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Abstract —This paper proposes a combined design
and control method for inductive power transfer systems
that eliminates the need for over-rating the converters in
applications where the coupling conditions vary
significantly during operation. The method is developed
for series-series-compensated systems with only one
active power electronic converter and a diode rectifier
connected directly to a constant voltage dc bus or a
battery. The worst-case volt-ampere requirements are
minimized by shaping the frequency characteristics of the
system. Rated power flow during coupling variations is
achieved by frequency control at constant voltage. Design
guidelines are given to achieve close to unity power
factor, constant current amplitude and minimum switching
losses for the converter over the whole coupling range.
Due to the simple system configuration requiring only one
active converter with minimum rating, the method is
deemed particularly suited for high-power applications.
The properties of the investigated system configuration
are demonstrated by theoretical analysis and time-domain
simulations. Effectiveness and feasibility of the proposed
method are also validated by experimental measurements
from a small-scale laboratory prototype.

Index Terms—Frequency Control, Inductive Power
Transfer, Magnetic Coupling, Power Control, Resonant
Circuits

|.  INTRODUCTION

ECHNOLOGIES for wireless Inductive Power Transfer
(IPT) have developed quickly during the last decades
[1]-[4]. In particular, significant research and
development efforts are currently directed towards battery
charging of Electric Vehicles [2], [4]-[6]. Systems for static
and dynamic wireless charging of road and rail vehicles have
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been recently demonstrated with power levels reaching from a
few kWs towards the MW-range [2], [4], [6]-[8].

High power IPT systems with loose coupling between the
coils rely on capacitive compensation networks to ensure
resonant operation and compensation of the large reactive
power consumption resulting from low mutual inductance.
The basic compensation networks — series-series (SS), series-
parallel, (SP), parallel-series (PS) and parallel-parallel (PP) —
are well established and have been object of extensive analysis
and comparison [9]-[11]. However, optimization of design and
control methods for improving efficiency and robustness to
misalignment or variations in airgap distance, while fulfilling
application specific requirements, is still an active research
field with several approaches being pursued [10]-[18]. More
complex compensation networks, including combinations of
series-parallel connected capacitors [12], and/or additional
inductors [19], [20] have also been proposed. Some of these
topologies have shown promising performance in terms of
reduced stress on power converters in case of variable load
and/or variable coupling [12], [19]-[22]. However, the
increased complexity and the requirement for additional
reactive components make such topologies less preferable for
very high power applications. Especially when reaching the
MW power range, as for the applications in [8], [23],
compensation networks with additional inductors and/or
capacitors will imply significant added cost, complexity,
weight and volume of the integrated system.

Amongst the simple IPT system topologies, SS
compensation is often found most suited for high power
battery charging applications [8] [11]. This is especially the
case when load and coupling conditions may change during
operation, since the SS topology results in small variations in
resonant frequency [11]. SS compensated IPT systems can
also be symmetrical, which leads to simpler coil designs,
particularly when the input/output dc voltages are of similar
magnitudes. Current-source behavior at the pickup-side is also
desirable for battery quick-charging applications. Moreover,
series compensation at sending-end allows for direct use of
conventional voltage-source converter topologies, with no
need for additional series inductance or other impedance
conversion networks.

For any IPT system designed to operate with maximum
efficiency at rated load in a given coupling condition, the
efficiency can only drop when the coupling changes, unless
active control is performed on the equivalent load resistance
and/or on the resonant frequency of the system. At high power
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Fig. 1. Selected topology for IPT system with dc-source and CVL
levels, load matching while controlling the power flow to the Lo C1 R, L L R, C L
desired level is normally achieved by using active power > >
converters at both sides of the IPT link [4], [15]-[18].
However, using a diode rectifier at the pickup side rather than
an active high-frequency high-power converter is a definite @ Viena — JOM -1, —JoM -1, Vyick §Rw/
advantage in terms of system cost and complexity.
This paper addresses the general challenge of designing

high power IPT systems suitable for operation with large
variations in coupling between sending and pickup coils, due
to relative movement or misalignment. Thus, the simple
configuration of an SS-compensated system with a pickup-
side diode rectifier interfaced to a constant dc voltage will be
assumed. The sensitivity of the coupling against relative
movement depends on the physical construction (i.e. shape,
size, etc.) of the coils [11], [12]. However, this paper will not
consider the electromagnetic design of the coils, but will
instead analyze the fundamental properties of SS-compensated

IPT systems transferring power between two fixed dc voltages.

