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Radio Frequency Power Combining With Reactance
Steering Network for Fusion Plasma Heating

Tanuj Sen
Youssef Elasser

Abstract—This article presents the design and implementation
of an amplitude modulated radio-frequency (RF) power combiner
system using a reactance steering network for driving variable
impedance Inductively Coupled Plasma (ICP) heating coils in fu-
sion reactors. The variation in the impedance of ICP coils depends
greatly on factors such as the plasma electron density, pressure or
temperature of the plasma. The matching network is used to reduce
the range of variation in the ICP impedance, while the reactance
steering network functions to make the branch impedances almost
completely resistive. A prototype is designed, with two equivalent
resonant Class-E power amplifiers, connected in parallel through
a dedicated reactance steering network to a matching network,
which in turn is connected to a load that emulates the impedance
characteristics of an ICP coil. The frequency of system operation is
set as 10 MHz, capable of driving the ICP load with 225 W of power
at a peak efficiency of 75.6% in continuous operation mode. The
simulation and experimental results, collected for a range of load
points, both highlight the effectiveness of the combined reactance
steering network and matching network structure when powering
variable impedance ICP coils using impedance sensitive resonant
power amplifiers, operating with ZVS.

Index Terms—Class-E, electron density, fusion power
generation, ICP coil, plasma, reactance steering network (RSN),
resonant power amplifier, zero voltage switching (ZVS).

I. INTRODUCTION

USION energy is gradually becoming one of the leading
F candidates as a clean alternate energy source for the future,
among a vast array of other renewable sources, because of its
immense potential. Energy from fusion is extracted from fusion
reactions, wherein two nuclei of a lighter element like Hydro-
gen collide and fuse into a heavier element, such as Helium,
while releasing energy as a by-product. However, the challenge
associated with such energy generation is that these reactions
can only take place under extreme temperatures and pressures,
similar to the conditions found inside the cores of stars. In order
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the reactor itself. Source of the original picture is [3].
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to replicate such reactions on earth, a dedicated fusion reaction
chamber is required, which holds plasma at incredibly high tem-
peratures [2]. This superheated plasma acts as the fuel necessary
forigniting fusion reactions. Magnetic confinement using strong
magnetic fields is used to confine the plasma inside the vacu-
umized fusion reactor chambers. A schematic representation of
the tokamak fusion reactor proposed and being developed by
International Thermonuclear Experimental Reactor (ITER) is
shown in Fig. 1.

Given the requirement of superheated plasma as fuel for
fusion reactors, one of the challenges associated with fusion
energy generation is the creation of such a plasma medium.
Since plasma for fusion reactors needs to be heated to extreme
temperatures [4], power in excess of millions of watts is re-
quired to be delivered to the plasma as a high frequency ac
source [5], [6]. This is where switched-mode power electronic
converters using semiconductor devices can find application as
power sources for heating plasma. RF sources can be designed
using semiconductor devices based off of Silicon Carbide (SiC)
or Gallium Nitride (GaN), which can produce RF waves to
transfer power to the plasma. However, given the need for high
power for heating plasma for fusion reactors, these switches
are required to handle large currents at high-frequency (HF) or
very-high-frequency (VHF) switching frequency. This is where
the current technology of semiconductor devices reach their
limits, as shown in Fig. 2. SiC devices are capable of handling
high power applications but are limited in their frequency of
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Fig.2. Power and frequency application ranges for SiC and GaN-based semi-
conductor switching devices [7], [8] in comparison to the power and frequency
requirements of RF sources used for plasma heating [4], [5], [6].

operation, whereas GaN based devices are capable of achieving
faster switching speeds, but are limited in their power handling
capacity [7], [8]. This is a key challenge of employing state-
of-the-art power semiconductor devices for designing power
electronics for fusion reactors.

Conventional power semiconductor device based power
sources for HF and VHF applications involve linear power
amplifiers, such as the Class A and Class B amplifiers. However,
because of their low operational efficiency, focus has shifted to
the use of switched-mode high-frequency resonant power am-
plifiers, which make use of semiconductor devices. These power
amplifiers, such as the Class-E [9] and the Class-®5[10], have
better efficiency due to zero-voltage-switching (ZVS). However,
the performance of such amplifiers is susceptible to variable
load impedance. The design of such power amplifiers is usually
optimized around a fixed output load and frequency. Since the
plasma impedance varies greatly with respect to its composition,
electron density, collision frequency, temperature etc., plasma
itself falls into the class of variable impedances. As a result, for
plasma heating applications for fusion, design of switched-mode
resonant power sources require the consideration of two main
constraints: (1) providing high power at high frequency and (2)
being able to handle variable output impedances. One solution
for such constraints is to design several equivalent lower power
high-frequency resonant power amplifiers, which can be tied
together in parallel, using power combiners. The main functions
of the power combiner circuit would be aggregate power from
numerous small scale power sources and deliver the required
amount of power for plasma heating, as well as to reduce the
impedance variation seen at the output terminals of the reso-
nant power amplifiers [11]. A conceptual representation of the
proposed high-power high-frequency switched-mode resonant
power architecture is shown in Fig. 3.
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frequency RF source for plasma heating applications using power combiners.

Previous research works have made significant forays to make
the operation of high-frequency switched-mode resonant power
amplifiers more robust, so that they are able to handle variable
load impedances [12]. The design of switch-mode amplifiers
which are independent of load variations was presented in [13],
and in [14], [15], [16], and [17] with various power combiner
networks. Tunable Matching Networks (TMNs) [18], [19], [20]
have also been used previously to significantly reduce variations
in the output load impedance. Such an approach involves the
use of capacitor and/or inductor banks, and actively switching
between different combinations of such passive components,
for properly matching the designed power amplifier to the out-
put load value. TMNs have also been used for making power
amplifiers capable of driving variable impedance inductively
coupled plasma (ICP) loads, as in [21], where the authors present
an implementation of the TMN with phase-switch impedance
modulation (PSIM). The resistance compression network (RCN)
presented in [11], is used in conjunction with an impedance
transformation network in [22], enabling switched-mode power
amplifiers to drive ICPs. Other works involve the reactance
compensation technique [23] and reactance compensation cou-
pled with frequency selection networks [24] to create wideband
switched-mode power amplifiers for driving variable loads.

This article presents the principles and practical implemen-
tation of a radio frequency power combining system with re-
actance steering network for fusion plasma heating. The key
contributions of this article are as follows:

1) Motivated the use of distributed power conversion for
plasma heating applications in fusion energy systems in
Section L.

