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Abstract—A Newton-type algorithm for determining
the passive elements including the class-E amplifiers is pre-
sented. To ensure the convergence of the Newton method,
the initial estimation is efficiently provided by the PSO al-
gorithm, where the responses of class-E amplifiers are ap-
proximately expressed in a closed form. It is demonstrated
in the numerical example that the proposed method deter-
mines the passive elements efficiently.

1. Introduction

The class-E switching-mode circuits have become in-
creasingly valuable components in many applications, e.g.,
radio transmitters, switching mode-dc power supplies, de-
vices of medical applications, and so on. Since the class-E
switching, namely, both zero voltage switching (ZVS) and
zero derivative switching (ZDS), the class-E switching cir-
cuits can achieve high power conversion efficiency at high
frequencies. However, the design of the class-E amplifiers
is quite difficult because two switching conditions should
be satisfied simultaneously on the steady-state of the cir-
cuits.

Since the invention of the class-E amplifier, many ana-
Iytical descriptions of this circuit have been presented [1]-
[2]. Although these treatments give useful guidance for
designs of the class-E amplifiers, it is impossible for these
design methods to consider all the effects of passive/active
elements including in these circuits.

A design procedure for the generalized class-E ampli-
fiers was given by using SPICE [3]. In this method, the
design of the class-E amplifiers is regarded as determina-
tions of steady-state waveforms and parameters for obtain-
ing the class-E ZVS/ZDS conditions simultaneously. This
method allows us to consider all the physical effects of de-
vices within the mathematical model of circuit simulator.
In this method, however, the incomplete set of variables is
forced into the steady-state conditions. i.e., only the state
variables with respect to the external passive elements are
considered and the variables for the parasitic elements in-
cluding in the device model are ignored. Therefore, the
steady-state analysis of this method is not accurate. In-
stead of the Newton method, Particle Swarm Optimization
(PSO) was introduced for design of the class-E amplifier
[4], where the class-E amplifier is analyzed by a simu-

lator which finds the steady-state directly. Although this
method provides a good design of the class-E amplifiers,
the stochastic nature of PSO algorithm requires huge num-
ber of estimations of objective function, which make the
optimization method computationally inefficient.

In this paper, a Newton type algorithm is presented for
the optimization of class-E amplifiers, where the circuit re-
sponses are calculated by HSPICEREF, which is a simulator
that finds the steady-state responses of nonlinear circuits.
To ensure the convergence of the Newton method, a good
initial estimation is required. Thus, the circuit responses
of the class-E amplifiers are approximately expressed in a
closed from. Next, the PSO algorithm is applied to finding
the initial estimation for the Newton method. In the numer-
ical example, it is confirmed that the Newton method with
the initial estimation obtained by the PSO provides a good
design of class-E amplifiers efficiently.

2. Newton Method for Design of Class-E Amplifier

A circuit topology of the class-E amplifier is shown in
Fig. 1(a). The class-E amplifier consists of dc-supply
voltage Vp, dc-feed inductor L¢, n-channel MOSFET S,
shunt capacitor C'g, and series resonant circuit composed
of inductor Ly, capacitor Cy, and output resistor R. For
achieving high power conversion efficiency, it is effective
that the zero voltage switching (ZVS) and zero derivative
switching (ZDS) are fulfilled simultaneously at the turn-on
instant of switch. These conditions are called the class-E
ZVS and ZDS conditions which are written by

ZVS: vy (T) = 0, (1)
s T — )
dt |,_,

where T is the switching period and we define that the
switch turns on at t = kT for an integer k. Figure 2 shows a
typical waveform of the switch voltage vg when the class-E
switching conditions are satisfied. The voltage vg switches
smoothly at 7" and 27" without switching losses. In oder to
satisfy the conditions (1) and (2), design parameters such
as values of the passive elements and device parameters of
the MOSFET S should be adjusted optimally. Moreover,
the class-E switching conditions should be satisfied on the
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steady-state of the circuit, which make design of the class-
E amplifier difficult.

The resonant filters in the class-E amplifiers usually have
a high Q value, which means that the transition time is long
until it reaches the steady-state and the transient analysis of
the class-E amplifier requires a large computational cost. It
is uncertain how many cycles of input voltage D, shown
in Fig. 2 is necessary for obtaining the steady-state wave-
form. Hence, a method for finding the steady-state solution
directly should be used for analyzing the class-E amplifiers
and we use HSPICERF to obtain the responses.

