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Abstract—This paper presents analytical switching- IDDi \Lc Lo Co
pattern distributions for the class-E amplifier.  The Y .
switching patterns are changed via border-collision 'P2L ' lics Ve, }io IpD
bifurcation or grazing bifurcation.  Therefore, the S-& WTCs wisR
switching-pattern distribution maps can be obtained Dr ‘
for wide parameter region by solving the bifurcation i
conditions with the analytical steady-state waveform @ (®)

expressions and following the bifurcation curves. By
carrying out circuit experiments, we can confirm theFigure 1: (a) Circuit topology of class-E amplifier. (b)
validity of the distribution maps. Equivalent circuit of class-E amplifier.

1. Introduction

Dr(V)

OFF ON

Ipp (A)

The class-E power amplifier [1]-[4] is expected to be
useful for many applications, e.g., radio transmitters, 0 2nD n
switching-mode dc-power supplies, devices for medical
applications, and so on. Because of the class- 0
E zero-voltage switching and zero-derivative switching 0 nb n
(ZVS/ZDS) conditions, the class-E amplifier can achieve
high power-conversionficiency at high-frequencies.

Since the introduction of the class-E amplifier, many 0 YD o
analytical descriptions of this circuit have appeared [1]-

[4]. Most of these papers focused on the class-E amplifi%rigure 2. Example waveforms in the class-E power

satisfying the class-E ZV&DS conditions, which is o o . - B
called “nominal conditions”. It is important, however, amplifier satisfying nominal conditions f@ = 0.5.

to comprehend behaviors and performance of the class-E
amplifier outside nominal conditions.

Recently, there were several analyses for the class- ) o ) ]
E amplifier outside the nominal conditions [2]-[4].BY carrying out circuit experiments, we can confirm the
Especially, the switch-voltage waveform includesvalidity of the distribution maps.
important information because itffacts the power-
conversion #iciency and the switching noise strongly.
For example, it is important and useful to know the2. Fundamental Switching-Pattern
ZVS region analytically for achieving the high power-
conversion #iciency and the low switching noise. In2.1. Circuit Description and Principle Operation
the class-E amplifier, there are some switching patterns,
whose appearance depends on the parameter set. There i§jigure 1(a) shows the circuit topology of the class-E
however, no research which shows the switching-pattepower amplifier [1]-[4]. This amplifier is composed of a
distributions in the parameter space. dc-supply voltage sourcépp, a dc-feed inductancec, a

In this paper, the switching-pattern distributions for theMOSFET as the switching devic®, a shunt capacitance
class-E amplifier are derived analytically. It is found thatCs, and a series-resonant filte§-Co-R. When the class-E
the transition conditions of switching patterns are the sanamplifier satisfies the zero-voltage switching (ZVS) and the
as bifurcation conditions of the border-collision bifurcatioreero-derivative switching (ZDS) conditions simultaneously
or the grazing bifurcation [5]. Therefore, it is possible toat the switch turn-on instant, the class-E amplifier achieves
obtain the switching-pattern distribution maps by solvindnigh power-conversionfigciency at high frequencies and
the bifurcation conditions with the analytical steady-statéow switching noise. These switching conditions are called
waveform equations and following the bifurcation curvesthe class-E ZV&DS conditions or the nominal conditions,
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S are expressed as the bifurcation conditions. For the
- transition of the switching pattern, two types of bifurcation
>0 phenomena appear, namely, “border-collision bifurcation”
and “grazing bifurcation” [5]. The border-collision

—~ bifurcation occurs when a periodic orbit crosses a border.
2 The grazing bifurcation occurs when a part of a orbit
2 tangentially hits a border.

0 Figure 4 shows the switching-pattern transitions and the

switch voltage and the switch current waveforms, which
[ Jswitchoffstate  [---]switchonstate /7777 body diode on state achieve the transition conditions. The transition conditions
of the switching patterns are given as follows.

Figure 3: Switching patterns of the class-E amplifier 1) dCase le Qaie 2 |5 This tranfsition occurs vyhecr:w thel
outside nominal operation. (a) Case 1. (b) Case 2. @};%ﬁ%-:tate switch-voltage-wavetorm equation in Case
Case 3. (d) Case 4.

vs1(27D) = 0. )

whereus; (0) is the switch voltage in the switchiostate.
which are expressed as This condition means that the switch-voltage waveform
crosses the horizontal line at turn-on instant. Therefore,
vs(27D) = 0, dvs(6) =0, (1) this bifurcation is the border-collision bifurcation.
dé  lp=22D 2) Case 1« Case 3 : This transition occurs when the
steady-state switch-voltage waveform equation in Case 1

wherevs is the voltage across the switching device 8d (4 tisfies

a switch-df duty ratio at the driving signdD,. The switch
turns OFF ab = 0 and turns ON af = 27D by the driving vs1(61) = O, dvs1(6) 0. 3)
signalD;. do  lg-s,

