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Abstract: In a high-efficiency Class E ZVS resonant amplifier a matching and isolation
transformer can replace some or even all inductive components of the amplifier thus
simplifying the circuit and reducing its cost. In the paper a theoretical analysis, a design
example and its experimental verification for a transformer Class E amplifier are pre-
sented. In the experimental amplifier with a transformer as the only inductive component
in the circuit high efficiency mvax = 0.95 was achieved for supply voltage V; =36V,
maximum output power Poyax = 100 W and the switching frequency /= 300 kHz. Mea-
sured parameters and waveforms showed a good agreement with theoretical predictions.
Moreover, the relative bandwidth of the switching frequency was only 19% to obtain
output power control from 4.8 W to Ppyax with efficiency not less than 0.9 in the regu-
lation range.

Key words: Class E amplifier, resonant inverter, dc/dc converter, transformer, leakage
inductance

1. Introduction

High efficiency and a high degree of miniaturization achieved in switching resonant Class
E amplifiers increase the scope of their applications including presently such areas as wireless
energy transfer, induction and dielectric heating, dc/dc converters, plasma drivers. electro-sur-
gical generators, electronic ballasts as well as r.f. transmitters. Among different types of Class
E amplifiers much research effort is devoted to optimise a Class E ZVS (zero-voltage switch-
ing) amplifier with a power supply choke and a series resonant circuit [1-5]. One of possible
improvements in this amplifier is the replacement of its supply choke with a finite dc-feed
inductance. This also allows increasing load resistance and decreasing the amplitude of the
current in the series resonant circuit for given output power and a supply voltage consequently
reducing power losses in the circuit [2-5]. The improvement is useful e.g. in on-chip UHF
Class E amplifiers, where small inductances of nH range are usually required and discrete

* This is an extended version of the paper presented at 13th National Conference on Electronics. Dar-
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coils are often replaced by inductances made of bond wires or copper tracks on silicon sub-
strate [3].

In many applications of Class E amplifiers it is necessary to ensure galvanic isolation of
the amplifier output from its input power supply source. This can be made by applying a trans-
former in the amplifier as proposed e.g. in [5]. The transformer also matches the amplifier load
impedance to ensure nominal or off-nominal operation of the amplifier for its maximum out-
put power. The primary winding inductance of the transformer can be utilized as a finite dc-
feed inductance in the amplifier eliminating the need to use a separate dc-feed inductance
(Fig. 1a). This reduces the number of separate inductive components in the circuit. However,
the transformer also introduces leakage inductances, which modifies the operation of the
amplifier (Fig. 1b). These leakage inductances have to be taken into account in the design of
the amplifier. If a transformer with high leakage inductances is used then also the inductance
of the series resonant circuit in the amplifier can be replaced by the leakage inductance L, of
the transformer secondary winding (Lsz =0 in Fig. 1b). Thus in the isolated Class E ZVS
amplifier of Figure 1a the application of the transformer with high enough leakage inductances
can reduce the number of used inductive components from three (a dc-feed inductance, a re-
sonant inductance and a transformer) to only one — the transformer. Such a reduction of the
inductive components simplifies the amplifier and lowers its cost. This is essential for the
circuits operating in kilohertz and megahertz frequency range where discrete inductive com-
ponents are usually with a magnetic core, and therefore are often bulky and costly.

However, the transformer Class E amplifier requires an analysis to find explicit relations
between the parameters of the transformer, the amplifier nominal operation and obtained para-
meters of the amplifier. Published papers on Class E amplifiers with a transformer have not
provided so far direct design rules or equations for computing parameters and component
values for the lumped-component circuit of Figure la operating in kilohertz and megahertz
frequency range [5-6]. The transformer Class E amplifier can find applications in low-cost
isolated resonant dc/dc converters [7] and inverters. Some applications for the amplifier can be
also predicted in emerging VHF power circuits with air core transformers, which are usually
characterized by high leakage inductances [8-9].

The paper presents a theoretical analysis of the transformer Class E amplifier, a design
example as well as experimental results for the designed and built circuit.

