3242

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 6, JUNE 2015

State-Space Modeling of a Class E* Converter
for Inductive Links

Patrick Chi-Kwong Luk, Senior Member, IEEE, Samer Aldhaher, Weizhong Fei, Member, IEEE,
and James F. Whidborne, Senior Member, IEEE

Abstract—This paper presents a state-space-based analysis of
a Class E? converter for wireless power systems based on a two-
coil inductive link. The Class E? converter consists of a 200-kHz
Class E inverter as the primary coil driver and a voltage-driven
Class E synchronous rectifier at the secondary coil of the inductive
link. A piecewise linear seventh-order state-space model is used
to calculate several parameters and values to achieve optimum
switching operation of the Class E inverter and the Class E recti-
fier. Simulation results are presented to compare the accuracy of
the state-space modeling approach with the established analytical
approach. For validation of the state-space analysis, an investiga-
tion of the influence of variation of coil alignment and load for a
20-W Class E? converter prototype system is performed by means
of a novel compensation method that maintains optimum switch-
ing conditions irrespective of variations. Experimental results are
presented to confirm the accuracy of the state-space modeling ap-
proach over a wide range of operational conditions and the utility
of the compensation method.

Index Terms—DC-DC resonant converters, inductive power
transmission, rectifiers.

I. INTRODUCTION

HE Class E inverter has been one of the preferred design
T topologies to be used as the primary coil driver in recent
contactless and wireless power transfer (WPT) applications due
to its design simplicity, high-power delivering capability, sinu-
soidal output current, and efficient operation [1]-[7]. The Class
E inverter consists of a single power MOSFET, hence simpli-
fying the MOSFET gate driving circuitry, overall board layout,
and thermal considerations. On the other hand, Class E recti-
fiers provide an efficient ac/dc rectification for high-frequency
ac voltages [3], [8]-[10]. They operate at resonance and have
a near sinusoidal input current, which makes them suitable for
WPT applications. A Class E rectifier was initially used in a
WPT system operating at 800 kHz in [3], where an efficiency of
94% had been achieved. Extensive analysis has been carried out
in for Class E inverters in [11]-[13] and for Class E rectifiers in
[3]1, [8]-[10], and the references therein.
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Class E inverters and rectifiers can be combined together to
form Class E? dc/dc resonant converters. These converters can
be used to build high-frequency, powerful, and efficient dc/dc
converters. Extensive research has also been carried out on Class
E? dc/dc converters over the past three decades [14]-[29].

A Class E? converter was initially proposed in [14] for in-
ductive links, which had a switching frequency of 200 kHz and
delivered 100 W to a constant 100-2 load at an efficiency of
85.1%. It consisted of a finite dc-feed Class E inverter and a
current-driven Class E voltage-switching rectifier. We continue
on the work in [14] and [20] by presenting a Class E? converter
that has a more compact form for medium power applications
that operate up to 20 W as specified in the “Qi” wireless power
standard [30], [31]. Compactness is achieved by reducing the
component count of the Class E? converter used in [14] as a
result of the dual use of the inductance of the primary coil to
eliminate the resonant inductance of the Class E inverter. More-
over, voltage-driven Class E rectifier with a lower component
count is used instead of the current-driven Class E rectifier.
A MOSFET is employed to replace the diode of the Class E
rectifier to provide an improved performance and efficiency of
the overall configuration. Consequently, a novel self-starting
MOSFET driving circuitry is developed and to be presented
here.

The main aim of this paper is to extend the numerical design
approach based on state-space modeling of Class E switching
circuits that has been used in [2], [3], [14], and [19] to provide
an improved analysis of the Class E? converter, and to use it to
calculate certain parameters and values such as the phase dif-
ference between the switching of the switches of the Class E
inverter and the Class E rectifier, and the maximum current in the
coils of the inductive link. Analytical and simulation results will
be presented to show the improved accuracy of the state-space
modeling approach over the previous work in analyzing Class
E? converters, which has been based on analytical approach.
The analytical approach assumed that the Class E inverter
section of the converter is operating at high () factor and that the
Class E rectifier section could be represented by an equivalent
impedance. It is noted that these analytical models have been
validated by experimental results over only limited load ranges
and operating conditions. However, in such applications such as
WPT, it is highly desirable to have design models that provide
accurate performance prediction over a wider load range and
variations in coil misalignments.

