mutual inductances can
always be found.

For the secondary converter with β = π, the maximum RLeq

for rated power can be expressed by

RLeq,max =
8

π2
sin
(π
2

)2
RL =

8

π2

V 2
O

Pout,rated
. (25)

In order to satisfy the ZPA condition in (20) and the optimal
efficiency condition in (21), RLeq,max should be equal or larger
than

RLeq,max =
8

π2

V 2
O

Pout,rated
≥ ωMmax. (26)

Substituting (26) and (5) with α = π into (12), the rated
output power with optimal efficiency condition can be derived
as an implicit function of Vdc as expressed by (27) shown at
the bottom of the next page. Equations (26) and (27) are the
conditions that Vdc, Vo, Mmax, and Pout,rated should match to
ensure the delivery of rated power at optimal efficiency over the
entire misalignment range.

For example, Mmax is 60.3 μH and Pout,rated is set as 1 kW
in this article. The dc voltages Vdc and Vo are the variables to
be designed. RP (RS) is set to 0.3 Ω (0.3 Ω) and LP (LS) is
set as same as the self-inductance in Fig. 8 at x = 0 cm. The dc
voltage Vdc satisfying (27) can be calculated as 197.5 V and is
rounded up to 200 V. According to (26), the dc voltage VO can
be calculated as 198.8 V and is rounded up to 200 V. As a result,
the equivalent dc resistor RL is 40 Ω, and RLeq,max is 32.4 Ω,
which matches ωMmax = 32.2 Ω. Therefore, both Vdc and Vo

are designed as 200 V in this article for theoretical analysis and
experimental verifications.

Generally, (26) and (27) are the necessary conditions that
ensure the proposed control method is effective over the entire
misalignment range. In practice, the mutual inductance Mmax

can also be designed to satisfy power requirement with a con-
strained voltage rating, or alternatively the maximum power
rating can be evaluated for a given Mmax and dc voltages.

IV. CONTROL STRATEGY

According to the analysis presented in Section II, the two
control goals in the proposed method are to (1) maintain rated
output power through regulation of output current (2) operate
the primary-side converter with ZPA. The proposed control
strategy allows both converters to operate independently with
control freedom to achieve these two goals. Moreover, there is no
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Fig. 12. Control block diagram of the proposed method.

Fig. 13. Block diagram of PQ processing circuit [26].

Fig. 14. Block diagram of the synchronization signal circuit.

necessity for wireless communication between the primary and
the secondary, as the secondary converter, serving as a controlled
rectifier, controls the output current while the primary converter,
serving as an inverter, controls the input voltage VP with ZPA.

The block diagram of the proposed control philosophy is
illustrated in Fig. 12. On the primary side, the input voltage
vP and the primary current iP are sampled to calculate the
input active power PIN and the reactive power QIN with a
signal processing circuit used in [26], as shown in Fig. 13. The
product of iP and vP generates the real-time active power signal.
The current iP is shifted with 90◦ and then is multiplied by
vP to generate the real-time reactive power signal. The two
signals are filtered by low-pass filters and are offset to be positive
dc signals that are proportional to PIN and QIN respectively.
They can be sampled by the analog–digital module in a digital
signal processor (DSP). When PIN and QIN are known, the input
impedance angle θP can be solved as

θP = arcsin

(
QIN√

P 2
IN +Q2

IN

)
. (28)

A PI controller generates ϕP of the primary converter to
control θP to be zero.

In the secondary side, the output current IO is measured and
compared by the reference value I∗O. A PI controller generates
ϕS of the secondary converter according to the output current

Fig. 15. Experimental prototype.

error. Because the equivalent load is resistive, the input voltage
vS of the secondary converter should be in phase with the
secondary current iS . Thus, the PWM driving signals of the
secondary converter are synchronized with iS by a synchro-
nization signal circuit as shown in Fig. 14. Through a bandpass
filter, a phase-shift circuit and a zero-cross detection circuit,
the sinusoidal iS is converted to a square wave to generate the
synchronization signal to the DSP in the secondary side.

Although both the primary and secondary PI controllers work
independently, the convergence of the system is guaranteed due
to monotonic characteristics of β and θP with respect to α.
As evident in (13) and Fig. 3, β is a monotonic function of
α under given output power. For the secondary converter, β is
not changed arbitrarily to regulate the output power but it is
inversely proportional to α and should comply with the output
power constraint. If α is increased, β has to be decreased to
regulate output power. Meanwhile, according to (6) and (15), the
variation of β leads to the change of RLeq and θP . Consequently,
θP is also a monotonic function of α as shown in Fig. 4. If
the measured θP is larger than zero, α is increased and β is
decreased, leading to the decrease of θP . If the measured θP is
smaller than zero, α is decreased and β is increased, resulting
in the increase of θP . Consequently and with time, α gradually
approaches the optimal value that is required for ZPA, whereas
β reaches the optimal value that is required for rated power. Ac-
cordingly, a closed-loop controller with the parameters designed
in Section III guarantees that optimal α and β can always be
achieved.