2. Principle of the circuit operation

Figure la shows a simplified diagram of the transformer Class E amplifier. The circuit
comprises a bi-directional transistor switch 71D1 driven by a rectangular gate waveform vgs(?)
with the duty cycle D = 0.5 and the frequency £, a resonant circuit with the capacitors C;, Cgg,
the inductance Lgz and the inductances of the transformer 7r with the winding turn ratio /:n.
The secondary leakage inductance L, of the transformer 7r along with the external inductance
Lgg, the capacitor Csz and load resistance R; form a series resonant circuit L,-Lgp-Cp-R;
(Fig. 1b) with a high loaded quality factor to ensure a sinusoidal shape of the output current .
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Fig. 1. The circuit diagram (a), equivalent circuits (b), (c) and theoretical waveforms (d) for the trans-

former Class E amplifier; Lp, Ls— inductances of the transformer 7r primary and secondary windings,

respectively; Ly, L;, L, — magnetizing inductance as well as primary and secondary leakage inductances
of the transformer 77, respectively; V; — supply voltage

The primary winding inductance Lp acts as a finite dc-feed inductance and conducts the supply
current i), as well as the transformed output current niy. Both currents i;,, and nip compose
the current i; which either is conducted by the transistor switch 71D1 as the current is or flows
through the capacitor C) as the current i¢;.
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The analysis of the transformer Class E amplifier is based on the following assumptions:
a) The equivalent circuit of the amplifier is given in Figure 1c, where the transformer 7r is
modelled by its 7 — equivalent network with the winding turn ratio n = (Ls/Lp)"?,
b) the operation of the amplifier is nominal for the frequency f'= w/2 7, load resistance R, and
the switch S ON duty cycle D = 0.5,
¢) the components of the amplifier are ideal,
d) the sinusoidal output current is given by io(@t) = I,sin(@t +¢), where I,,, ¢— the ampli-
tude and the phase shift of the iy, waveform, respectively.

The loaded quality factor of the series resonant branch Lg-Cx-R,/n* (Fig. 1c) is

oLy 1
RL /n2 COCRRL /n2 '

Or (M

For the frequency f'the reactance X of the L,-Lg-Csz-R; circuit referred to the primary side
is equal to
£_CU(L2+LSR)_ 1 1 X

+— (2
n’ n’ wCgyn oCy n

where L — 1/(wCpg) = 0 — for the frequency f.
The following parameters are defined: p, ¢ [3, 5] and k (the coupling coefficient of the
transformer 77)

3
V[ b ( )
q= 1 = 1 “4)
oL +Ly)C oL,C
L L
S = 5)

k= = .
Li+Ly Lp

The current ic|(@?) flowing through the capacitor C; during the interval ©n < @t <27 is
given by

ot (6)
_ 1 J‘(V, —vi(wt)-v(wt))dot +iy (r)+nl, sin(wt + @).
@ Ly ’
For the same wt interval the voltage v;;(wt) across the leakage inductance L, is found as
. 2
VLl(a)t): WLIM:szlclw (7)

dot d(ot)*



www.czasopisma.pan.pl P N www.journals.pan.pl

N

Vol. 63(2014) A transformer Class E amplifier 625

By differentiating both sides of Equation (6), then substituting Equation (7) to (6) and using
the parameters given by Formulas (3), (4), (5) one arrives at the second order differential
equation for the voltage waveform v(wt) across the switch S [3, 5] for the interval T < wt < 2w

d*v(wt)

(1)’ +q° (v(ot) -V, (1+ pcos(wt +¢))) = 0. )

When the switch S is on (0 < @t <) the switch current ig(@?) is equal to the current i;;(@f) of
the inductance L,

Viot @Ly (nl,, sin(@t + ¢)+i1 (0)). ©)

is(a)t): ill(a)t): a)(L1 +LM) * a](Ll +LM)

For wt = 0 there is
15(0) = lLl(O) = iLM (0)+ I’l]m Sin¢ =0= iLM (0) = —nlm Sin¢. (10)

Hence substituting i;,,(0) found from Equation (10) to (9) and using (3) and (4) Equation
(9) is now expressed as

L

is(@0) = i (06) = (1 + plsin(wt + §)—sin §)). (a1

The dc value of the supply current /; flowing through the voltage source /; is found from
Equation (11) as