Figure 2 depicts example waveforms in the class-E
power amplifier under nominal operation f&r = 0.5. This condition means that the switch-voltage waveform
During the switch- interval, the current through the shuntgrazes the horizontal line. So, this bifurcation is the grazing
capacitancéc, produces the switch voltage. During  bifurcation.
the switch-on interval, the switch curreig flows the 3) Case 1o Case 4 : This transition occurs when the
switch and the switch voltage is zero by assuming zero ogteady-state switch-current-waveform equation in Case 1
resistance. Generally, the resonant filter has a high qualigatisfies
factorQ. In this case, the output currentsis a sinusoidal di<(d
waveform. is(2r) = O, dis@| @)

do lg=ox

2.2. Switching-Patterns of The Class-E Amplifier It is seen that this bifurcation is the border-collision

Figure 3 shows the switching patterns of the class-Bifurcation.
amplifiers outside nominal operation. Figure 3(a) shows 4) Case 2~ Case 3 : This transition occurs when the
the switch-voltage waveform, which does not reach zersteady-state switch-current-waveform equation in Case 2
prior to turn-on instant. This switching pattern is calledsatisfies
“Case 1” in this paper. Conversely, when the switch .
voltage reaches zero prior to turn-on switching instant, the is(27D) = 0. (5)
MOSFET antiparallel body diode turns ON, as shown FigTh. . .
3(b); this is “Case 2. In Case 2, ZVS is achieved at 6; is condition means that the switch-current waveform
because of the MOSFET body diode. During the MOSFEQllides the horizontal line at turnfioinstant.  This
body diode is in ON state, the switch current is negative?ifurcation is the border-collision bifurcation.
There is a case that the switch voltage retums to positive 5) Case 3 Case 4 : This transition occurs when the
ato = 6, via MOSFET-body-diode ON state, as shown ir> eady-state switch-current-waveform equation in Case 4

Fig. 3(c), which is “Case 3". This switching pattern occursSatisfies
when the switch current becomes positive during the anti- ] dis(6)
parallel diode is in ON state. Additionally, there is also a is(2r) =0, =1~ S 0. (6)

case that the MOSFET body diode turns ONat 0 and
the switch current returns to positivetat 63, as shown in - Thjs bifurcation is the border-collision bifurcation.
Fig. 3(d), which is “Case 4".

2.3. Bifurcation Conditions 3. WAVEFORM EQUATIONS

A switching pattern changes another one when the For obtaining the switching-pattern distributions, we
switch voltage-waveform equation aod switch current- need to derive the waveform equations in the steady state.
waveform equation satisfy certain conditions.  ThéThe analytical steady-state waveform equations for the
transitions of switching patterns are regarded as bifurcatiartass-E amplifier are given following the analysis process
phenomena. So, switching-pattern transition conditiongresented in [2].
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is(9) _ 0, 6) for SWftch OFF | o
Iop 1- T for switch or body diode ON
DD

From the above circuit equations, the analytical waveform
equations in each switch state can be obtained analytically
from (A. 1)-(A. 12) in [2].

Waveform equations of the switch ON and OFF states
are connected by

iol(o) = i02(277), i01(91) = ioz(gl)’ i02(92) = iol(HZ),
i01(27D) = i02(27D), vc1(0) = vca(27), vea(61) = vea(61),
vc2(62) = vei(82), ve1(27D) = veo(27D),

v51(0) = vs1(61) = vs1(62) = 0. (10)

Figure 4. Diagram of switching-pattern bifurcations and
examples of waveforms of the switch voltage and th8y solving (10), the analytical expressions of steady-state
current through the shunt capacitor on each bifurcatiowaveforms for Case 3 can be obtained. The steady-state

conditions.

3.1. Assumptions and Parameters

Figure 1(a) shows a circuit topology of the class-E
First, we define the following normalized

amplifier.
parametersA = fo/f = wo/w = 1/w VLoCq, B = Cy/Cs,

Q = wl/R. Additionally, the circuit analysis in this paper

is based on the following assumptions:

waveforms of Case 3 can express all the switching patterns.
Because the dc-voltage drop across the dc-feed indugtor

is zero,lpp is expressed analytically as a function\tfp

by solving

Vop _ 1 fz" vs(6)
Rlbp 271 Jo Rlpp’

4. SWITCHING-PATTERN DISTRIBUTION

11)

4.1. Design Parameters

1) Both the MOSFET and the MOSFET bosy siode act as

ideal switch devices.

The design specifications for the nominal operation were

2) The dc-feed inductancéc is constant, which is given as switch-fi duty ratioD = 0.5 and loaded quality

expressed ag = Ipp.

By the above assumptions, the equivalent circuit i

obtained, as shown in Fig. 1(b).

3.2. Waveform Equations

From the assumptions and Fig. 1(b), the circuit equatio
can be formulated. When the switch is OFF, the circu

equations are

n

@2. Switching-pattern Distribution

factor Q = 10. First, we carry out the design of the
glass-E amplifier for the class-E ZYZADS conditions by
ollowing the designed method presented in [2]. The
design parameters are obtainedfas= 0.937 andB =
0.575. Figure 6(a) shows the theoretical waveforms for the
nominal conditions. It is seen from Fig. 6(a) that the class-
E ZVS/ZDS conditions were achieved in this state.