In order to further validate the state-space method experi-
mentally, an investigation of the influence of variations of coil
alignment and load for a 20-W Class E? converter prototype
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Fig. 1. Circuit of the Class E inverter, inductive link, and the Class E rectifier.

system is performed by means of a novel compensation method
that maintains optimal operating conditions irrespective of the
variations.

This paper is organized as follows. Section II presents the
Class E? converter. Analysis is carried out based on a seventh-
order piecewise linear state-space representation. Section III
provides a design example and addresses the effect of coil mis-
alignment and load variation. A comparison is provided between
the results obtained from the analysis presented in this paper
with the analytical approach. Section IV describes the experi-
mental setup of a Class E converter for an inductive link system
and discusses the obtained experimental results. Section V gives
the conclusions and suggests further work.

II. MODELING AND ANALYSIS

The Class E? converter under study consists of a Class E zero-
voltage switching (ZVS) and zero-derivative voltage switching
(ZDS) inverter with an infinite dc-feed inductance [11], an in-
ductive link consisting of a primary and secondary coils sep-
arated by a certain air gap and a voltage-driven Class E ZVS
rectifier presented in [3] and [32]. Fig. 1 shows the complete
circuit of the converter. The inverter and rectifier switches are
designated by ()1 and Q)2 respectively, L is the dc-feed induc-
tance of the inverter, Lp and Lg represent the inductances of
the primary and secondary coils, respectively and M is mutual
inductance between them. Resistor R, represents the load. The
ZDS of the Class E inverter means that the first derivative of the
voltage across switch ()1 is zero at the moment it is switched
ON, which intern results in zero-current switching. The switches
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are driven at the same switching frequency w, but at different
duty cycles, which will be discussed in the following sections.

A. State-Space Representation

The Class E* converter in Fig. 1 can be represented by the
equivalent circuit shown in Fig. 2. Resistors 7p and rg are
included to represent the equivalent series resistance (ESR) of
the primary and secondary coils, respectively. The analysis will
be based on the following two assumptions:

1) switches @; and ), have zero switching times, infinite
OFF resistances and ON resistances 7o, and rg,, respec-
tively;

2) the shunt capacitors C; and C absorb the output capaci-
tance of switches 1 and Q- respectively.

The equivalent circuit can be analyzed by the following gen-

eral state-space representation:

X(wt) = AX(wt) + BU(wt)
Y(wt) = CX(wt) + DU (w)

€]
@

where X is the state vector and contains the following seven
voltage and current states variables:

X (wt) = [(wt)ve, (wt)ve, (wt)ve, (wt) ...
covin, (wi)ip, (wt)ip, (wt)]” 3)

and U is the input vector equal to a unit step function. Using
KVL and KCL, the matrices A, B, C, and D are given as (4)
shown at the bottom of the page, and

B:OOOOLfOOT 6))
C= (6)
D=1 00 0 0 0 0 @)
where I is the 7 x 7 identity matrix and
a=w?(LpLs — M?). ®)

B. Switching Periods and Operating Modes

The Class E* converter will have four operating modes de-
pending on the state of the switches. The switches are either ON
in which they are represented by their ON resistances, or OFF in
which they are represented by their OFF resistances.

i 0 0 0 L 1 0o
wC’lrQ1 wCy wCy
0 0 0 0 0 e 0
1 1
0 0 wC3rgs 0 0 0 wC'y
0 0 0 0 0 0 —
A= 1 ) “)
— 0 0 0 0
’LULf
LSOé —Lpa —a —o Lsar, —ar,
wMQ(l _ Oé) wM?(1—-a) wM (1—a) wM(l —Oé) wM?(1-a) wM (1—a)
a —« —Lpa —Lpa 0 —ary Lpar,
LwM (1l — «) wM(1l—a) wMZ(l—a) wMZ(1—a) wM({l-a) wMZ(I-a) |
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Fig.3. Possible operating modes of the inverter and rectifier for one switching Fig. 4. Voltage waveforms of the inverter MOSFETs Q; and the rectifier
cycle. MOSFET Q.