I,Ljis(m)dm:”’m—k&, (12)
2 A 2prw
where

B, =2pcos@+ n(7/2 —psing). (13)

From Equations (11), (12) and (13) the normalized switch current is(w?)/I; equals

2r(wt + p(sin(wt + @) —sin @))

B
0, forr<wt<2rx

is(wt)
1,

forO<wt<r

(14)

For the nominal operation of the amplifier the switch is turned on in ZVS and ZDS (zero-
derivative switching) conditions (15), and it is turned off in ZVS conditions (16)

dv(wt

V(a)t)|wf:27z = O/\#|(Uf=2ﬂ = O (15)
wt

dv(iot=r) V;
dot wLp

v(m)=0nis(z) =in(7) = ©C, (z—2psing). (16)
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By solving Equation (8) for the condition (16) the normalized v(wf?)/V; voltage waveform
across the switch S is found

for 0<wt<nrx

E)

v(wt) 2 (17
v, |Aicosqot+ Asingot+1- lq— p2 cos(wt+¢), forr<wt<2r’
where
-1 . 1 .
4 =— 1 (45 gsinzg— A, coszq), A, =— . (4; gcosmq— Ay sinrq), (18)
q —_— —
A; = (q2 —1)(7r—psin¢)—pq2 sing, Ay =1—q° + pq’ cosg. (19)

By substituting Equation (17) along with Equations (18) and (19) to the condition (15) a sys-
tem of trigonometric equations is obtained that is used to compute ¢ and p for a given g € <0;
2>— {1}

L4 1 (pq2 cos@+sin2xq(A4; gcosq+ Ay sin ﬂq)} 0

-1 (20)

—cos27q(A4s gsinzrq— A, coszq)
— pgsing+cos2zq(4s gcosmq+ A, sinzq)+sin27zq(4; gsinzg— A, cosnzq)=0.

The system (20) can be solved numerically e.g. by using the Newton-Raphson method. For
q =1 the system has no solutions, but it can be solved for ¢ close to 1 (¢ can differ from 1
even less than 107, and (20) still can be solved), which is enough for practical circuits. For
q > 2 the amplitudes of currents circulating in the amplifier components become increasingly
high, and power losses increase making the circuit impractical [3-5].

If power losses in the amplifier are neglected then the output power P, equals the input
power P;

I:R
PO: mANL

:V]I]:P]. (21)

Substituting Equation (12) to (21) the amplitude 7, of the output current iy can be ex-
pressed as

B
1, = knliBy (22)
R pr

Using (21) and (22) the output power Py is

Fo

5 2
_ LR _ 1 [an,Bl] . @3

2 2R, pr

From Equations (3) and (5) the normalized inductance n*@Lp/R,, of the primary winding of the
transformer 7r is given by
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2 2

L
nO% P2 (24)
RL kBl

The normalized value @C,R;/n* of the capacitance C; can be found from Equations (4) and
(24) as

oCiR,

R 1 ¥*°B
L= zkzl. (25)
wLpn q prw

1
) pE

From Equation (3) and (9) the voltage v, (@f) across the leakage inductance L; for the interval
0 < wt <m is found as

le(a)t):a)Ll%z(l—k)lf,(l+pcos(a)t+¢)). (26)
w

For the interval © < wt < 2w the voltage v, (wt) is obtained from Equations (8) and (7) in the
form

vi(wt)=(1-k)V,(1+ pcos(wt +¢) — v(wt)). 27)

The input voltage v, of the series resonant circuit X/n® — Ly — Cg — R/n* at the operating
frequency f'is the fundamental component of the sum v(w?) + v, (@f), and is given by

Vi =vg +Vvy =Vgsin(wt+@)+Vy cos(wt + @), (28)

where V' and Vy are found using the Fourier trigonometric series formula as follows