In this paper, we present a procedure for determining the
passive elements which satisfy the class-E ZVS and ZDS
conditions. First, the nonlinear equations associated with
the class-E ZVS and ZDS conditions are written by

flz) = 0, 3)
where f = (fi(z), fo(2))", fi(z) = vs(T), folx) =

is(T') = Cs dvg/dt|,_;, and x is a vector of values of
passive elements. It should be noted that C's is used as a
scaling factor to the ZDS condition (2).

The nonlinear equations (3) are solved by the Newton
method:

LTpt+1 = Tp — fl(wn)ilf(wn)a (4)
where f'(x,) is the Jacobian matrix. To ensure the con-

vergence of the Newton method, the linear search method
with the direction

d=—f"(xn) " flan) ®)

is used. We find the smallest inter m > 0 such that
If (@ + 27" d) || <||f(n)]]- (6)
The elements of Jacobian matrix are obtained by giving

a small perturbation € to the design parameters and running
the circuit simulation. For example, when the n-th solu-

tion of the Newton method as ,, = (z1,Z2,...,73) L,

0f1/0x, is calculated by

% _ fl(CUl +6,£L'2,...,$n)—fl(CUl,CUQ,...,CUn)

Oxy € )
@)

Although this method is similar to one in [3], it has only to
determine the design parameters since the steady-state re-
sponses are calculated by HSPICERE. The steady-state re-
sponses are obtained by the time-domain shooting method
on HSPICERF. Therefore, the proposed procedure is a
multi-level Newton method.

I'When the number of values is larger than 2, the generalized inverse
matrix is used in (4).

Figure 1: Class-E amplifier. (a)Circuit model with MOS-
FET. (b)Circuit model with ideal switch.
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Figure 2: Capacitor voltage of the class-E amplifier.
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3. Finding Initial Guess

3.1. Convergence of Newton Method

It is well-known that the Newton method requires a good
initial estimation to converge on the solution. The conver-
gence ratio depends on complexity of nonlinear functions.
The nonlinear functions of (3) consist of the shunt capacitor
voltage fi(x) = vs(T') and current fo(x) = is(T'). The
surfaces of these functions are shown in Figs. 3(a) and 3(b),
where there are many local minimums of these functions.
Hence, we cannot ensure the convergence of the Newton
method without a good initial guess. Since the surfaces
are too complicated, a stochastic optimization technique is
required to find the estimation. However, this is computa-
tionally expensive, because the circuit simulation by a sim-
ulator must be run repeatedly. Alternatively, the MOSFET
of class-E amplifier shown in Fig. 1(a) is replaced with the
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(b)

Figure 3: Surfaces of nonlinear functions associated with
the ZVS and ZDS conditions, where the axes of the bottom
plane are C's and Cy. (a)|vs(T")|. (b)|is(T)].

ideal switch. The ZVS and ZDS conditions are expressed
in a closed form. Next, finding the initial estimation is de-
fined as an optimization problem and a stochastic method
is applied to solving it. The following subsections provide
the closed form expression and the optimization method.

3.2. Closed Form Expression

Since the circuit equation of Fig. 1(b) is classified into
on the ‘on’ and ‘off” states of the ideal switch S. The circuit
equation at the on state is written by

dx o, (t)
dt

= alwon(t) + ,By (0 <t < T/2) )
where Ton(t) = [ic(t),vs(t),i0(t), v(t)]on is the state
vector at the on state. «; and B are coefficient matrix
and a constant vector related with DC voltage supply, re-
spectively. As (8), the circuit equation at the off state is
expressed by

dzosys(t)
dt

xopf(t) + 8, (I/2<t<T) )
where ©o7¢(t) = [ic(t),vs(t),%0(t), v(t)]osy is the state
vector at the off state.

Equations (8) and (9) are both linear and time invari-
ant. Thus, the solutions are expressed via the eigen
decomposition of the coefficient matrix a: aS =

Sdiag{A1,..., \s}, where Aq, ..
The solutions are then written by

., A4 are the eigen values.

mon(t) = ’7113(0) + ¢17 (10)
Topr(t) = 7ox(T/2) + b, (1D
where
v, = Sdiag{eM?!,... eM}ISH
At _ 1 Aat _ 1
¢, = Sdiag{< LS 1S718.
AL A4

v, and ¢, can be written similarly to v, and ¢, . From the
steady-state condition; &,,,(0) = x,f¢(T), the initial con-
ditions which give the steady-state responses are obtained
as

z(0) = (I—7vy7) (120, + )8, (12)

where I is the identity matrix.