TABLE I
DEFINITION OF THE OPERATING MODES OF THE CLASS E?> CONVERTER

Mode Domain TQ, rQ,
@ 0<wt <2ma TON1 TON2
@ 0<wt<2m(b—a) roN 00
® 0<wt<27(c—a) 00 00
@ 0<wt<2m(1l-c¢) 00 TONa

Fig. 3 shows the order of the four different modes in one
switching period. It is assumed that the inverter is set to oper-
ate at a duty cycle ratio of 0.50. The order of the modes can
be initially deduced by inspecting the operation of the circuit.
However, the duration of each mode is not yet known. The four
different operating modes are defined in Table I. The switching
period begins in Mode(D) In this mode, both switches are turned
ON and are represented by their ON resistance. At wt = a, the
converter transitions into Mode(2) and the rectifier’s switch is
turned OFF. At wt = b, the converter transitions into Mode(3)
where the inverter’s switch is now turned OFFE. At wt = ¢, the
converters transitions to the final Mode(4) where the rectifier’s
switch is now turned ON and the inverter’s is kept OFF. The
four modes of operation result in four different A matrices,
which lead to four different linear state-space representations.
The complete model of the converter is now a piecewise linear
state-space representation. Fig. 4 shows the voltage waveforms
of the switches that are associated with this mode sequence.
Fig. 4 shows that the duty cycle ratio D; of switch @), is equal
to

D €))

and the duty cycle ratio D5 of switch ()5 is equal to
Dy = 21+ a — c.
21

The phase difference ¢ between D; and D, is equal to

¢ =c.

(10)

(1)

C. Determining the Initial Conditions of the States

The general solution to (1) and (2) is given by

X (wt) = X, (wt) + Xy (wt). (12)

Function X, is the natural response matrix, or the zero-input
response matrix, and is equal to

X, (wt) = e X(0) (13)

where e is the matrix exponential function. X (0) is the initial
condition matrix. Function X is the forced response matrix, or
the zero-state response matrix, and is equal to

Xy(wt) = /0 €A(1M7T)BU(T)dT

= A (e -1)B. (14)

The initial condition matrix X (0) can be determined from the
voltages’ and currents’ continuity conditions as the converter
transitions from one mode to the next as follows:

Xa(0) = Xg(2n(1 - ¢)) (15)
Xo(0) = Xo(27(a)) (16)
X(0) = Xo(2r(b—a)) a7
Xa(0) = Xg(2m(c—1)) (18)
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By substituting (16)—(19) into (12), the initial conditions of all
states in all modes are equal to (19) shown at the bottom of the

page.

D. Solving for Optimum Switching Conditions

The modeling and analysis has now been completed. The
next step is to determine the values of the components and
switching periods for each modes that will achieve the optimum
switching conditions of the Class E? converter. Fig. 4 shows
that the inverter’s optimum ZVS and ZDS conditions occur
in Mode(Dat wt = 0. The rectifier’s optimum ZVS conditions
occur in Mode(® at wt = a and in Mode(d) at wt = ¢. These
optimum switching conditions can be written as

Vpsi1(0) = 0= z@i(0) =0 (20)

Vs, (wt)dwtyyi—g = 0 — 2a5(0) —2a5(0) =0 (21)
VDs»(2ma) = 0 — 23(0) =0 (22)
VDss(2mc) = 0 — 2@z (0) = 0. (23)

By using (19)—(23), a computer program can be written to solve
numerically for the four different component values or param-
eters. The design example in the following section will discuss
this in further details.

III. DESIGN CASE

This section will describe the design procedure of a Class
E? converter prototype for an inductive link. The converter will
operate from a 9-V dc supply and will deliver up to 20 W of
power to a nominal 10-(2 load at a 200-kHz switching frequency.