2z

Vi = 1 I(v(a)t) +v(ot))sin(wt + ¢)dwt, (29)
r

Vy :lf(v(a)t)+ vii(ot))cos(wt + ¢)dwt. (30)
T

0

Hence the normalized series reactance X/R; of the series resonant circuit X/n® — Lz — Cg — R,/n* at

the operating frequency fis equal to
X v
==X, 31)
RL VR

The amplitudes V; and Vy are found by substituting Equations (17-19, 26, 27) to Equations
(29) and (30). Next, using Vz and Vy Equation (31) provides the normalized reactance X/R; as
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2p(1- k) prq’ +4(q° —1)sing
k 7r(q -1)
[(1 +)cos2L— )+ (g-Deos 2L + ¢)j
x[ 2mg(q* —1)cosmqg—2(q° —1)sinzq J
COS% + pq((Zq2 +q- l)sin(izq - ¢) + (1 +q- 2q2 )sin(ﬁq + ¢))
—m (Zq2 +q—1)p cos(rq— @)
9 +]2(¢° =cosmg—q (1+2q)pcos(zq + @)
-(g-1 .

+ 27:(1 + q) sinzgq

((1 +q)sin>Z4 hh+a- 1)sm< 14 ¢>)

X _ (32)
R; —4cos¢
( 27q(q* —1)coswq—2(q*> —1)sinzq j
+ pq((2q2 +q- 1)Si1’1(72'6] P)+ (1 +q- 2q2)sin(7rq+ ¢))
((q +Dsin(Ze -h-(a- 1)sm< 1. ¢>]
cosF4 +((4+1)C05(2—¢)—(‘]—1)COS(2+¢)]
+ @ -1 p(2¢* + g—1)cos(zq - )
x| =2(qg*> —1)coszqg—gq p(2g+1)cos(zq + @)
—-(g-1) .
+27(qg+1)sinzg

A high value of the loaded quality factor Oz (= 5) that ensures a sinusoidal waveform of the
output current iy [1] can be also achieved for Lgz =0 if the value of the secondary leakage
inductance L, is high enough. Because the inductance L, is related to k and L, by L, = (1 — k)
Ls= (1 — k)n*Lp the value of Oy that can be obtained for given k and ¢ (X <0) is

e —k)pzﬂ'
k*B,

CULZ

QR: R,

(33)

Even though ¢ does not explicitly occurs in Equation (33) the value of ¢ is necessary to
compute B and p as can be seen from (13) and (20).

By rearranging Equation (33) one can estimate the value of the coupling coefficient & of
the transformer 7r for the given ¢ and the assumed value of Oz when Lgz =0

\Np'n’ +47x B Oy —

2B,0x

Normalized parameters of the transformer Class E amplifier are plotted in Figures 2 and 3.
The dashed lines in the plots show the amplifier parameters for which the assumed value of O
is constant (here Oz =5, Oz =10) and can be obtained by means of the secondary leakage
inductance L, without the external inductor (Lgsz =0). The arrows in the plots point the di-
rection where higher values of Oy are achieved with Lgz = 0. The diamond symbols in the
plots mark the locations of the parameters of the circuit from the design example.

k=p

(34)
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Fig. 2. Theoretical parameters of a transformer Class E amplifier versus ¢ for various values of the
coupling coefficient k of the transformer 7r; a) ¢ — phase shift of the output current i, b) p parameter
as defined by (3), ¢) normalized output power, d) normalized parallel capacitance C; of the switch S
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Fig. 3. Theoretical parameters of a transformer Class E amplifier versus ¢ for various values of the

coupling coefficient k of the transformer 7r; a) normalized series reactance for the frequency f of the

resonant circuit X/n* — Ly — Cz — R;/n?, b) normalized reactance of the transformer primary winding

inductance Lp, c) normalized peak voltage and current of the switch S, d) attainable values of Oz
versus ¢ at constant k for Lgz =0
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Figure 2¢ shows the plots of normalized output power PoR,/(n*V}?) versus g for various
values of k. The maximum value of PoR./(n*V}?) for different k occurs at ¢ = 1.412 [3-5].
From Figure 2c it can also be noticed that as the coupling coefficient £ decreases the output
power of the amplifier is reduced as well (see also Eq. (23)). Then to obtain a required level of
output power it is necessary to increase the amplitude /,, of the output current ip. which in
turn, can enlarge power losses. Thus, on the whole, a transformer Class E amplifier with £ <1
can experience higher power losses if compared to its transformerless version (k = 1) for the
same operating conditions. This issue is important for the special case of a transformer Class E
amplifier when Lgz =0 and it is expected then that & is rather low (typically there can be
0.7<k<0.9 for a transformer 7r with a ferrite core). The low value of k£ (when Lgz = 0) is
necessary to achieve a high enough value of the leakage inductance L, and to obtain a high O,
and consequently the sinusoidal shape of the output current .