2) Physics-based modeling of the plasma load for fusion
reaction, elaborated in Sections II and III.

3) The design consideration for a low power ICP design
driven by two switch-mode power amplifiers, an RSN,
and a matching network, as discussed in Section I'V.
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Fig. 4. Representative diagram of the working principle of a neutral beam
injector for heating plasma. Picture taken and modified from [25].

4) Section V presents a prototype implementing this design,
operating two equivalent Class E inverters at 10 MHz with
200 W and 75% dc—dc efficiency.
The analysis, simulation, and experimental results verify
the effectiveness of the proposed technique in driving variable
impedance inductively coupled plasma loads.

II. PLASMA HEATING IN FUSION REACTORS

Plasma heating for fusion reactors is usually achieved by
two main heating techniques [25], [26]. One of the techniques
is known as neutral beam heating, where beams of neutral
deuterium atoms are injected into the plasma inside the reactor
chamber. Inside the plasma, these beams get ionized and get
trapped by the magnetic fields of the chamber. These highly
energetic ionized beams then heat up the plasma through colli-
sions. The operating principle of neutral beam heating is shown
in Fig. 4. This plasma heating method is currently being adopted
by ITER for their experimental fusion reactor, as shown in Fig. 1.
The other widely used method for heating up and igniting the
plasma is through radio frequency (RF) heating. The plasma
absorbs power when the frequency of the RF waves is tuned to
the resonance frequency of the ions or electrons in the plasma,
which in turn heats the plasma. These high-power RF waves
are usually produced by using gyrotrons [26], by accelerating
electron beams through strong electromagnetic fields gener-
ated by superconducting magnetic coils, as shown in Fig. 5.
Both these techniques require power in excess of millions of
watts, for heating the plasma to the required temperatures for
fusion reactions to take place. The working mechanism and
structure of these plasma heating apparatuses are quite com-
plicated and bulky, requiring the constant monitoring of several
physical parameters to ensure consistent operation. Moreover,
their maintenance is also quite difficult, expensive, and time
consuming [27]. The use of microwaves for heating plasma is
also being investigated [28], as this would allow the size of the
fusion chambers to be considerably minimized.

Another way of heating plasma, with considerably simpler
construction, is by means of an RF antenna that is inductively
coupled to the plasma contained inside a vacuum chamber. Such
RF antenna, capable of producing high-power RF waves, are
designed either as a planar coil, which is placed on top of the
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Fig. 6. Solenoidal inductively coupled plasma (ICP) coil, surrounding a
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plasma chamber, or as a solenoidal coil wound around the cham-
ber. The plasma inside the chamber couples inductively with the
adjacent coil when an RF current is driven in the coil, leading to
an RF current being induced inside the plasma and, in turn, an
inductive transfer of power from the coil to the plasma, similar
to the operation of a transformer. These are referred to as ICP
sources and have been used extensively in the semiconductor
industry, as well as in ion accelerators (CERN LINAC4), as
they provide advantages such as high plasma density and ease
of scalability [29]. In Fig. 6, a solenoidal coil ICP is shown. ICPs
require HF to VHF currents to be driven through the antenna to
inductively transfer heat to the coupled plasma. These currents
must be very large to inductively transfer a substantial amount
of power into the plasma.

Traditional microwave plasma heating systems are usually
implemented with highly specialized high-power linear-beam
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Fig. 7. Transformer model of the inductively coupled plasma (ICP) system.
This model can be simplified into a lumped model with a total resistance R
and total inductance L.

vacuum tubes, such as gyrotrons, in combination with high
voltage high power semiconductor devices such as IGBTs.
The system is highly customized, expensive, not scalable, and
difficult to maintain. ICPs, on the other hand, can be operated
using multiple power electronic amplifiers connected together
in a tree structure using power combiners, as shown in Fig. 3.
By aggregating multiple small-power power electronic ampli-
fiers as a modular, scalable, high-voltage and high-power unit,
the modularity and scalability of the plasma heating systems
can be greatly improved. This approach also allows emerging
low-voltage, low-power rating wide-band-gap (WBG) power
semiconductor devices (e.g., SiC and GaN), originally designed
for high-volume, cost sensitive commodity applications such
as electric vehicles and grid-interface inverters, being used for
specialized high-voltage, high-power applications such as fusion
plasma heating, which has the potential to significantly reduce
the overall cost of the system.

III. IMPEDANCE OF INDUCTIVELY COUPLED PLASMA

The solenoidal ICP, introduced in Fig. 6, is used as the
example load for this article. The equivalent electric circuit
model of the ICP can be visualized as a transformer, as shown in
Fig. 7. This transformer model has been previously introduced
and defined extensively in [30], [31], [32], [33], [34]. Rcoii and
L. represent the self-resistance and inductance of the RF coil,
without considering the plasma chamber. The plasma can be
considered to have its own resistance 7, and inductance L,
which are variable, and the plasma is inductively coupled to the
antenna (coil). The current flowing in the coil induces a current
in the plasma through an additional coupling inductance L.
This transformer model can be converted into a lumped model,
with an equivalent total resistance s and total inductance Lg
of the ICP. The equations detailing the transformer model of
the ICP have been provided in the Appendix (A.1)—(A.6). More
details for the rationale behind the equivalent transformer model
of Fig. 7 and the related equations can be found in [30], [31],
[32], [33], and [34].

The impedance variation of an ICP reactor can be estimated
fairly accurately using these equations, for particular values
of the ICP dimensions and plasma characteristics, namely the
plasma electron density and the electron collision frequency,
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which strongly influence the operation of the ICP. The example
ICP reactor considered in this article has chamber dimensions
as 30 cm, 32 cm, and 50 cm for 7, . and [, respectively. The
external solenoidal coil wound around the plasma chamber has
N = 6 turns. The variation of this ICP reactor’s resistance and
inductance, for different values of the plasma electron density
and electron collision frequency are presented in Figs. 8 and
9, respectively. The total resistance and total inductance values
shown in these figures indicate the analytically calculated values
of Ry and L for the lumped model of the ICP shown in Fig. 7.
It can be seen that for different electron densities, both the
resistance and the inductance of the ICP reactor show marked
variation and trend of change. For example, the resistance of
the ICP shows a decreasing trend with increasing collision



15704

50 2.9
/_ —_
S 457 — 12.8 T

o 40f 12.7
O 8
5 35} 12.6 £
<
A7 -
o= 12.5 ©
@ =
o' \ 12.4 E
E 12.3 =
- . ©
S ~1_l,, 3
\\ . H

10 2.1

1 1.5 2 25 3
Collision Frequency (GHz)

Fig. 10.
electron collision frequency range at a plasma electron density of 10'® m
when driven by a 10 MHz RF current.