A. Initial Design

The design procedure begins with coils of the inductive link.
The coils should have a large quality (@) factor at the switching
frequency of the converter for maximum power transfer effi-
ciency. Extensive research has been devoted into developing
coils for inductive links, and it is outside the scope of this paper.
For this reason, the popular “Qi” Wireless Power Consortium
standard [31] is adopted in determining the primary and sec-
ondary coils. Both coils have a maximum dc resistance of 0.1 €2,
an inductance of 24 ;H, and a maximum () factor of 230 at 200
kHz [33]. The coils’ ESR can be calculated and is equal to
0.137 Q. With the addition of the connectors’ resistance and
the dc resistance of the printed circuit board tracks, the total
resistance of the coils is approximately 0.180 €2 at 200 kHz. The
mutual inductance between the primary and secondary coils can
be measured at different separation distances. For a separation
distance of 3mm, the measured mutual inductance is approxi-
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mately 12 ©H, which corresponds to a coupling coefficient (k)
value of 0.50.

The secondary coil of the inductive link and capacitor C'
form the resonant part of the Class E rectifier. The value of Cj
that will cause the rectifier to resonate at 200 kHz is equal to

1

03 - wQLp

= 26.38nF. (24)
The output capacitor Cy should be large enough to maintain a
constant dc voltage. A value of 6.6 uF is found to be suitable.
The duty cycle D5 of switch ()9 and its phase ¢ with respect to
D are the first two parameters that will need to be determined
from (19)—(23).

The dc-feed inductor L of the Class E inverter should be
large enough to maintain a constant dc current flow. A choke
with a 1 mH inductance is used. The duty cycle D; of switch
(2 is initially set at 0.50. MOSFET IRF540 was used for both
switches (1 and Q5. The total resistance of the MOSFETS’
drain-to-source channel and the printed circuit board trace is
approximately 0.15 2. Capacitors C; and Cy are the two re-
maining values that will need to be determined from (19)—(23).

The values and parameters that need to be determined are
now a, ¢, Cq, and Cy. Equations (19)—(23) were programmed
in MATLAB using the Optimization Toolbox and Simulink was
then used to measure voltages and currents throughout the con-
verter. The code is included in the Appendix. Table II lists the
solutions obtained for Dy, C1, and Cy. Table II also lists the
maximum voltages across the switches V), max and Vj, max,
the maximum current in the switches I, max and I, max. the
input average dc current I, the primary coil’s peak-to-peak
current Iz, the output voltage across the load V;,, and the over-
all dc-to-dc efficiency 7. The solutions and measurements for
three coupling coefficient values above and below the nominal
value of 0.50 are included to show how the variation in the
distance between the coils affects the converter. It can be seen
that as the coils are further away from each other, or at loose
coupling coefficients, the converter delivers more power to the
load but at increased current stresses and reduced efficiencies.
Efficiency is reduced due to the increasing currents in the coils,
which lead to higher ohmic losses. The converter delivers less
power to the load as the coils are brought closer to each other or
at tighter coupling coefficients. The duty cycle D, and phase ¢
remain relatively constant when the coupling coefficient varies.
This is because the Class E rectifier’s performance is mainly
affected by the load [3], [32], which is kept constant at 10 €).

Table III lists the solutions and measurements for several
load values above and below the nominal load. The distance be-
tween the coils is kept constant at a coupling coefficient of 0.50.
The converter delivers more power to higher loads at increased

Xa(0) —eAc?ma 1 0 0 A&)l(eAQ‘Zm I)

X@(O) _ 0 _eAg2m(b—a) I 0 Aél (eAg)Zﬂ(b—(l) _ I) 5 1)
X@(O) 0 0 —eA®27T(C*b) I ! AC;)I (€A®27r(07b) I)

X@(O) I 0 0 7€A®27T(178> AE@I (€A®27r(1—(*) _ I)
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TABLE II
CALCULATED PARAMETERS FOR A VARIABLE COUPLING COEFFICIENT AND FIXED LOAD OF 10 2