In particular, methods for shaping the frequency
characteristics of such systems will be presented, and it will be
discussed how these characteristics and the choice of control
strategy will influence the rating requirements for the power
electronic converters. On this basis, it will be demonstrated
that a coordinated selection of resonant circuits and frequency
control strategy can allow for minimum Volt-Ampere (VA4)
rating of the converters.

1. BASIC CHARACTERISTICS AND LIMITATIONS OF SS-
COMPENSATED IPT SYSTEMS OPERATED IN RESONANCE

In the simple SS-compensated system of Fig. 1, the sending
coil is excited by the output voltage vs.s of an H-bridge
converter. In general, vi.q(?) is a 3-level waveform with
controllable fundamental frequency and amplitude, within the
limit imposed by the input voltage Vg ». The ac signals at the
pickup terminals of the resonant coils, Vpix and ipik, are
rectified by a diode bridge whose dc terminals are connected
to a Constant Voltage Load (CVL) Vi our.

In the literature, the characteristics of the system in Fig. 1
are usually studied by introducing two major assumptions,
leading to the simple equivalent circuit in Fig. 2:

e Harmonic approximation; all the voltages and
currents in the system are assumed to be sinusoidal.
e Load modelling with equivalent resistance.

Fig. 2. Equivalent circuit of SS-compensated IPT system using
harmonic approximation and equivalent load resistance

Using phasors, the voltage limitations of the system
introduced by the converters are therefore:

22 22

0 < I/.\'end =" Vdr:,in > I/pi(‘k = Vdc,()ur (1)
The equivalent load is expressed as [24]:
R _ ijck — i. Vd(‘,()llt (2)
“ Ipick 7[2 [dc,()ut

It has been demonstrated in [4] that the maximum
achievable power transfer efficiency of the system in Fig. 2 is
given by:

2

k-0

nmax = -
1+1+(k-Q)

The coupling coefficient £ and the quality factor Q are
expressed in terms of the coil self-inductances, L; and L,, the
mutual inductance M and the series-equivalent resistances, R,
and R,, as:

3)

oM (4)

JL, L,
oL o L
0=.00, = %.%
1 2

In order to maximize the power transfer capabilities and
minimize the VA requirements of the sending-end converter,
the resonant circuits at either side of the link are usually tuned
to the same resonant frequency w:

)

1

:a)n'c: :Zﬂf
N

The maximum efficiency in (3) is only achieved when the
system is operated at resonance and the equivalent load at
pickup is perfectly matched to the reflected impedance [11]:

@y = a)(),send -

(6)
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Fig. 3. Variation of sending voltage and current as function of
coupling, assuming rated power flow and operation in resonance

L =
Req = Re!/,matched = a)o 2. 1+ (k : Q)2 (7)

o
Assuming ideal lossless components, the steady-state
power flow across the link, at the resonance frequency defined
by (6), is calculated from Fig. 2 as:

R) — Vsend thck (8)
w, M
When the magnetic coupling between sending and pickup
coils changes, M will change and power flow can be kept
constant by regulating Ve.s. For rated power flow Pryeq at
maximum and minimum coupling, the following holds:
-V V. v

_ I/Se}'u],max pick 7 send,min : pick 9
rated ~ M - M ( )
a)O,max ' a)(),min '

The mutual inductances Myin, Mu and the resonant
frequencies wo,min, Wo,max are those corresponding to minimum
and maximum coupling, respectively. Operation in resonance
with controllable voltage amplitude implies that unity power
factor will be maintained in the entire operating range of the
mutual inductance. For a lossless system, this implies:

Prated = V;'end ,max : Ixend ,min = V;'end ,min : [xend ,max (10)

In this equation, Isenqmin is the current required to transfer
the rated power at the maximum coupling (which corresponds
to maximum voltage), while Isendma 1S the current required at
the minimum coupling (which corresponds to minimum
voltage). Using (9) and (10), the maximum VA requirements
of the H-bridge can be calculated as:

max min

V . _ w().max .Mmax P (1 1)
send ,max send max rated
Oy in M

0,min min

Soena =

For most loosely coupled SS-compensated systems, it is
reasonable to assume L; and L, as constants, resulting in
constant @y. As a result of (4), this implies that M will be
approximately proportional to the coupling coefficient £. Thus,
(11) simplifies into [25], [23]:

S zkmax.P

send k rated
min

(12)

The equation above shows that the range of coupling
conditions has major effect on the V4 requirement at sending-
end when operating in resonance with voltage control. Indeed,
the worst-case rating requirement for the sending end
converter is approximately given by the ratio between the
maximum and minimum coupling coefficients. Thus, the
wider the variation of %, the higher the required V4 rating will
be, regardless of the particular voltage and current levels. This
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Fig. 4. Equivalent circuit of SS-compensated IPT system using
harmonic approximation and CV load resulting from diode-bridge
rectification

is illustrated in Fig. 3 for a case with a ratio of 3 between the
maximum and minimum coupling. The figure clearly shows
how the sending voltage and current will change with the
coupling when conventional fixed-frequency operation in
resonance is used and rated power flow is maintained. In the
figure, Viena and Isnq are normalized to their respective values
at maximum coupling Vsend max and Lsend min.

[l IPT STEADY-STATE FREQUENCY CHARACTERISTICS
WITH CONSTANT VOLTAGE LOAD

When studying the frequency characteristics of the original
physical system in Fig. 1, the load cannot be modeled by an
equivalent constant resistance (CR) as in Fig. 2. Instead, it
must be taken into account that the amplitude of the load
voltage Vyiex will remain constant while the load current I,ic
will change when the excitation frequency changes. Thus, the
combined action of the diode rectifier and the constant dc
voltage source result in the harmonic equivalent circuit of Fig.
4. It is noted that the dependent voltage source representing
the load is influenced by the pickup current; in particular, the
phase of the pickup voltage must be equal to the phase of the
current that is driving the polarity switching of the diode
bridge, resulting in non-linear behavior of the overall circuit.

Using conventional circuit theory and imposing the
constraints described above, a closed form solution for the
currents and voltages in the system can be found. The general
solution including conduction losses results is a complicated
equation that is not shown here due to space constraints.
However, in the ideal case of loss-less coils, the power
transferred to the load has a relatively simple expression:

k2 0)4

v et St 20,2 -2
pic 2 0 a)Z V 2
_ xu _ pick

= = (13)
ou 2 R ’
Lz {wz (k2—1>+2a)02—a)ozj eq (a) xu)
W
where the unbalance factor x, is defined according to:
2
L V icl
x =L 2k (14)
LZ V.\'{’nd

The expression in (13) is only valid when the resulting
power flow is real and positive, marking the limits for
continuous conduction mode operation of the diode rectifier.
For x, < 1, the frequency range where non-zero power transfer
can take place is given by the roots of the second order
equation in the denominator of (13):

f 1 / 1
o, <0<, 0O,=0a06,-" m; o, =, EUS)

From (13) it can be seen that the power transfer at the
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frequencies w=w; and w=wy, will ideally approach infinity.

The situation is markedly different if x,, > 1; in that case the
operating range is given by the solutions of the expression in
the numerator of (13) and is restricted to ., < w < @'y,

. 1 ' 1
W =0, |— O, =0, |—
LT Tk, YT \/l—k/xu

while the power flow approaches zero at the boundaries.
Under the same assumption of loss-less coils, the argument
of the impedance seen by the source in Fig. 4 is expressed as:

1) o’f 1
s
= /—ed — arctan “ “ 17

send
]send k2 6002 6004
A2
X [0} w

u

(16),

From (17), the key property of systems operated at x, = 1
(referred to as balanced systems in this paper) follows:

/7 =0 forallow, <w<ao, (18)

send
Thus, a loss-less balanced system operated with CV load will
maintain unity power factor at the sending end for all possible
operating frequencies within the range in (15).