Resistance and inductance variation of an ICP over the considered
-3

frequency, for the plasma electron densities of 107 m~ and
10'® m~3, while it shows the opposite trend for an electron
density of 101 m=3.

Thus, it can be inferred from Figs. 8 and 9 that the impedance
of the ICP reactor is greatly affected by both the electron density
and collision frequency of the plasma. Usually, the electron
density of the plasma stays constant during the operation of the
ICP. Therefore, for this article, the electron density of the plasma
contained inside the chamber was assumed to be relatively con-
stant at around 10'® m—2, as this is a standard value of electron
density for most conventional ICP reactors [35], [36]. On the
other hand, the electron collision frequency of the plasma inside
the reactor changes with the plasma temperature and pressure.
As more energy is transferred inductively to the plasma inside
an ICP during operation, its temperature and pressure increases,
which in turn increases the collision frequency of the electrons
inside the plasma. Hence, during conventional operation, the
variable impedance invariably results due to the changing plasma
electron collision frequency. The variation of the resistance and
reactance of the ICP load has been presented with respect to a
range of electron collision frequencies, since that is the expected
trend of variation of the plasma impedance with operation over
time and the same convention has been followed in the rest of
the article.

A 10 MHz sinusoidal current is taken as the driving current for
the ICP coil. 10 MHz was selected as a representative frequency
for studying RF heating of ICP plasmas when operating in the
high plasma pressure regime. The variation in the resistance and
inductance of this particular ICP reactor with respect to the elec-
tron collision frequency is presented in Fig. 10. Both resistance
and inductance show considerable variation with the collision
frequency in the high plasma pressure regime (v, > w), given
that a 10 MHz simusoidal curent is driving the ICP coil. As the
collision frequency changes from 0.5 to 3 GHz, the effective
resistance of the plasma shows a monotonical decrease from
46 Q) to 13 ), while the effective inductance increases from
around 2.15 pH to 2.85 p/H. This highlights the large variation in
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the impedance of the ICP during operation, which is detrimental
to high-frequency resonant power amplifiers such as Class E, as
such power amplifiers require small output impedance variation.
Therefore, the use of a matching network and a reactance steer-
ing network along with dynamic phase shift and input voltage
variations according to operational load variation becomes war-
ranted, so that this large variation in the load impedance can be
minimized, thus increasing the desirable range of operation for
high-frequency resonant power amplifiers.

IV. POWER COMBINING NETWORK DESIGN

As presented in the previous section, due to the large range
of variance of the impedance of an ICP reactor, the need arises
to compress this impedance variation to a smaller range, such
that the ZVS operation of high-frequency resonant inverters can
be ensured for almost the entire range when driving such loads.
In this approach, the RSN is used together with a dedicated
single-stage L-shaped matching network, to connect two Class
E inverters in parallel to the ICP load. The advantage of this
approach is that: 1) more power can be delivered to the load
since two inverters are connected in parallel; and 2) through
compensatory action between the two inverters, any variation
in the effective output load impedance can be accounted for. A
block diagram of the conceptual circuit architecture is shown
in Fig. 11. The following two subsections describe the design
procedure for the RSN and the matching network.

A. Matching Network Design

To compress the impedance variation seen at the output ter-
minal of the RSN, a matching network is added in between
the RSN and the ICP load in the proposed power amplifier
architecture. Note that the RSN is capable of handling variable
loads. However, the addition of the matching network allows
for further compression of the output impedance which makes
it possible to realize the RSN with smaller values of the reac-
tive components. The matching network also helps to reduce
the incidence of ac power reflection, by matching the input
impedance of the matching network to be equal to a desired
source impedance [24], [31].

To keep the number of passive components used in the design
of the circuit low, a single stage LC-matching network is used.
This includes a series capacitor followed by an inductor in
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amplifier circuit via a matching network.

parallel with the load as shown in Fig. 12, which acts as a
high-pass filter. As shown previously, the ICP reactor can be
modeled as a variable series inductive load. The single-stage
matching network is designed according to a selected reference
impedance point among the range of impedances of the ICP
load, which is matched to a desired source impedance. A prudent
choice for this reference point Z.y, is a point on the impedance
curve of the ICP, where the impedance is close to or equal to the
geometric mean of the maximum and minimum values of the
impedance range (Zmax, Zmin)s 1.€.,

Zref =V Zmamein~ (1)

The vvvvvvy-matching network used for this system is de-
signed based on this reference output impedance of Z.¢. The
design equations for the matching network are provided in
Appendix A2. For the example ICP reactor considered in this
article, the values of Z, and Z;, are 180.5 € and 141 Q.
Using (1), the value of Z,¢ for this case is 159.5 Q2. Hence, the
load point (38.4 €2, 2.42 pH) on the ICP’s impedance curve,
shown in Fig. 10, with an impedance of 157 €2, which is in
the vicinity of the calculated value of Z.¢. The single-stage
high-pass matching network is then designed for a range of
source impedance values from 5 € to 20 €2. These values allow
for a realizable matching network design with good Q-factors
for the passive components. Such a range also ensures that QJp
is greater than Qpp, at Z,.y, allowing for realizable values of Lp
according to (A.12). In the end, the matching network design
with component values Lp = 3.74 pH and Cs = 170 pF for
an Rg of 14 € is chosen. This design provides good impedance
compression, as well as having an acceptable 3 dB frequency for
the desired 10 MHz operation of the system. More importantly,
for this matching network, the design constraints on the RSN are
satisfied. | Xom|max < v/ (Xgm + Riam) iy OVer the entire range
of the matched load (considering Ry, and X, refer to the re-
sistance and reactance value of the matched load, respectively).
This allows for a realizable RSN design, as will be shown in the
next subsection.

Fig. 13 shows the effect of the designed matching network
on the impedance variation of the ICP load. The dashed lines
represent the ICP’s original total resistance (R;) and reactance
values (w L) for the entire range of electron collision frequencies
considered. Simultaneously, the solid lines depict the variation
of the resistance and reactance values of the ICP together with the
designed matching network, which is the effective impedance
Zmat seen at the input of the matching network, as shown in
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Fig. 13.  Achieved impedance compression after the addition of a high-pass
L-shape matching network. The resistance and reactance ranges of the matched
load Zp, are compressed considerably.
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co-efficient |T'| and the power reflection ratio |Tyyatcneal?s With respect to a
14 € source impedance.