k f(kHz) D, Do ¢ Ci(F)  C2(mF)  Vo,max(V)  Vo,max(V)  Ig max(A)  Ig,max(A) I(A) I, (A)  Vo(V) n%
035 200 0500 0511 229347  99.656  33.269 31.407 56.133 9.547 4.066 3333 12541 14835 7337
040 200 0500 0511 229489  80.302  35.989 31.530 51.572 7.682 3.746 2676 10106  13.607  76.88
045 200 0500 0511 229.657 66003  39.663 31.618 47.433 6.287 3.457 2196 8288 12562  79.84
050 200 0500 0511 229.864 55230  44.773 31.683 43.736 5.223 3.202 1820 6905 11571 8174
055 200 0500 0510 230.124 46972 52208 31.729 40.447 4397 2977 1538 5833 10760  83.64
060 200 0500 0510 230464 40552  63.826 31.759 37.510 3.744 2.780 1305 4989 10010 8531
065 200 0500 0509 230931 35509 84251 31.777 34.864 3219 2.608 1126 4314 9336  86.01
TABLE III
CALCULATED PARAMETERS FOR A VARIABLE LOAD AND A FIXED COUPLING COEFFICIENT OF 0.5

R(Q)  f(kHz) D, Dy ¢ Ci(mF)  Ca(mF) Vo max(V)  Vo,max(V) I max(A) Ig,max(A) I(A)  Ir,(A)  V,(V) n%
5 200 0500 0573 217.428 84266  40.459 31.514 42.683 8.091 4.827 282 10644 9621  72.89
6 200 0500 0558 220590  75.623  41.297 31.563 43.104 7.249 4338 2527 9544 10156  75.59
8 200 0500 0532 225742 63462  43.005 31.632 43.555 6.048 3.657 2112 7978 10992  79.46
10 200 0500 0511 229.864 55230  44.773 31.683 43.736 5223 3202 1820 6905 11571 81.74
15 200 0500 0470 237587 42731 49.581 31.784 43.703 3.946 2.526 1380 5247 12623 8553
20 200 0500 0440 243215 35561  55.168 31.888 43.395 3.196 2.152 1125 4277 13338  87.85
30 200 0500 0395 251291  27.455  70.145 32.114 42.538 2326 1756 0824  3.158 14158  90.10
50 200 0500 0337 261584  19.844  144.43 32.580 40.671 1.491 1.430 0539 2091 14964 9232
current stress and reduced efficiencies. The output voltage is also V;
reduced. At reduced loads, the converter delivers less power but
at hlgher efﬁmenmes. The duty cycle Dy and phase'¢.vary ac- %” Ly : . :
cordingly since now the load doe§ change. These varla'tlons will Cov Lp 287 Ls Cs
have to be considered and may increase the complexity of the | oo %}:— 7

. e . . . 1 1 1
dr1v11.1g circuitry for sw1.tch Qg. . Jo.L R : | L

It is noted that solutions listed in Tables II and III are not Q1= Cli My Q Cs =
unique; other solutions exist that satisfy the optimum switching ! !
conditions. However, they are not considered further since they : L :
suffer from implementation difficulties and poor efficiencies. @

: , , Vi Vi

B. Comparison With the Analytical Approach

It is necessary to compare the proposed state-space approach %” Ly L %” Ly |

. . . 1 1
with the analytical approach [8]-[10], [20], [23]-[26] in terms Co Lp oo ! Cs I Ly

. . . . . | | |

of accuracy and complexity. In this section, certain solutions |00 ff 1

. . . . : 1 008 !
will be obtained using the analytical approach to determine the y, c OO i y ol R

. pummn 1 pummn !

level of agreement to those in Tables II and III. ! 1 M EQ ! L i

The analytical approach begins by representing the inductive i i
link with an T-equivalent circuit [34] as shown in Fig. 5(a). Next, J=— ' = |
the Class E rectifier part is replaced with an equivalent inductor (b) ()
LEQ and equivalent resistor REQ as shown in Fig. 5(b). Further

* . . . . . . . . . 2 .

details on determining the equivalent inductance and resistance Fig. 5. Equivalent circuits of the Class E* converter for the analytical ap-

of selected Class E rectifier topology in this paper can be found
in [32]. Finally, the components in the output network of the
Class E inverter can be represented by an equivalent inductor
L, and equivalent load resistance R, as shown in Fig. 5(c).
Setting the duty cycle to Dy to 0.50, the values of C; and C
can be determined using the design equations in [2] and [35].
Table IV compares between the solutions obtained using the
two approaches for two load values of 10 and 30 2. For the 10-2
load case, the solutions for Cy, C5, and D5 in both approaches
are relatively close to each other. However, for the 30-(2 load

proach. (a) Replacing the inductive link with a T-equivalent circuit. (b) Replac-
ing the Class E rectifier with an equivalent impedance. (c) Replacing the output
network of the Class E inverter with an equivalent impedance.