V. EXPERIMENTAL VALIDATION

A 1-kW experiment prototype, as shown in Fig. 15, was
designed, built, and operated to validate the proposed concept.
Two DD pads are separated by 14-cm air-gap and their physical
size is shown in Fig. 7. The pad misalignment range is [0, 20] cm,
corresponding to the mutual inductance range between 60.3 and
31.6 μH. The circuit parameters of the prototype are listed in
Table II, and the PI controllers, used for regulating the output

ωMmax =

4
π2Z

2
MV 2

dc −K1Pout,rated −
√

16
π2Z4

MV 4
dc − 8

π2Z2
MV 2

dcK1Pout,rated −K2
2P

2
out,rated

Pout,rated (X2
P +R2

P )
(27)
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Fig. 16. Steady-state waveforms of the primary and secondary converters. (a) x = 0 cm. (b) x = 8 cm. (c) x = 12 cm. (d) x = 20 c.

TABLE II
PARAMETERS OF THE EXPERIMENT PROTOTYPE

current and the ZPA condition, were implemented in two DSPs
(TMS320F28335) located on the primary and secondary sides.
All waveforms were recorded using an Agilent DSO-X 3034A
oscilloscope.

The steady-state waveforms of primary output voltage vP ,
primary current iP , secondary voltage vS , and secondary current
iS at four misaligned positions are shown in Fig. 16. When coils
were aligned at x = 0 cm, α and β are close to 180°, the voltage
waveforms are shifted by 900, with primary voltage leading to
indicate forward power flow. With more misalignment indicated
by increasing x, the secondary-side duty cycle β is decreased to
regulate the output current, whereas primary-side duty cycleα is

also decreased to control to maintain θP at zero. It is observable
that currents iP and iS are balanced at each misaligned position,
and increase with larger misalignment.

In order to show the feasibility and effectiveness of the pro-
posed control method, the prototype system was tested using
a closed-loop controller. Fig. 17 shows the primary current
iP , secondary current iS , output current IO, and the measured
QIN when the system was operated detuned at position x =
0 cm, where XP and XS reach maximum. During the interval
between 0s and 2.3s, the system was operated in open loop,
and α and β were set to be 180° and 90° respectively. The
output current IO was only 2.6 A (corresponding to 520 W
output power) and the measured QIN was 150 Var, which
were far from the reference values (5 A/1000 W, 0 Var). The
controller was introduced at 2.3 s. Then the output current IO
was regulated to be the reference value (5 A, corresponding to
1kW output power), and the measured QIN signal decreased to
zero. The response of the controller when changing the output
reference is shown in Fig. 18. During the interval between 0
and 2.4 s, the system was operated with closed-loop control at
rated 5-A output current and 1-kW output power, whereas QIN

was regulated at zero. The reference value of IO was changed
from 5–3 A at 2.4 s, and the actual output current followed the
change whereas QIN was regulated to zero again after a transient
increase.

The output power and system efficiency with coil mis-
alignment are shown in Fig. 19. The output power was reg-
ulated at 1-kW with coil misalignment, and it can be seen
that it was maintained at rated level despite the large coil
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Fig. 17. Transient response when the controller started to work. (a) Waveforms
of iP and iS . (b) Waveforms of IO and QIN signal.

Fig. 18. Transient response when the output reference was changed.
(a) Waveforms of iP and iS . (b) Waveforms of IO and QIN signal.

misalignment. As expected, the maximum efficiency reaches
95.7% when the coils were in alignment but drops to 91.5%
at maximum misalignment, which is acceptable for the large
misalignment.

Fig. 19. Measured output power and efficiency with coil misalignment.

VI. CONCLUSION

A novel control technique that wirelessly charges EVs at
rated power level with optimum efficiency, despite large coil
misalignments, has been presented. The proposed controller
uses the phase angle of input impedance to operate the charger
essentially at ZPA and optimal load condition to ensure that
charging takes place at rated power with optimal efficiency
despite any variations in system parameters due to misalignment.
A comprehensive mathematical model, which describes the
theoretical basis of the proposed control philosophy, has also
been presented. The validity of the proposed control concept has
convincingly been demonstrated, presenting measured results of
a 1-kW bidirectional WPT EV charging system in comparison
to both theoretical results, under misaligned coil conditions. In
order to mitigate the adverse effects of hard switching, soft-
switched operation of converters could be considered in future
research.
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