Fig. 12. The matching network compresses the range of variation
of the output resistance and reactance. The output resistance of
the ICP reactor initially varies from 45.7 €2 to 18.3 €2, which is
compressed by the matching network to lie between 12.7 €2 and
4.1 Q. At the same time, the load reactance values are greatly
compressed. The range of the reactance change from 134.5 Q2 and
180.1 € before matching to —6.4 €2 and 8.3 €2 after the matching
network. In addition, the ICP reactor is always inductive in
nature over the entire range of collision frequencies, however,
after adding the matching network, the effective impedance is
capacitive for some part of the considered range and inductive
for the other part. This small range of variation of the effective
load reactance Z,,; makes the design of the RSN more feasible.

Fig. 14 highlights the impact of the matching network in
reducing the power reflection co-efficient for all load points
of the ICP reactor load. The power reflection coefficient I" is
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calculated according to the following equation:

. — 7,
r— 2L 0

== =2 2
Z1L + Zo @

where Z; and Zp signify the load impedance and the source
impedance or the transmission line impedance. Prior to the
matching network, the ICP reactor impedance has a value of
|T'| larger than 0.9 for all points, when connected to a source
impedance of 14 2. This implies that if the circuit is directly
connected to the ICP reactor without any matching network,
most of the power is going to get reflected back to the source.
After the addition of the matching network, the power reflection
coefficient of the effective load reduces, corresponding to the
same source impedance. The parameter |I',,,q¢chea|? defines the
ratio of the input power reflected back to the source, after the
addition of the matching network. It can be seen that for most
load points, less than 20% of the power is reflected back, with
the worst case value being close to 40%. On the other hand,
the smith chart presented in Fig. 15 shows the power absorption
ratio (1 — |Tyatenedl|?) of the matched ICP reactor for all load
points. After adding the matching network, the load point that is
matched to the source impedance value has an absorption ratio
of 1, which implies that all power is transferred from the source
to the load without reflection. Moreover, the power reflection
at all load points is less than 10% for most load points for the
matched load, whereas the original load curve, denoted in purple,
has greater than 90% power reflection at all points.

B. Reactance Steering Network Design

The RSN consists of two parallel branches and aims to
minimize the variation in the reactance seen at the output
terminals of the inverters connected to the RSN by managing
the power driven through the two branches of the RSN by the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 10, OCTOBER 2025

—~ 5 L I ~~
(e —— Capacitive Branch (o
—  A4F = Inductive Branch —
: 0 ¢
3F =1
3 3
+ 2F +
Q 1 éj
= 0

M

=

1
Juiy

= Capacitive Branch
= Inductive Branch
T

Reactance (fQ2)
=}
o
Reactance (fQ2)

1 15 2 25 3
Collision Frequency (GHz)

'
no

Fig. 16. Variation in the resistive and reactive components of the output
impedances seen by the Class E inverters due to the effect of the RSN (both
K c and ¢y ¢ and varied). The reactance is negligible, while the variation in the
resistive part is also small.

inverters. These two branches are called the capacitive branch
and the inductive branch. The capacitive branch consists of a
capacitor with reactance —j X, while the inductive branch has
an inductor with reactance j X . For an inductive load, more
power is driven through the inverter connected to the capacitive
branch to compensate for the inductive part of the load, and
vice versa. Thus, the power flow through both branches can be
controlled such that the output impedances Z¢ and Z;. seen by
the inverters connected to the two RSN branches are almost
purely resistive, which is important for ensuring Zero Voltage
Switching (ZVS) operation for the connected resonant Class-E
inverters, especially in the MHz range [37]. The reactances of
the two branches can be selected to be equal to simplify the
mathematical analysis of the RSN network (X¢ = X, = Xo).
The branch output impedances Z¢ and Z, are given as

X2
7o — 20 G
€7 Rum — KicRom + §(Xom + Xo — K{Xixm)
X2
Z 0 )

 Rum = g R+ (Xixm — Xo — 7= Xoxm)

Here, K7 is the complex voltage ratio between the induc-
tive and capacitive branch input voltages (K¢ = %ej (dr=dc)),
Moreover, Rynm and X, refer to the resistive and reactive
component of the matched load, shown in Fig. 13. Z¢ and Z; can
be made to appear resistive by modulating the ratio of the inputdc
voltages (V. /Vo = KLc), as well as the phase shift between the
two inverters (¢rc = ¢, — ¢¢). This is a feature of the RSN, in
comparison to Chireix outphasing power combiners [38], [39],
where only the phase-shift between inverters is varied. Since
Zc and Zy, are functions of K¢, as shown in (3) and (4), and
since K ¢ itself is a function of ¢ ¢, the operation of the RSN
is intertwined with both K7 ¢ and ¢ . The governing equations
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Fig. 17. Variation in the resistive and reactive components of the output
impedances seen by the Class E inverters due to the effect of the RSN (both
Kic = 1, only ¢y c is varied). When only employing phase shift control, the
reactance is no longer compressed to zero.

for K¢ and ¢ for resistive Z¢ and Z are

o thmCOS(¢LC) - Rtmein<¢LC>
fre = Xom — Xo -

(6)

2
sinzngLc = 7)(0
- 2 2
Xlxm + Rtxm

The denominator of (5) suggests that the value of X should
not be equal to the effective load reactance X, otherwise the
value of K¢ would be undefined. (6) indicates that ¢ ¢ can
have a value in all four quadrants, which can lead to different
values of K¢ and hence create different usable combinations
of ¢ ¢ and K| ¢ for any given load. However, to avoid multiple
solutions and to have a one-to-one relation, we use values of ¢y ¢
in the second quadrant only, as these values of ¢y ¢, together with
the corresponding values of K ¢, help to significantly compress
the effective impedance seen at the output terminals of the two
resonant inverters. Moreover, from (6), a real value for ¢ ¢ will
result if and only if X3 is less than or equal X2, + RZ ., which
is the square of the impedance of the matched output load. Thus,
for a variable output impedance, the following two constraints
are applied to the value of Xp:

‘XO| > |thm‘mux~ (7)
2 2
|XO| < (Xlxm + Rtxm)min' (3)