case, the difference between the solutions of both approaches
starts to increase. It can be assumed that the analytical approach
is less accurate for the 30-(2 load case since the @ factor of
the inverter is reduced. As a result, the current in coils of the
inductive link is no longer sinusoidal; therefore, the assumptions



LUK et al.: STATE-SPACE MODELING OF A CLASS E> CONVERTER FOR INDUCTIVE LINKS

TABLE IV
CALCULATED VALUES AND PARAMETERS COMPARING THE ANALYTICAL
APPROACH WITH THE PIECEWISE LINEAR STATE-SPACE APPROACH

Rp =109Q,k =0.50 Rp =30Q,k=0.50

Analytical State-space Analytical State-space
(&5 58.088 nF 55.230 nF 29.666 nF 27.455 nF
Cy 45.195 nF 44.773 nF 76.667 nF 70.145 nF
D, 0.515 0.511 0.404 0.395
[} - 229.864° - 251.291°
REQ 96.463 Q2 - 41.512Q -
Lgq 19.726 nH 15.504 nH -
R, 2.693 Q2 5.842Q -
L, 16.738 nH - 14.825 uH -
Vs, - 11.571V - 14.158 V

Voltage (V)

Voltage (V)

0 W 27 0 ks 27
wt wt

(c) (]

Fig. 6. Simulation results comparing the voltage and current waveforms of
@1 and @2 for the analytical approach and the piecewise linear state-space
modeling approach. (a) Voltages for R;, = 10 . (b) Voltages for R, = 0 2.
(c) Voltages for Ry, = 30 €. (d) Currents for R;, = 30 ).

that the analytical approach is based on are not valid. The phase
¢ and output voltage V,, were not determined in the analytical
approach since they involve tedious calculations.

PSPICE simulations were performed using the solutions in
Table IV for both approaches. Fig. 6 shows the voltage and
current waveforms of ()1 and ()2, respectively. A difference can
be observed in the waveforms due to mismatch in the solutions. It
can be seen from the waveforms that the solutions obtained using
the analytical approach do not completely satisfy the optimum
switching conditions of the converter. The voltage across switch
(21 in Fig. 6(a) and (c) is not zero when the switch is turned
ON. This results in a large current spike to flow through switch
(1 as can be seen in Fig. 6(c) and (d). The analytical approach
resulted in a dc output voltage of 11.900 and 14.093 V for a 10
and 30 €2 load, respectively, whereas the state-space approach
resulted in a dc output voltage of 11.571 and 14.158 V for a 10-
and 30-(2 load, respectively.
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C. Compensation for Load Variations and Coil Misalignments

The Class E? converter prototype is to operate at a nominal
load of 10 Q2 at a coupling coefficient of 0.50. Variations can
occur in the load and alignment of the coils while the converter
is operating. These variations can cause the Class E inverter
to operate at nonoptimum switching conditions since Class E
inverters can only operate optimally at a constant load value.
Tables II and III list the solutions for different load and coupling
coefficient values. However, it is necessary to alter the values of
capacitors C; and Cy to compensate for any variations. Since
replacing capacitors may not be practically feasible, it is only
reasonable to keep the values of capacitors C; and Cs constant
for a specific nominal load and coupling coefficient. Other pa-
rameters such as the switching frequency, the duty cycles D;
and D, and phase ¢ can be altered even when the converter is
operating [36].

Table V lists the solutions for different values of loads and
coupling coefficients when capacitors C; and C5 are kept con-
stant at 53.360 and 45.139 nF, respectively. Altering the switch-
ing frequency will shift the operation of the Class E rectifier part
of the converter from resonance. However, efficient operation
can still be maintained [8].

The solutions in Table V will be verified manually by observ-
ing the voltage waveform across switch @;. These solutions
form the basis for the controllers and algorithms to be imple-
mented to achieve automatic compensation.