By using the transition conditions and the analytical
expressions for the steady-state waveforms in the previous
section, the switching-pattern transition points can be
calculated. By following the bifurcation curves, we can
obtain the switching-pattern distributions.

Figure 5(a) shows the switching-pattern distribution on
the f / fhomrCs/Csnomplane where the subscription “nom”
means the parameter value in nominal conditions. It is
obviously seen that three bifurcation conditions in (2),

When the switch or the MOSFET body diode is ON, wg3) and (6) are achieved simultaneously at the nominal

_1 dusa(6) = A2BQ(1 - ﬂ)
RIDD. dg ID .
THa®) _ 16 ) _ial) -
ID]D- do Q' Rlpp . Rlpp  Ipp
doci(6) A2Q|01(9)
RIDD de - IDD -
have
vs2(0)
g _(a) 1 ©) _ ic2(0)
l2(6) _ vc2 lo2
@ dd0 (9; QRlEiD ((G)RIDD ' o0 ) Y
ve2(f) ooz
Rlpp do =AQ lop '

conditions. Additionally, it is also seen that ZVS region,
namely Case 2 region, appears only fgrf,om > 1.0 and
there is no ZVS region fo€s/Cspnom> 1.05.

Figure 5(b) shows the switching-pattern distribution on
the f/foonrD plane. It is seen from Fig. 5(b) that the
bifurcation curves in (2) and (3) depict the circle and there
are two points that three bifurcation curves of (2), (3) and
(6) cross. Therefore, there are two parameter sets, which
satisfy the class-E ZV/&DS conditions inf / foon D plane.

Additionally, the switch current during the switch-ON Additionally, it is also seen that the Case 2 region appears
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Table 1: Analytical _ Predlct|o_n_s and ExperlmentaIQ: (,L | NS o 5‘5‘L | IS
Measurements for Nominal Condition 220 2/ ?SM =/
| Analytical | Measured| Difference ?JLH S0 2 o L Y S —
@ < (b)
D 0.5 0.5 0.00 % F z o zs S R
Q 10 10 | 000% = N P S VO~ S I - SO A
Voo 50V 50V 0.00 % ;,20[ ~ i "2 N ﬁﬁ S
from | 1 MHz 1 MHz 0.00 % < 0% % u?;‘?' g0 * 212;»
R 5.00Q | 4.99Q | -0.20% g, B S, £
Le | 347uH | 43.0uH | 241% S O[D_gn@f_ TS el
Lo 7.96uH | 8.01uH | 0.62% g S P ; gzoV\“ "el A~ P
Csnom| 6.30nF | 6.28nF | -0.32% Lo - 79 L R N e A
Co 3.62nF | 3.60nF | —0.55% © ®
A 0.937 0.937 0.00 %
B 0.575 0.573 | -0.35% Figure 6: Theoretical and Experimental waveforms. (a)
Po 3.01 298 | -1.03% nominal conditions, vertical of,: 5 V/div, vs: 10 V/div.

horizontal: 200 naliv. (b) Case 1, vertical af,: 5 V/div,
L . vs: 20 V/div. horizontal: 250 n&liv. (c) Case 2, vertical
Ioz?éygg)f/f”"m > 1.0, which is similar to the resuit in of v, 5 V/div, vs: 10 V/div. horizontal: 200 naliv. (d)

' ' Case 3, vertical ob,: 5 V/div, vs: 20 V/div. horizontal:
250 ngdiv. (e) Case 4, vertical af,: 5 V/div, vs: 20 V/div.
horizontal: 500 ngliv. (f) Class-E switching, vertical af;:

For circuit experiments, the design specifications fos v/div, vs: 10 V/div. horizontal: 250 nygliv.
the nominal operation were given as follows: operating
frequencyfoom = 1 MHz, dc-supply voltagd/pp = 5V,
output resistoR = 5 Q, switch-df duty ratioD = 0.5 and
the loaded quality facto® = 10. An IRF530 MOSFET distribution maps can be obtained for wide parameter
device was used in the circuit experiment. Table 1 givesegion by solving the bifurcation conditions with analytical
analytical predictions and experimental measurements feteady-state waveform expressions and following the
the nominal conditions. In this table, all element valuebifurcation curves. By carrying out circuit experiments, we
were measured by HP4284A LCR impedance meter.  can confirm the validity of the distribution maps.

Figure 6 shows the theoretical and experimental
waveforms. Each waveform parameters correspo
to the marks on Fig. 5. We can confirm that thre]gcknowledgments
experimental waveforms agree with the theoretical ones This research was partially supported by Scholarship
quantitatively. ~ This result denotes the validity of thergyndation and Grant-in-Aid for scientific research (No.
steady-state waveform equations and the switching-pattesR760253) of JSPS, SCAT, and TAF, Japan.
distribution maps.

4.3. Experimental Verifications
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