The aforementioned constraints place upper and lower bounds
for the value of X¢. Selecting a value for |Xo| greater than
| Xixm|max results in a well-defined value for K¢, while satis-
fying constraint (8) ensures that values of ¢ ¢ obtained over
the entire range of impedances considered are all real. However,
| Xixm|max must be less than \/(X2,, + R%y,),.i.» Otherwise no
realizable RSN design exists, and the matching network would
need to be redesigned again. The maximum value of | X x| for
the matched ICP reactor load is 8.291 2, while the minimum
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Flowchart showing the design process of the RSN and the matching
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Fig. 19.  Circuit diagram depicting the impedance matched ICP load driven by
two equivalent resonant Class-E inverters connected in parallel via the designed
Reactance Steering Network (RSN).

value of /X2, + R2,,i59.231 . Therefore, for this case, | Xo|
is selected as 9 €. Fig. 16 shows the effect of the RSN with a
value of Xpg = X¢ = X1 = 9Q on the effective load impedance
shown in Fig. 13, with appropriate values of K¢ and ¢ c. The
impedances seen by the Class E inverters are almost completely
resistive with the reactive parts having magnitudes in the range
of 10715 Q (fQ2). This is crucial for high-frequency operation
as switching losses, which increase with switching frequency,
are almost completely eliminated by ZVS operation. This is in
stark contrast to the case if only phase shift ¢ ¢ variation is
employed. As can be seen from Fig. 17, the reactance seen at
the output terminals of the two Class E inverters is no longer
compressed to zero, which negatively impacts ZVS operation
and hence reduces overall system efficiency. This highlights the
advantage of employing the RSN for reactance cancellation with
both phase-shift and input voltage ratio modulation over the
conventionally used phase outphasing techniques.

In addition, the resistance of the inductive branch is smaller
in magnitude than the capacitive branch when the effective
load impedance is capacitive in nature, which implies that more
power is drawn from the inductive branch to compensate for the
capacitive behavior of the load. Similarly, for the region where
the load is inductive, the resistance of the capacitive branch is
larger. This shows that the RSN works to drive more power
through the branch which compensates for the reactive nature
of the effective load impedance seen at the output of the RSN in
this case.

Using the matching network and the RSN designs presented
in the previous subsections, the entire topology of the high-
frequency resonant converter circuit for driving ICP reactor
loads is realized. A flowchart has been provided in Fig. 18 to
showcase the sequence of design steps followed for deciding on
the component values of the matching network and RSN for a
particular ICP load.

V. SIMULATIONS AND EXPERIMENTAL VERIFICATION

The high-frequency resonant power amplifier circuit, in-
tended for driving the ICP reactor load, is framed with the
component values of the matching network and the RSN as given
in the previous section. The circuit diagram of this proposed ICP
driver circuit is presented in Fig. 19. Since the ICP reactor load
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Fig. 20. Inductive ICP load is modeled as a DC resistance connected to an AC
source by means of a half-bridge rectifier and a series inductance.

TABLE I
COMPONENT VALUES OF THE CLASS E INVERTERS IN THE CAPACITIVE AND
INDUCTIVE BRANCHES

Branch | C; Lchoke Cp L, Cu
Capacitive ‘ 188 uF 65 puH 400 pF  1.01 pH 214 pF
Inductive ‘ 188 uF 65 puH 400 pF  1.15 pH 307 pF

can in effect be considered as a variable series inductive load
driven by RF currents, as previously shown in the lumped model
of Fig. 7, it can therefore be modeled as a separate variable
inductance connected in series to a variable dc resistance, by
means of half-bridge rectifier. A representation of the load circuit
conversion from an ac load to a dc load is shown in Fig. 20.
The series reactance X models the inductive part of the ICP
load, while the dc load Rpc is selected such that it equals the
resistive part of the ICP load, after the resistance conversion
ratio of the half-bridge rectifier is applied. The inductance and
dc resistance values are selected such that the impedance of the
equivalent load circuit shows a pattern of variation similar to
that of the analytically calculated impedance of the ICP reactor,
shown in Fig. 9. Moreover, the ac load is converted to a dc load
to accurately record the efficiency of the designed ICP driver
circuit. The addition of the rectifier circuit adds additional device
losses, which can be removed from the loss calculations to gauge
the overall dc-ac power conversion of the designed circuit.

The Class E inverters connected to the capacitive branch
and inductive branch of the RSN are equivalent to each other
and are designed with similar components to ensure that both
inverters operate at the same switching frequency of 10 MHz,
with ZVS. Thus, the outputs of both these inverters are 10 MHz
RF currents. The circuit parameters for the Class E inverters are
provided in Table I. C,, Lenoke and Cp specify the values of the
input capacitance, choke inductance and the external capacitance
placed parallel to the switch, and both inverters have the same
values for these parameters. The series resonant tank of the
inverters are formed by L, and C), and they are tuned to be
resonant at 10 MHz. Since the passive components making up
the RSN are merged together with the respective series resonant
tanks, the values of L, and C|, are different for the two inverters.

The designed driver circuit was first simulated in PLECS,
using the parameter values specified previously, to verify its
effectiveness in driving variable impedance ICP reactor loads.
The ICP is modeled as a series inductive load, with an ideal
inductor in series with a dc resistance via a half-bridge rectifier,
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Fig. 22.  Simulation results showing ZVS operation for the ICP driver circuit

when supplying a load with Rpc = 1902 and L = 2.42 uH at 10 MHz.
Kic = 0.6 and ¢pc = 160° ensure ZVS operation.

as shown in Fig. 20. The semiconductor devices are assumed
to be ideal devices in these simulations. A number of load
points were selected from the impedance curve for the ICP
for simulations. The circuit behavior was tested for each of
these load points. It was found that by properly selecting the
values of K¢ and ¢r ¢ according to the RSN equations (5) and
(6), ZVS operation can be ensured for both Class E inverters.
The results for one particular simulation case are shown in
Figs. 21 and 22. The dc resistance value and the series inductance
values were Rpc = 190 Qand L, = 2.42 uH, respectively. This
corresponds to a load point on the ICP impedance curve of Rjcp

Rectifier

Inductive Branch

Class E Inverter Matching Network

Fig. 23.  Image of the hardware prototype of the proposed ICP driver circuit.