IV. EXPERIMENTAL VERIFICATION

L_’Q/ A. Implementation and Setup

A Class E? converter was built based on the specifications
and the design method presented in the previous sections. The
complete circuit is shown in Fig. 7. The Class E inverter part is
powered from a 9-V dc supply limited to 2.6 A. The switching
signal of MOSFET, @ is supplied from a function generator via
a MOSFET driver. An electronic load is connected to the output
of the Class E rectifier to simulate various loading conditions.
The coils of the inductive link are initially kept at a separation
distance of 3mm. A photograph of the experimental setup is
shown in Fig. 8.

B. Class E Rectifier Self-Start and Driving Circuit

Driving MOSFET Q)2 of the rectifier requires additional cir-
cuitry to ensure that the switching signal is supplied at the cor-
rect instants. Referring to the time instant c in Fig. 4, MOSFET
Q- switches ON once the voltage across it crosses zero volts.
Therefore, the voltage across MOSFET (- can used to trigger
the switching signal using a comparator. On the other hand, the
voltage across MOSFET (@), cannot be relied on as a trigger
to turn it OFF. This is because the voltage has a near zero time
derivative. Therefore, a one-shot timer is used to drive MOSFET
(22 with a time duration equal to or less than duty cycle Ds. The
timer is triggered once the comparator detects a zero crossing
in the voltage across MOSFET @)>.

The Class E rectifier part is an isolated circuit. Power is not
available immediately once the converter starts up; therefore,
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TABLE V
CALCULATED PARAMETERS FOR A VARIABLE LOAD AND VARIABLE COUPLING COEFFICIENT

R(2) k f(kHz) D, D, ® Vo max(V)  Vo,max(V)  Ig max(A) Ig,max(A)  Ifp(A)  Ip, (A Vo(V)  n(%)
5 0.50 187.882 0.590 0.582 221.433 38.166 53.465 10.543 5.854 4.228 12.841 11.768 72.79
6 0.50 190.042 0.571 0.565 223.465 36.597 51.671 8.952 5.063 3.489 11.088 11.917 75.38
8 0.50 194.750 0.535 0.535 226.997 33915 47.751 6.722 3.954 2.491 8.603 11.932 79.38
10 0.50 200.000 0.500 0.511 229.864 31.683 43.736 5.223 3.202 1.820 6.905 11.571 81.74
12 0.50 205.855 0.465 0.490 232.064 29.750 39.693 4.128 2.640 1.344 5.645 11.025 83.74
14 0.50 212.659 0.426 0.471 233.465 27.894 35.279 3.248 2.169 0.957 4.617 10.120 84.93
10 0.45 187.701 0.543 0.519 228.835 34.499 52.797 6.901 3.704 2.600 8.774 13.726 80.51
10 0.47 192.186 0.526 0.516 229.267 33.373 49.118 6.186 3.504 2.269 7.981 12.876 81.19
10 0.52 206.112 0.480 0.507 230.122 30.536 40.177 4.633 2.990 1.553 6.240 10.729 82.36
10 0.55 217.243 0.444 0.501 229.982 28.689 34.597 3.772 2.632 1.162 5.258 9.312 82.92
Voo
Cs
M
— it LM7805[° 517
Co
-, Lp Ls [/ Q2 = C4§ Ry,
%7 v

Fig. 7.  Circuit of the experimental setup.

the driving circuitry for MOSFET @), will not be functional.
However, the rectifier will still be able to start automatically
due to the body diode of MOSFET (). Once the output voltage
rises to a sufficient level, the driving circuitry will then acti-
vate to allow for synchronous operation. A voltage regulator is
connected to the output of the rectifier to supply power to the
driving circuitry.

C. Results

The Class E? converter prototype was operated at a nominal
load of 10 €2, a coupling coefficient of 0.50, and a 200-kHz
switching frequency. The duty cycle D; was set to 0.50 and the
one-shot timer was set to provide a 2.56- s pulse corresponding
to a duty cycle D, of 0.51. Fig. 9 shows the observed wave-
forms of the voltages across MOSFETSs (), and ()5, the currents
and voltages of the primary and secondary coils and the switch-
ing signals. The waveforms of the piecewise linear state-space
model are also plotted for comparison. It can be seen that the
observed waveforms are in good agreement with the state-space
model. Table VI provides further comparison between several
measured and calculated parameters. The errors between the
measured and calculated parameters could be attributed to the
tolerance of the capacitors’ values and parasitic capacitance and
inductance in the printed circuit board.