The system balanced according to the definition above is
also a perfectly matched system in the sense of the classical
definition derived from the concept of equivalent resistance. In
fact, evaluating (13) for x, =1 and @ =@, we get:

:wo.k.Lz

X =

I (19)

Since (13) applies to loss-less coils with infinite Q, (19)
coincides with the expression of the ideally matched load in
(7). It has previously been shown that an optimally matched
system is operated at the bifurcation limit [26]. For CR-loaded
systems this means that for any load higher than the critical
value in (19), the phase displacement between sending voltage
and current will not be monotonous with frequency and will
have two additional zero-crossings beside the one at the
resonant frequency (6). A similar phenomena occurs for CV-
loaded systems, as consequence of the sign-inversion of (17)
around @), when x, crosses unity.

A direct comparison between the steady state characteristics
of the IPT system described above with CR load equal to (19)
and with CV load corresponding to x, = 1 is shown in Fig. 5.
The voltage at the sending end is kept constant in both cases.
In the figure, the power has been normalized to the value at
resonance defined by (8).

As expected, CR and CV characteristics coincide in case of
lossless coils and resonant operation with w = wo. However,
significant differences emerge when considering off-resonant
operation. In particular, the power flow is always bounded in
case of CR load, even when loss-less coils are considered.
Moreover, the constant power factor characteristic of balanced
CV load is never observed in the CR case. Fig. 5 also shows
that when losses are accounted for, CV-characteristics are
strongly affected; however, the power flow still has two
pronounced peaks close to the limit frequencies in (15).
Furthermore, the equivalent sending-end impedance remains
very close to resistive for all frequencies between the two
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Fig. 5. Comparison between characteristics of SS- IPT system with

optimally matched CR load at resonant frequency according to (19)
and with CV load corresponding to x, = 1, at k = 0.35

power peaks, implying close to unity power factor operation
of the sending side converter for a relatively wide frequency
range around the resonance frequency. Comparatively, CR
characteristics are rather insensitive to losses, as long as the Q-
factor remains within the range that can be expected for
practical high power systems. Power peaks are much less
pronounced for CR load and the variation of the sending-end
power factor with frequency is much stronger.

It is emphasized that the characteristics shown in Fig. 5 are
quite general, as they apply to all SS-compensated IPT
systems that are designed to operate under perfectly matched
load, regardless of the particular choice of voltage and current
levels. The characteristics are drawn for £ = 0.35; changing the
coupling will affect the achievable CV operating range, as
stated by (15). Higher coupling also leads to higher
normalized power flow peaks, for the same Q-factors.

V. METHODS FOR ENHANCEMENT OF OUT-OF-
RESONANCE POWER TRANSFER CAPABILITY

The characteristics of the ideal system, resulting from (13)
and (18), suggest that by changing the operating frequency
while keeping constant input voltage Ve, the power Py
transferred to a CV load Vi with a certain coupling
coefficient k can ideally be regulated over the range:

Vsend 'Vpu-k
@, (k)-M (k)

Moreover, the system will have unity power factor at both
the sending and receiving sides over the whole regulation
range. Fig. 5 shows that power control with constant sending
end voltage and close to unity power factor can also be
achieved for a system with reasonable losses in a wide

P <P, <n;  B(k)= (20)
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frequency range around the resonant frequency. This is in
contrast with conventional super-resonant frequency control
normally applied to series-resonant-load converters [27] or
even with the more advanced dual voltage/frequency control
[14], [28], [29]. Those methods achieve negligible turn-on
losses of the switches, since they are always turned-on at zero
current, but turn-off may take place at relatively high current.
Associated losses are normally not negligible, especially when
high-voltage IGBTs are used [30], [31].

The main problem of the constant-voltage, variable-
frequency (CV-VF) control method is the relatively limited
range achievable for the regulated output power. As indicated
in Fig. 5, the range gets smaller as the quality factor of the
coils decreases. Obviously, one should try to pursue the
highest Q possible for the design, in order to achieve highest
possible efficiency (see (3)), but there are indeed practical
limits dictated by component and material properties.

A. Unbalancing the voltage transfer ratio for enhancing
power transfer capability
The upper bound of the achievable power flow with
frequency control can be increased by unbalancing the design
so that the operation at rated voltage in resonance results in
bifurcated characteristics. Using the unbalance factor x,
defined in (14), a design rule for the coils is introduced as:

2 2
L G Vn'c
_zz[ﬂj {L.I_fcj; 0<x, <1 (1)

Ll X xu V‘end

It is pointed out that in most conventional designs,
unbalance in the opposite direction (i.e. x, > 1) is deliberately
added in order to avoid bifurcation and have monotonous
characteristics for the argument of Zgwns [29], [32]. This is
necessary when using control methods that rely on some kind
of phase tracking for power flow control [14], [29].