In order to obtain the initial estimation for the Newton
method provided in Sect. 2, it is defined as an optimization
problem. The objective function is given by

f@roin) = \Ios@P + s, (13)

where &1, . . ., &, are design parameters. 0s(7") and ig are
respectively the voltage of the shunt capacitor C's and cur-
rent flowing though it on the steady-state which are calcu-
lated by (12).

3.3. PSO

PSO is used for finding the optimum solution of (4). Let
x;(k) and v; (k) respectively represent the position and ve-
locity vectors of ith particle (¢ = 1,...,m) at the iteration
step k. The position x;(k), which is an n-dimension vec-
tor, provides the solution of the problem. In the dynamics
of the standard PSO, which is called the gbest PSO, two
kinds of the best positions, a global best position p,, (k) and
a local best position p, (k), are memorized. If a fitness of a
position is better than its previous best position, it is stored
as the local best position p,(k). If the local best position
p;(k) is better than the global best position p, (k), it is up-
dated by p; (k) [5]. The dynamics of the gbest PSO used in
this paper is written in a set of difference equations:

vij(k+1) = &uii(k) + U0, 1) (pij(k) — wi;(k))
+U (0, p2) (pgj (k) — 5 (k)),  (14)
wij(k+1) = x45(k) +v(k+1), (15)

where i = 1,...,mand j = 1,...,n. U(0,y) repre-
sents uniformly distributed random numbers in the range
of [0, ¢]. 1 and ¢, are acceleration coefficients and ¢ is
an inertia weight.

Assume that an axis of the optimum solution exists in
[Zimin, Tmaz]- If the particles jump to outside of the region,
the particles are forced to stay in the area as

Lij (k + 1) = U(07 ]-) (l'maw - wmin) + Tmin- (16)
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Figure 4: Surface of |0g(T")| which is calculated by the
closed form expression (12).
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Figure 5: (a)Convergence of the Newton method.
(b)Steady-state responses after optimization.

Therefore, this method belongs to a constrained optimiza-
tion one.

4. Results

For the design of the class-E amplifier, design specifi-
cations are given as f = 1MHz, Vp = 5V, R = 51,
Lo = 7.96mH, and Ly = 7.96uH. Cs and C are se-
lected as the design parameters. To obtain the initial esti-
mation for the Newton method, p; = ¢y = 1.6, £ = 0.7,
and mm = 24 are set as the PSO parameters of (14) and
(15), and the search area is restricted as (Zmin, Tmaz) =
(1, 10)nE. After 1,000 iterations of the dynamics of PSO,
(6.187575,3.631032)nF is given. The Newton method
with the initial estimation is applied to solving the solution,
where the steady-state responses of Fig. 1(a) are calculated
by HSPICEREF. Figure 5(a) shows the convergence process
of the Newton method, where the linear search method is
terminated until 5 iterations. At 10 iterations of the Newton
method, (5.7267, 3.6222)nF is obtained as an optimum so-
lution. The nonlinear functions of (3) are evaluated totally
46 times for evaluating the convergence and making the Ja-
cobian matrix in the Newton method. The values of the
shunt capacitor’s voltages are shown in Fig. 4, where the
function values are calculated by the closed form expres-
sion (12). The surface is so complicated that finding the
initial guess for the Newton method is not easy task. Nev-

ertheless, the PSO algorithm in (14) and (15), efficiently
finds the optimum solution, since the objective function is
calculated by the closed form expression. Therefore, we
can say that the Newton method with the initial estimation
by the PSO algorithm is superior to the direct application
of PSO [4]. Figure 5(b) shows the circuit simulation re-
sults after optimization, where the class-E ZVS and ZDS
conditions are certainly satisfied.

5. Conclusions

An optimization procedure for design of the class-E am-
plifiers have been presented in this paper, where the passive
elements are efficiently determined by the Newton method
with a good initial estimation obtained by the PSO algo-
rithm. Since the objective function for the initial estima-
tion is complicated, the performance of the PSO algorithm
is not necessarily high. Hence, we will improve the PSO
algorithm in near future.
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