= 38.5 Q and Licp = 2.42 puH. The switch duty ratio for both
inverters was selected as D = 0.55 at a switching frequency
of 10 MHz. Fig. 21 shows the system operation results with
Kic =1 and ¢ ¢ = 0°, that is, when the RSN equations are
not used. As a result, both Class E inverters exhibit non-ZVS
switching. However, when the system is operated with proper
values of Kic = 0.6 and ¢rc = 160°, both Class E inverters
show ZVS. The results for this desired mode of operation are
shown in Fig. 22. Similar results were observed for the simula-
tions performed for different values of the emulated ICP reactor
load, when the circuit was driven with proper values of Kjc
and ¢LC-

The same circuit was also implemented on hardware for ex-
perimental verification, and this experimental prototype shown
in Fig. 23. The series resonant tank inductances of the Class E
inverters, L,, were chosen to be wire-wound air-core induc-
tances. The small values of these inductances allows for an
air-core design. Moreover, these inductances see a large voltage
drop across themselves, usually at larger powers. Using air-core
inductors completely eliminates the problem of core saturation
for these inductors. The input choke inductances Lcpoke, the
matching network inductance Lp as well as the load inductance
L, were implemented in hardware as cored inductances. The
large values of these inductances as well as a comparatively
lower voltage drop allows for a cored inductor implementation
without the risk of core saturation. The core material for these
inductances was chosen as the Fair-rite 67 material, which has
good permeability in the HF regime. An HP 6063B dc electronic
load was used as the dc output resistance Rpc of the system. The
switch used for the two Class E inverters was the GS66508B
650 V/30 A GaN MOSFET provided by GaN Systems. These
switches were bottom cooled through thermal vias and heat
sinks. 650 V rated devices are used since the peak drain to source
voltage across the switches may go beyond 200 V at full load op-
eration, with higher peak voltages during transients. Moreover,
using these devices allows for testing the system for a variety of
operating conditions at the cost of a slightly reduced efficiency.
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Fig. 24.  Complete hardware setup for the proposed ICP driver circuit.
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Fig. 25. Experimental results showing the hard-switched switch voltages of

the Class E inverters and the output inductor current, with Kjc = 0.91 and
¢r.c = 0°, when driving a load Rpc = 1502 and Lix = 2.33 uH at 10 MHz,
for an output power of 20.5 W.

The 10 MHz square wave gate signals for these switches were
provided through a RIGOL DG4102 function generator. The
half-bridge rectifier diodes on the load side were 650V/20A
SiC Schottky diodes (FFSM2065B) provided by Onsemi. COG
capacitances were used for the series resonant tank capacitors
of the Class E inverters as well as for the matching network
capacitor, due to their small temperature variation coefficient.
The entire hardware test setup is shown in Fig. 24. This setup
was used to carry out a number of experiments for validating the
operation of the designed ICP driver circuit.

A. Operation With and Without Zero Voltage Switching (ZVS)

Similar to one of the simulations, the designed resonant power
amplifier circuit was set up to drive a dc load of Rpc = 1502
with and inductance of L; = 2.33 uH in series, without any
phase shift between the two branches (¢ c = 0°). The exper-
imental results for this case are shown in Fig. 25. The switch
voltage waveforms for the capacitive and inductive branch Class
E inverters show hard-switching or non ZVS operation. The

Experimental results showing the ZVS switch voltages of the Class E
inverters the output inductor current, with Kjc = 0.61 and ¢ c = 158°, when
drivingaload Rpc = 150 Qand L = 2.33 pH at 10 MHz, for an output power
of 20.5 W.

voltages provided at the inputs of the capacitive branch and
inductive branch Class E inverters, V¢ and V7, are 16.5 V and
15 V, respectively, with K¢ = V1./Ve = 0.91. A sinusoidal RF
current at 10 MHz with an rms value of 1.52 A flows through
the output inductance L. The circuit provides an active power
of 20.5 W to Rpc at an output voltage of 55.6 V, at an efficiency
of 37.25%. In addition, almost all of the power is supplied
by the capacitive branch Class E inverter, with the inductive
branch voltage source being in an idle state, which shows a very
imbalanced mode of operation.

On the other hand, the experimental results for the case when
the circuit drives the same load with proper values of K¢ and
¢1c are presented in Fig. 26. For ¢ ¢ = 158°, and K¢ = 0.61,
the switches of the Class E inverters in both branches operate
in ZVS. A similar sinusoidal RF current with an rms value of
1.51 A flows through the output inductance L. As a result,
the circuit again provides 20.5 W of power to Rpc at an output
voltage of 55.6 V, but at an efficiency of 66%, due to ZVS. The
input voltages, V¢ and Vi, are 11.4 V and 6.9 V, respectively,
and both branches provide power to the output load. Thus, these
simulation and experimental results highlight the importance of
selecting the proper values of ¢rc, and K¢, for the designed
ICP driver circuit to operate more efficiently. For both these
cases, the switches were driven with gate signals at a frequency
of 10 MHz with D = 0.5.

B. Full Load Operation

In the next experiment, the designed circuit was driven at full
power for the same equivalent dc load of Rpc = 150 (2 and a se-
ries inductance of L = 2.33 pH. The value of K ¢ for this case
was 0.78, with the capacitive branch and inductive branch input
voltages V¢ and V1 being 35.5 V and 27.8 V, respectively. This
indicates that the inductive branch provided more power than the
capacitive branch, which is aligned with the expected behavior.
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Fig. 28.  Thermal image of the designed prototype operating at full load.

A phase shift of ¢ c = 164° was introduced between the two
branches. The switches were again driven with square wave
gate signals at 10 MHz with D = 0.5. The experimental results
provided in Fig. 27 show that ZVS operation is exhibited by the
switches of both the Class E inverters. A sinusoidal RF current
of 4.02 A rms at 10 MHz flows through the output inductance
L, which signifies the ac output current of the power amplifier
circuit. A resulting power of 226.4 W is delivered to Rpc, at an
efficiency of 75.1%. The voltage across the dc resistance and
output dc current were 184.1 V and 1.23 A, respectively. These
results show that the designed circuitis able to supply in excess of
200 W of power to the load, while maintaining ZV'S operation for
the inverter switches and ensuring good operational efficiency.
The thermal image of the designed prototype operating at full
load is shown in Fig. 28. The hotspots are located at the switches,
the inductor of the capacitive branch and the half-bridge rectifier
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TABLE II
SYSTEM EFFICIENCY VERSUS OUTPUT POWER (FREQ. : 10 MHz, D : 50%, ¢1c
:164°), Rpc @ 150 Q, Ly : 2.33 uH

Pour | Ve, Ic | W.ILL | Kwe| B | n
251 W | 122V,237A| 87V,093A | 0.71 369 W 68%
502W | 169V,331A| 11.6V,1.25A| 0.69 70.5W | 71.2%
754W | 20.1V,398A | 149V, 156 A | 0.74 103 W 73.2%
101.8 W | 235V, 453 A | 174V, 1.78 A| 0.74 1372 W | 742%
1259W | 259V,497A| 20V, 1.98A | 0.77 1684 W | 74.8%
151.7W | 286V, 541 A| 21.8V,2.15A| 0.76 201.9W | 75.1%
176.7W | 309V,58A | 238V,23A | 0.77 234 W 75.5%
2029W | 33.1V,6.13A| 265V,247A| 0.8 2682 W | 75.6%
2264W | 355V,645A | 278V,26A | 0.78 301 W 75.1%
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Fig. 29. Loss Analysis for the designed system when operating at full load.