In [33], the system is designed to operate beyond the
bifurcation limit to extend the ZVS region in a way similar to
what is proposed in this paper. However, no clear design rule
is given, as the effect of unbalance is only indirectly evaluated
by using the CR model.

The effect of unbalancing the design with x, < 1 according
to (21) is shown in Fig. 6 for the case with CV load. It is clear
that a small amount of unbalance is very effective in
increasing the power regulation range and also that it enhances
the bifurcation in the phase characteristics of the system. In
general, it should be expected that the unbalance will affect
the maximum achievable transfer efficiency. However, as
calculated in [11], the expected drop in maximum efficiency is
not significant, as long as the unbalance is kept within 10-
20%.

Even if the unbalancing is making the phase bifurcation
more noticeable, the power factor at sending end remains very
close to unity over the whole frequency range suitable for
power regulation. However, the behavior at the AC terminals
of the H-bridge may turn from inductive to capacitive (and
vice-versa) with changes of the operating frequency and/or of
the voltage ratio. Moreover, operation at the resonant
frequency is guaranteed to be always at exactly unity power
factor. This may be less than optimal for minimization of the
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Fig. 6. Effect of design unbalance on IPT characteristics; Coils with k
=0.35, Q1= Q2=150.

converter switching losses. As discussed in [34], [35], slightly
inductive operation of the H-bridge is desirable, in order to
achieve natural discharge of the output capacitance of the
switches by the load current, resulting in zero-voltage
switching (ZVS) with minimum loss.

B. Detuning for ensuring ZV'S conditions for the H-bridge.

It is possible to modify the phase characteristics of the IPT
system by selecting different resonance frequencies at the
sending and receiving sides [36]. A simple way of achieving
slightly inductive impedance, consistently over the whole
frequency range of interest for power regulation, is to
deliberately introduce detuning of the compensation
capacitances. Thus, the following generalization is proposed:

L
G =G (22)

When the capacitive detuning factor x. is unity, (22)
reduces to the perfectly tuned condition defined by (6). The
effect of detuning on the IPT frequency characteristics is
shown in Fig. 7 and can be summarized as follows:

e x. > 1 widens the range of power regulation in sub-
resonant operation, w; < @ < g pik. The impedance Zgnq
seen by the H-bridge becomes slightly inductive over the
whole frequency range of interest.

e x. < 1 widens the range of power regulation in super-
resonant operation, o pick < @ < wy. The impedance Zye,q
seen by the H-bridge becomes slightly capacitive over
the whole frequency range of interest.

A small amount of capacitance detuning has negligible
effect on the base power flow achievable in resonance and, as
a consequence, on the expected efficiency. The design with x.
> 1 is particularly favorable, as it leads to ZVS with minimum
turn-off current of all H-bridge switches during square-wave
operation, resulting in very low switching losses over the
whole frequency range.
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V. POWER FLOW CONTROL WITH CONSTANT VOLT-
AMPERE OPERATION FOR WIDE VARIATIONS OF COUPLING

The characteristics obtained in the previous section can be
used as basis for controlling the power flow in case of wide
variations of the coupling coefficient without incurring the
worst-case component stress described in Section II.

A perfectly tuned, lossless, SS-compensated IPT system
operated with square-wave modulation in resonance at
nominal coupling k = k. has rated power defined as:

8 ViV,

de,in dc,out

Ra e = P kﬂt?)ﬂ = (23)
! ‘ ( ) ﬂ-z w() (knam ) : knom : \Y) L1L2
As previously discussed, (23) is still a reasonable

approximation if the Q-factor is sufficiently high, even if

small unbalance and capacitive detuning are present. Assume

that the coupling may change during operation in a range:
k,,.<k<k_ (24)

Then, the frequency can be controlled over the sub-resonant
range w; < w < wy to keep rated power flow. Fig. 8 shows the
static characteristics of the IPT in three different coupling
conditions with indication of the resulting operating points at
rated power under the proposed CV-VF control method. Rated
power flow at close to unity power factor is always achieved,
since the system is designed so that the peak power is higher
than the rated value for maximum coupling:

(@, Koy %, ) > P, (25)

max P,

<w<o, out
Since the sending voltage is constant, this implies almost
constant sending current, in spite of the variation of the
coupling in (24). For the particular case of Fig. 8, a variation
of more than 300% on the coupling is possible without

increasing the current rating of the H-bridge:
S ~P

rated

max ? ated

(26)

max V_ -
km)m S,\'Skm(\x Send

This result should be compared with (12) that applies when
conventional voltage controlled operation in resonance is

send Ko kS

nom =
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Fig. 8. IPT characteristics and operating points (marked with circles) at
rated power, constant I/O voltage, variable coupling;

Coils with knom = 0.2, Q7 = Q2= 150;

Unbalance factor x, = 0.95; Detuning factor x. = 1.03

Frequency is normalized with respect to fo(knom), and power is
normalized to Po (Knom)=Prated
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Fig. 9. Variation of sending voltage and current as function of
coupling, assuming rated power flow and CV-VF operation

used. Fig. 9 shows how the coupling affects the sending
current and voltage in case of rated power flow with the
proposed CV-VF control strategy. In the figure, the voltage is
normalized to its constant value Vg0 and the current is
normalized to the base value:

— Rated 27
et I/send ,0 ( )
The results in Fig. 9 are in clear contrast with the behavior of
the system operated in resonance as reported in Fig. 3.

The advantage of the proposed approach for design and
control is made explicit by comparing results from time-
domain simulations in Fig. 10. Operation of an IPT system
designed for conventional voltage control at resonance (fixed
frequency) is shown in Fig. 10 (a) and (b) when using the
well-known phase-shift modulation method for the H-bridge
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Fig. 10. Comparison between IPT voltages and currents at rated power and different coupling for two different design and control methods

[16]. Fig. 10 (c) and (d) show the IPT system designed with
the characteristics of Fig. 8 and operated according to the
proposed frequency control method. Steady state voltages and
currents are shown for nominal and maximum allowed
coupling, respectively.

The system operated at fixed frequency is designed with
ideal balance and is perfectly tuned: x, = x. = 1.0. Its resonant
frequency ' is set by choosing the resonant capacitor values
so that rated power flow P,q.q is achieved at rated voltage and
maximum coupling. Assuming that the same coil design and
I/0O dc voltages are used for both systems, (23) results in:

4 nom @,
Y Tk T30 28)

The results confirm that the worst-case current of the
system operated in resonance and at fixed frequency is about
three times higher than for the system designed and operated
according to the proposed method, as predicted by (12). Fig.
10 (a) also shows that, because of the unity power factor
operation at reduced voltage, the commutations of the H-
bridge take place at very high current. In particular,
considerable turn-on losses must be expected in the leading
bridge leg. In contrast, the H-bridge in the proposed system
design always operates in conditions corresponding to ZVS
with low current, leading to very low switching losses.

It can be noted that it is indeed possible to use a double-
stage conversion system for the system operated in resonance,
with a dc-dc converter regulating the input dc voltage of the
H-bridge for achieving the required variable ac voltage with
square wave operation. However, such solution leads to
increased complexity and cost due to the additional conversion
stage. Moreover, the dc-dc converter is effective in reducing
the switching losses but cannot solve the basic problem of
increased sending current with variable coupling.

VI. EXPERIMENTAL VERIFICATION ON A SMALL-SCALE
IPT PROTOTYPE

To demonstrate the validity of the proposed approach, an
experimental setup with parameters reported in TABLE I has
been used. Two identical coils have been manufactured and
mounted on a structure allowing for variable-distance
operation, as shown in Fig. 11. A simple planar construction
has been used for the coils, featuring an elongated spiral shape
built over a rectangular ferrite back-plate serving as magnetic
shield. As far as the proposed method is concerned, only the
electrical parameters of the coils are relevant (self-inductance,
coupling coefficient, quality factor); the particular shape and
the magnetic construction of the coils has no influence and
will therefore not be discussed in detail.

Measurements in Fig. 12 show the variation of the magnetic
parameters of the coupled coils as function of the separation
distance with perfect alignment. Over the considered range of
distance, the coupling coefficient varies by a factor of 2.75,
while the self-inductance remains almost constant.