Figure 2d displays the plots of normalized capacitance C, of the switch S versus ¢ for
given k. The maximum values of @C,R,/n* for various k occur at ¢ = 1.468. If ¢ is increased
from 0 to 1.468 the value of capacitance C| rises allowing the application in the amplifier tran-
sistor switches with higher output capacitance.

Figure 3a depicts normalized series reactance X/R; of the series resonant circuit X/n* — Lg —
Cy — R,/n* against ¢ for given k. For Lg; = 0 to obtain a reasonable high value of Oy (25) the
value of & is rather low and then X < 0 as shown by the dashed lines of X values for constant Qx.

Plots of normalized reactance of the transformer primary winding inductance n*wLp/R;
versus ¢ for various k are shown in Figure 3b. For ¢ below 0.5 there is a fast increase in the
value of n’ oLp/R;, which also means that then the value of the primary inductance Lp
becomes high. A high-value primary inductance combined with a significant dc magnetizing
component in the supply current conducted by the primary winding can cause that the size of
the transformer 7 with a magnetic core can become large for low ¢ and low «.

In Figure 3c, the peak values of the switch voltage Vsyax and the switch current Igyax nor-
malized to the supply voltage V; and the supply current /; are shown, respectively. For the case
of Lgz = 0 the attainable values of the loaded quality factor Oy versus ¢ for various k are
plotted in Figure 3d. As it can be noticed the O values can be even above 10 for low k and/or
low g.

3. Experimental circuit — design and measurements

To verify results of the theoretical analysis an experimental transformer Class E amplifier
for Lgg = 0 was designed and built. Next, its basic parameters were measured. The given de-
sign example illustrates how the equations from the theoretical analysis can be used in the
amplifier design. The experimental amplifier was designed for the nominal operation with the
matching circuit Cp - Rp (Fig. 4a) and for the following assumptions: supply voltage
V; =36V, maximum output power Poyax = 100 W, the operating frequency f= 300 kHz, am-
plifier drain efficiency 77, = 0.94, supply power Ppiax = Pomax/74 = 100/0.94 = 106.4 W, load
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resistance Rp = 50 Q, the duty cycle of the gate voltage waveform D = 0.5. The transformer 7r
was built with a gapped ETD39/20/13-3F3 ferrite core (gap — 1.32 mm) from Ferroxcube and
a bi-sectional bobbin. Each of the two windings of the transformer was wound in the separate
sections of the bobbin with a Litz wire 270x0.071. The primary winding was Np = 20 turns,
its inductance Lp = 73.8 pH and the secondary winding was Ny = 22 turns, and its inductance
Ls =91.3 pH, which gave the winding turn ratio n = (Ls/Lp)"* = (91.3/73.8)""* = 1.1123. The
coupling coefficient k of the transformer 7r estimated from measurements was k = 0.811 [12].
From Equations (23) and (24) one computes the parameter B, = 27wLpPpax/ Vi = 21ux2mx
300x 10°x73.8x10 %< 106.4/36* = 71.76, which permits calculating from Equations (13) and
(20) ¢ = 0.5121, p = 20.224 and ¢ = -0.5244 rad. From Equation (24) for the circuit of Figure
4a the load resistance R; for the nominal operation is equal to R; = (Rjos T Rs) = n* oL pk*B,/
(P*7) = 1.1123*x27x300x10°x73.8x 10 °x0.811°x71.76/ (20.224*x1) = 6.309 Q, where
Rg— series load resistance, Ry, — series loss resistance modelling all power losses in the
amplifier. The output current amplitude is 7,, = (2Pmax/R1)"> = (2x106.4/ 6.309)"* = 5.808 A,
the series loss resistance Rioss = 2(Pniax ~ Pomax)/ L= 2(106.4 - 100)/5.808* = 0.38 Q and
the series load resistance Ry = R; — Rjo5s= 6.309 — 0.38 = 5.93 Q. From Equation (25) the capa-
citance Cy = n*k*Bi/(¢*p*wzR;) = 1.1123*x0.811°x71.76/(0.5121>%x20.224? x 2 x 300 x 10” x
1x6.309) = 14.57 nF. The parallel capacitance Cy is used to match resistance Ry to Ry, and the
value of Cy is given by Cp = (Ro/Rs - 1)"*/(wRo) = (50/5.93 - 1)"*/(21x300x 10° x 50) = 28.92
nF. From (32) the normalized series reactance for the frequency fis X/R; = -3.12, which gives
X= -3.12xR;=-3.12x6.309 = -19.68 Q. The series equivalent reactance Xy in the circuit in
Fig. 4a is found from Xs= Ro(Ro/Rs— 1)"*/(Ro/Rs) = 50(50/5.93 — 1)"%/(50/5.93) = ~16.166 Q.
Taking into account Xs the series capacitance Csg is given by Csz = 1/(@w(QrR; + X5 - X))
= 1/2nx300x10°(5.16x6.309 — 16.166 — (— 19.68))) = 14.71 nF. The secondary leakage in-
ductance is L, = (1 - k)Ls= (1 —0.811)x91.3 x 10°® = 17.26 pH. Hence the loaded quality
factor Qg is computed as Or=wL/R; = 27 x 300 x 10°x 17.26x10%/6.309 = 5.16. The theore-
tical peak values of of the switch voltage v(@r) and current ig(«r) are found from the waveform
Equations (14), (17) as Veuax =3.572xV; =3.572x36=128.6V and Igux =2.843x1;
=2.843 x Ppvax/V; = 8.403 A. As the switch S an IR MOSFET transistor IRFB4115 was used.
Polypropylene capacitors FKP1 from Wima were applied as C;, Csz and Cp, and their
measured values were C; = 13.94 nF. Cgz = 14.35 nF. Cp = 28.83 nF. The value of C, in the
experimental circuit had to be lowered from its theoretical value to obtain nominal operation
of the circuit because of the output capacitance of the applied MOSFET switch. The obtained
maximum output power in the experimental amplifier was Poyax = 99.97 W with the effi-
ciency 77max = 0.95.