diodes. The losses in the capacitive branch switches are mainly
due to the Cy losses in GaN devices at high voltage stresses
at high frequencies [40], [41]. The wire-wound inductors suffer
from large conduction losses, especially in the capacitive branch,
which delivers bulk of the power to the output, resulting in larger
currents in this branch. Since the half-bridge rectifier is made of
SiC diodes, which are not designed to operate at high frequencies
such as 10 MHz, as well as because these diodes are not actively
cooled, these devices also get heated and contribute to the overall
system losses. However, these diodes are effectively not part of
the dc—ac inverter designed to drive an ICP reactor load. Thus,
the dc—ac efficiency of the system is expected to be larger than
the reported dc—dc efficiency value.

C. System Efficiency Measurement

The ICP driver circuit’s efficiency was also measured at dif-
ferent output powers. For these measurements, the same output
load as the previous test cases was used, that is Rpc = 1502
and Ly = 2.33 uH. The phase shift ¢y ¢ between the two Class E
inverter branches was held constant at 164°. Slight adjustments
were made to the input voltage ratio Kic to ensure that the
switches in both branches exhibit ZVS, thus allowing optimal
operational efficiency at the considered output power. These
efficiency values are tabulated in Table II. The efficiency val-
ues show a monotonical increase with output power, up to an
output power of 202.9 W, where a peak efficiency of 75.6% is
registered. In addition, the loss analysis of the designed system
at full load is provided in Fig. 29. As discussed previously, the
majority of the operational losses are due to the conduction
losses through the inductors. At a frequency of 10 MHz, skin
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Fig.30. Fourload points on the impedance curve of the considered ICP reactor
for which the designed power amplifier circuit’s operation was tested.

effect greatly increases the resistance of the AWG-14 copper
wires forming the windings of these inductors. Due to the use
of the high frequency Fair-rite 67 core material, the core losses
in the cored inductors (L and Lp) are very small. Thus, the
operational efficiency of the system can be improved by using
high-Q HF inductors with low winding resistance, which would
minimize the overall system conduction losses. Moreover, at
higher output powers, the voltage stress across the switches
during their off-state increases, as can be seen in Fig. 27. As
aresult, Cyg losses in GaN devices, as documented in [40] and
[41], begin to become more dominant. Fig. 29 shows that despite
ZVS, the GaN switches account for 23% of the total losses.
This makes active cooling mandatory for GaN switches when
operating them at high frequencies and high voltage stresses.
The diodes of the output side half-bridge rectifier, as well as the
PCB board conduction losses, also contribute significantly to the
total system loss.

D. Performance Verification At Different Load Conditions

The proposed high frequency resonant power amplifier was
designed with the purpose of being able to drive a variable
impedance ICP reactor load without losing ZVS. Thus, the
operation of the prototype was tested for different load points on
the impedance curve of the considered ICP reactor, in addition
to the load point considered in the previous experimental results.
Four such load points were selected as shown in Fig. 30, which
are 1) Case 1: Rx =392, Rpc = 192 Q and Ly = 2.4 uH; 2)
Case 2: Ry =36 (), Rpc = 178 Q and L = 2.5 uH; 3) Case
3: Rx =262, Rpc = 128 Q and L = 2.7 uH; 4) Case 4: Ry,
=209, Rpc = 100 Q and L = 2.8 uH. For cases 1 and 2, a
2.44 uH toroidal inductor was used as the series load inductor,
while for cases 3 and 4, a 2.75 pH toroidal inductor was used.
Both these inductors used a Fair-rite 67 material core with 14
AWG enamelled copper wire windings.

1) Case 1: The input voltages and currents to the capacitive

and inductive branch Class E inverters of the designed
prototype are 27.13 V, 6.11 A and 27.94 V, 1.38 A,
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Case 1 Test Load: Rpc = 192 Q, L, = 2.44 pH

Tek Stop

Capacitive Branch Switch Voltage (50V/div)
Inductive Branch Swiitch Voltage (50V /div)

Output AC Current (5A/div)

@ 50.0V @ 50.0 @ 500A & )[40.0ns ][5.00(}5/5 ] @ 5 150 v]
value Mean Min Max Std Dev +v0.00000 100k points
@ Frequency 10.04MHz 10.19M  9.560M  3.333G  18.02M
@ Peak—Peak 9.40 A 9.31 600m 9.60 374m 30 A 2024
@ RVS 3154 3.11 100m  3.17 132m
Fig.31. Experimental results for Case 1: K¢ = 1.03 and ¢ c = 168°. The

load is Rpc = 1922 and L = 2.44 pH at 10 MHz. The output DC power is
154.8 W with a DC-DC efficiency of 75.8% and ZVS operation.

19% B [nductor (Capacitive Branch)

B Switches (Capacitive Branch)
I Inductor (Inductive Branch)

[ Switches (Inductive Branch)

4% I Load Inductor (L)

@ Matching Network Inductor (Lp)
[CIHalf-Bridge Rectifier

[IPCB Losses

<]

6%

20%

Fig. 32. Loss Analysis for Case 1 Test Load: Rpc = 1922 and L =
2.44 uH at 10 MHz.

resulting in a K ¢ of 1.03. The capacitive branch inverter
provides more power to the load to compensate for the
inductive nature of the effective load seen at the output
terminal of the RSN. The phase shift ¢ ¢ between the two
inverters was set as 168°. The experimental results for this
case, driving a load of Rpc = 192 Q) and Ly = 2.44 uH
are provided in Fig. 31. The switches in both branches
operate in the ZVS mode, as desired, resulting in an output
dc voltage and power of 172.4 V and 154.8 W, with an
operational efficiency of 75.8%. The loss analysis for this
operation case is provided in Fig. 32. The majority of
the losses are accounted for by the conduction losses in
the inductors, especially in the inductor of the capacitive
branch. The half-bridge rectifier with SiC diodes is also
responsible for a considerable amount of the total loss,
leading to an estimated dc-ac efficiency of 80.4% for
the designed system. Since the voltage stresses on the
GaN devices are small, the Cyss losses are comparatively
smaller for this case.
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Case 2 Test Load: Rpc = 178 Q, L, = 2.44 nH

Tekstop
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Case 3 Test Load: Rpc = 128 Q, L, = 2.75 pH

Tekstop.