The value of the resonant capacitors is designed so that
rated power flow can take place in resonance at the nominal
coupling. Moreover, 3% detuning (x. = 1.03) is introduced in
order to achieve slightly inductive power factor at the output
of the H-bridge, resulting in close to optimal switching.

The quality factors of the prototype are estimated by
considering the equivalent series resistance of all the
components on the current path:

@y 'Ll,z
Q.= tan o
L2.coit T P +2- Ron,HB,D (29)
0" ~1,2
Q] :1723 Q2:1449 Q:\/Q]'QZ :157

Losses in the ferrite plates have been calculated using
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Fig. 11 Coil winding and setup for variable-distance measurements.
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Fig. 12. Variation of parameters of coupled coils with distance.

= T =
s 5
= : 2
Y 7 7
b 71X 7/ \ e C AL VN 77 S LN NN,
s ‘ 7 ) \ 5 ! \ / N s ! /|
1\ / ) ! ) g/ \ /7 3 4 Y £ / s
\ v 3 ¢ s it 5 r X v s 4o
\ / =] Al ’ O A\l ’ "\ ’
3 Y. Y 3 Yod =o X 4 h i 1 Zo 'y ¥ N v
N 7 N 7 A = X * A 7 = N 7 5 7
i i ’ N 2 ) /i ) ! 2 \ ‘
\ 7 b / \ s N % 4/ =
g }/ / Mo ‘/ & 4V AN ‘ g \\\ / N
] 7] 7]
B ’ AN 2 5% N 2 N A
=) o o
= I i I I i i Il = I i I i Il = I i I Il
0 2 4 6 8 10 12 14 1 18 20 0 2 4 6 8 10 12 14 18 18 20 0 2 4 6 8 10 12 14 16 18

time [us]
a) Simulation with ideal converters;

0=157, k=k,,, f = f, =137kHz 0=157, k=156

time [us]

b) Simulation with ideal converters;

time [us]

ks [ =123kHz

¢) Simulation with ideal converters;
0=157, k=2.75-k,,, , f =104kHz

Tek Stop. Tek Stop. Tek Stop.
[ ] s 4 lemnn - b N
AN AE/ANE/ATAN
R\ L Jr/ b\t N\ | “,;/ /A “‘b ’ ‘\\
ANM AN /N | / N\ /
| B o INZ
(B T Tookomts_—moom Joosase ) (@ Toon @ soon 2T fompems oy Joszoss ) (@ ook @ soon  Juoot Tookpoms_-Sg0mv 05505
d) Experimental results; ¢) Experimental results; f) Experimental results;
k=k,, =0205, f=f =137kHz k=1.56-k,, =0320, f=123kHz k=275k,, =0.564, f=104kH:z

Fig. 13 Comparison between simulations and experiments in different cou

pling conditions;

IPT system operated at rated I/O voltage and variable frequency, to achieve rated output power. The curves show:
Blue (solid): Vsend (25 V/div), Cyan (dashed): Vyick (25 V/div), Green (solid): Isend (5 A/div), Purple (dashed): lpick (5 A/div)

classical Steinmetz equation, since the currents are very close
to sinusoidal. However, their contribution is small (less than
1W) and has therefore been neglected in (29).

As verified by evaluating (21) with the parameters of the
setup, the system is designed with unbalance factor x, = 0.95.
According to Fig. 8, this is sufficient for the specified range of
coupling while leaving margin for parameter uncertainties.

Experimental results taken from the prototype are shown in
Fig. 13, together with the results of equivalent
Matlab/Simulink simulations. In these simulations the H-
bridge and the diode rectifier are assumed to be ideal, with
zero on-resistance and infinitely fast commutations of
switches and diodes. All the system losses are lumped into the
equivalent series resistances at either sides of the IPT, whose
values are calculated according to (29).

In the experiments, the DC-voltages at both sides of the
link are kept at their nominal value by using a regulated DC
power supply at the sending-end, and an electronic load
operated in CV-mode at the pickup. For each measurement
point, the coupling is set by changing the separation distance
between the two coils. The system is started at the nominal
resonant frequency f; = 137 kHz; the frequency is then slowly
ramped down until the output power reaches the rated value.