The measured peak values of the transistor switch voltage and current were Vgyax = 136V,
Isuax = 8.2 A, respectively. The designed amplifier was also simulated using LTSpice with an
ideal switch and component values as in the design example. The simulation results were
Pomax =103.5 W, Veuax = 134.5 V, Iguax = 8.33 A for a steady state (after a hundred periods).
For higher values of Or (>10) the output current i, contains a lower level of harmonics and the
differences between parameters of the simulated amplifier and the analytically designed circuit
decrease.
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Fig. 4. Experimental amplifier with a matching circuit and its equivalent circuit (a), measured waveforms
in the experimental amplifier for Poyax (b) and for Po=4.8 W (c)

The experimental amplifier was also tested with respect to FM control of its output power
for Rp =50 Q =const. and V;=36 V. The operating frequency of the amplifier was varied
from 300 kHz to 357.4 kHz and simultaneously the on-time of the switch was adjusted (from
1.67 us to 0.46 ps) to assure its ZVS operation. The output power in the experimental circuit
was regulated from its maximum value to 4.8 W with the efficiency decreasing from 0.95 to
0.9, respectively. Thus this wide range of output power control in the amplifier required only
19% change of the operating frequency.

4. Conclusions

The results of the presented detailed analysis of the Class E amplifier have shown how the
amplifier parameters depend on some of the parameters of the applied transformer. A design
procedure for a transformer Class E amplifier with only one inductive component has been
proposed as well as verified both experimentally and by simulation. The theoretical and
experimental results have agreed well enough to use the design procedure and the analysis
results for engineering purposes. The analysis can be also used to design transformer Class E
amplifiers both with an external inductor in the series resonant circuit and without the inductor
(Lsg = 0). It is worth noticing that the analysis can be used to further optimise the transformer
Class E amplifier by solving the presented equations for D # 0.5 and the nominal or off-
nominal operation of the amplifier. Because the number of inductive components in the trans-
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former Class E amplifier can be much reduced the circuit can find applications in low-cost,
isolated miniaturised resonant dc/dc converters [7, 10, 11, 13, 14] and h.f. power generators
[15,16].
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