Fig. 10 shows a loss breakdown analysis at nominal operating
conditions. Power is mainly lost in the ESR of the inductive link
coils, switching and conduction losses in MOSFETs () and
@2, and other losses such as that of MOSFET drivers, the ESR

Fig. 8. Photograph of the Class E> converter and the experimental setup.

- - - State-space

Voltage (V)

™ 2m

Voltage (V)

Voltage (V)

0 m 2 0 T 27
wt wt

©

Fig. 9. Measured waveforms. (a) Votages across MOSFETS @) and Q5.
(b) Currents in coils Lp and Lg. (c) Primary coil and secondary coil voltages.
(d) Switching signals.
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TABLE VI
CALCULATED PARAMETERS FOR A VARIABLE LOAD AND VARIABLE
COUPLING COEFFICIENT
Parameter Measured ~ Calculated  Error
V, (V) 11.53 11.571 -0.35%
P, (W) 13.294 13.389 -0.71 %
IN(A) 1.88 1.820 +3.30 %
n % 78.57 81.74 —3.88%
Vo,max(V) 326 31.683 +2.89 %
Vo,max(V)  47.0 44.773 +4.97 %
¢° 230 229.864 +0.06 %
1692
15}
13.29
z
= 10}
5 {
148 e 12
ol s = % =
Piy Load rp (o4 Q5  Other*

*Estimated Values

Fig. 10. Power distributions.

of the capacitors, and the timing and control circuitry of the
rectifier. It can be seen that a significant amount of power is lost
the ESR of the inductive link coils, whereas the power lost in
the inverter and rectifier is low. Therefore, the overall efficiency
can be improved by using coils with lower ESR.

D. Load Variation

The performance of the Class E* converter was investigated
for variations in load and coil misalignment as discussed in the
previous section. The load was varied from 8 to 15 2 and the
coupling coefficient from 0.45 to 0.55. The duty cycles and
switching frequencies were varied according to Table V. Fig. 11
shows the measured output voltage, input power, and efficiency
for both load and coupling coefficient ranges. It can be seen
that the measured parameters agree with the calculations in
Table V. The overall efficiency is reduced at higher loads and
loose coupling coefficients, whereas lower loads and tighter
coupling coefficients result in a higher overall efficiencies. The
output voltage and output power are largest at loose coupling
coefficients and higher loads and decrease as the coupling coef-
ficient increases and the load decreases.

The agreement between the measured parameters with the
calculations in Table V confirm that the Class E? converter can
adapt to variations in load and distance in inductive links that
may occur during operation. This is due to the result that the
Class E inverter part of the converter can be tuned to achieve its
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Fig. 11.  Variation in coupling coefficient and load. (a) Output voltage for
a variable k. (b) Output voltage for a variable load. (c) Output power for a
variable k. (d) Output power for a variable load. (e) Efficiency for a variable k.
(f) Efficiency for a variable load.

optimum switching conditions by adjusting its duty cycle and
switching frequency.

V. CONCLUSION

This paper presents a Class E* converter for inductive link,
which consists of a Class E ZVS and ZDS inverter and a Class
E ZVS rectifier. A seventh-order piecewise linear state-space
model has been used to model converter and the inductive link
including the ON resistance of the switches and the ESR of
coils. The state-space model is used to calculate the values of the
converter’s components and parameters for optimum switching
conditions. A compensation method is used to adapt for varia-
tions in the load and the distance between the coils by adjusting
the switching frequency and the duty cycle of the switches.

The accuracy of the state-space model is compared to that of
an analytical model. PSPICE simulations show that calculations
based on the state-space model satisfy the optimum switching
conditions of the converter, whereas calculations derived from
the analytical modeling approach do not completely satisfy the
optimum switching conditions. Experimental results prove the
accuracy of the state-space modeling approach and verify the
utility of the compensation method for variations in load level
and distance between the coupled coils of the inductive link.
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Since the compensation method was implemented manually
in the current work, future work may include the development of
controllers and algorithms to achieve automatic compensation.
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