TABLE |
PARAMETERS OF EXPERIMENTAL SETUP
Nominal power, Po 580 W
1/O voltages, Vacin Vic.out 70.0 V,66.5V
Coils

Outer planar dimensions 100 mm by 200 mm
Separation distance (min, max) 20 mm, 56 mm
Ferrite backplate (material, thickness) 3C95,4.1 mm
Number of turns Ni, N2 10, 10

Litz wire (strand diameter, N. of strands)

0.05 mm, 1575

Self-inductance, L1, L2 (min, max)

32.7 uH, 373 uH

Coupling factor, k£ (min, max)

0.205, 0.564

Measured resistance, R1, R2 (100kHz, 150kHz)

45 mQ, 50 mQ

Resonant capacitors

Capacitance value, C,,C,

42.2 nF,40.8 nF

Dissipation factor, tan §

0.002

H-Bridge

Semiconductor devices

IRFP4768, 250V MOSFET

On-resistance, Ron.up (at Tj = 100°C)

30 mQ

Rectifier

Semiconductor devices

IRFP4568, 150V MOSFET

On-resistance, RonD
(rev. cond., Vs =0V, I= 10 Arms)

45 mQ
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As predicted by the characteristics in Fig. 8, the higher the
coupling, the lower the resulting operating frequency. In this
particular case, a variation of coupling between 0.205 and
0.564 (275% increase) leads to a frequency variation between
137 kHz and 104 kHz. As expected from the design, the power
factor at the output terminals of the H-bridge remains
constant, very close to unity and slightly inductive, in spite of
the wide frequency range of operation. As a consequence, the
amplitude of the currents does not change with coupling
variations, resulting in close-to-constant efficiency at rated
power over the whole coupling range. ZVS of the H-bridge
takes place for all values of coupling.

For each operating point, Matlab/Simulink simulations are
performed by using the same I/O DC voltages and the same
operating frequency of the experiments. Resulting waveforms
closely match the experimental results, validating the theory.

Measurements from the setup during the experiments in
Fig. 13 result in about 0.920 dc-dc efficiency, regardless of
coupling. This is due to the currents in the system being
almost constant in spite of the large variation of coupling.
Losses in the coils do increase with frequency, due to slightly
higher ac resistance (see TABLE I), and so do the switching
losses. On the other hand, ferrite losses are expected to
decrease, due to lower flux density. In any case, the
contribution of all frequency-dependent losses is minor in this
case and could not be detected by measurements. According to
(3), the maximum efficiency achievable by the setup at
nominal coupling is calculated as 0.940. The 2% difference is
mainly associated with the combined contribution of non-
modeled loss components (switching losses in spite of ZVS,
losses in the magnetic plates and in the metallic structures
supporting the windings, losses in the dc-filtering capacitors
etc.), measurement errors and uncertainty on loss parameters.

VII. CONCLUSION

A method for minimizing the rating requirements of power
electronics converters in IPT systems intended to transfer
rated power over a wide range of coupling conditions has been
proposed and experimentally verified. It is shown that by
properly designing the coils and compensation networks of a
SS-compensated system with passive pickup, operation at
rated power over a wide range of coupling can be achieved
with constant currents. At the same time, close-to-ideal ZVS
conditions for the sending side H-bridge converter can be
maintained. The theory behind the proposed method is
presented, based on analytical solution of the IPT circuit in
case of CV-loading.

The wide operating range is achieved by designing the coils
with a small unbalance, compared to the ideal and well-known
condition of perfectly matched load, resulting in operation at
rated load that is beyond the bifurcation limit of the system. At
the same time, global ZVS conditions at rated power are
ensured by slightly detuning the resonant frequencies of
sending and pickup coils.

Matlab-based simulations and experiments on a small-scale
prototype demonstrate the feasibility of the approach. Rated
power flow with constant currents and constant I/O voltages

http://dx.doi.org/10.1109/TIE.2016.2582459

has been experimentally demonstrated for coupling variations
as high as 275%. Simple, identical planar coils are used for the
lab demonstrator and coupling is changed by varying the
separation distance; however, the design principle can be
applied to any coil design and coupling variation can be the
result of arbitrary change of relative position and orientation.

Due to the simple structure of the converters and of the
compensation networks, the proposed method is believed to be
particularly suited for high power battery charging
applications where the coupling may change widely during
operation.
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