]

Capacitive Branch Switch Voltage (50V /div)
Inductive Branch Swiétch Voltage (50V /div)

;

Output AC Clirrent (5A /div)

(@ _so.0v @ 500V @ 500A & J[40.0ns 5.00GS/s @ s 150V
Value Mean Min Max Std Dev. [ ' 0000 s ][MJ
@D Frequency 10.04MHz 10.00M 9.560M 3.333G 1.421M
@ Peak-Peak 9.60 A 9.37 600m 9.60 236m 30 A I’ 2024
@ RMS 3.16A  3.13 100m 347 75.2m
Fig. 33.  Experimental results for Case 2: K1c = 1.2 and ¢pc = 156°. The

load is Rpc = 178 Q and Ly = 2.44 pH at 10 MHz. The output DC power of
150.8 W. The DC-DC efficiency is 73.3% with ZVS operation.

B Inductor (Capacitive Branch)
I Switches (Capacitive Branch)
I Inductor (Inductive Branch)

I Switches (Inductive Branch)

[ Load Inductor (L)
[COMatching Network Inductor (Lp)
[CTHalf-Bridge Rectifier

[CIPCB Losses

Fig. 34. Loss Analysis for Case 2 Test Load: Rpc = 1782 and L =
2.44 pH at 10 MHz.

2) Case 2: The input voltages and currents to the capacitive
and inductive branch Class E inverters of the designed
prototype are 26.6 V, 6.59 A and 31.97 V, 0.95 A. There-
fore, the Kic is 1.2. The phase shift ¢y ¢ is 156° and
the capacitive branch delivers the bulk of the power. The
experimental results for this case, when the designed pro-
totype drives a load of Rpc = 178 2 and Ly = 2.44 uH
are provided in Fig. 33. The switches in both branches
operate in the ZVS mode. The output dc voltage and power
are 163.9 V and 150.8 W, with an operational efficiency of
73.3%. Fig. 34 shows the loss analysis for this case. Due to
a mode of operation similar to Case 1, the loss breakdown
in Case 2 shows a similar pattern.

3) Case 3: The input voltages and currents to the capacitive
and inductive branch Class E inverters of the designed
prototype, when driving a load of Rpc = 128 2 and
L = 2.75 4H are 38.58 V, 1.69 A and 43.98 V, 0.8 A.
The K¢ is 1.14 and the phase shift ¢;c is 166°. The
experimental results for this case are provided in Fig. 35.
The switches in both branches operate in the ZVS mode.

U

Capacitive Branch SW1tch Voltage (50V /div)

Output AC Current (2A/div)

@ 50.0V @ 50.0V @ 2.00A & j[4o ons ][5.0055/5 ] @ 5 150V
value Mean Min Max std Dev 00s 100k points
@ Frequency 10.04MHz 9.998M 9. 920V, 100aM 3153k
@ Peak—Peak 5.52A ¥ e 5.52 59.5m 30 A 2024
@ RVs 1.85A  1.85 Tee 1.86 3.15m
Fig. 35.  Experimental results for Case 3: The driven load is Rpc = 128 Q2

and Ly = 2.75 puH at 10 MHz, supplying an output power of 38.4 W. K| ¢ and
¢rc are 1.14 and 166°, respectively. The measured efficiency for this case was
38.2% with ZVS operation.

3%

B Inductor (Capacitive Branch)

I Switches (Capacitive Branch)
I Inductor (Inductive Branch)

A 5% I Switches (Inductive Branch)

5% [ Load Inductor (L)

[ Matching Network Inductor (Lp)

[CHalf-Bridge Rectifier

[JPCB Losses

13% 21%

Fig. 36. Loss Analysis for Case 3 Test Load: Rpc = 1282 and L =
2.75 pH at 10 MHz.

The resulting output dc voltage and power of 69.8 V and
38.4 W, with an operational efficiency of 38.2%. Since the
power absorption efficiency of the plasma reduces with a
decrease in the plasma resistance [30], this load case was
tested at alow power level to emulate plasma behavior. The
loss distribution for the system when driving this load is
shown in Fig. 36. Due to the highly inductive nature of the
load, the circulating currents within the system contribute
to the HF conduction losses across the parasitic resistances
of the magnetic components. Moreover, larger input volt-
ages are required for providing a particular amount of
power to such an output load, as the effective impedance
seen at the output terminals of the Class-E inverters due
to the RSN are larger for this case. Therefore, the voltage
across the switches of the inverters during the off-state
have larger peak values as well as a hlgher [41], which
results in larger Cyg losses. This is ev1dent from Fig. 36
where almost half of the total loss is attributed to the
GaN devices. All these factors, together with the diode
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Case 4 Test Load: Rpc = 100 2, L, = 2.75 pH

Tek stop

Capacitive Branch Switch Voltage (50V /div)

Output AC Current (2A/div)

(@ s0.0v @ 500V @ 200A & J[40.0ns 5.00GS/s @ 5 150V
value Mean  Min Max Std Dev [ ][mk DoiMSJ J

@ Frequency 9.960MHZz 9.999M 9.728M 2.857G  706.4k
Peak—Peak 5.84 A 5.81 240m 5.92 93.7m 30 Apr 2024
=RMS 1.97 A 1.96 48.5m _ 1.98 27.4m
Fig. 37. Experimental results for Case 4: The driven load is Rpc = 1002

and Ly = 2.75 uH at 10 MHz, supplying an output power of 36.24 W. The
Kic and ¢y ¢ are 1.12 and 169°, respectively. The measured efficiency for this
case was 35%, with ZVS operation.

M Inductor (Capacitive Branch)
I Switches (Capacitive Branch)
I Inductor (Inductive Branch)

[ Switches (Inductive Branch)

I Load Inductor (L)

@@ Matching Network Inductor (Lp)
[CJHalf-Bridge Rectifier

[IPCB Losscs

21%

Fig. 38. Loss Analysis for Case 4 Test Load: Rpc = 10082 and L =
2.75 uH at 10 MHz.

switching losses, negatively impact the efficiency of the
prototype, even if the switches operate with ZVS.

4) Case 4: The input voltages and currents to the capacitive
and inductive branch Class E inverters of the designed
prototype, when driving a load of Rpc = 100 2 and
Lix =275 H are 41.15 V, 1.68 A and 45.99 V, 0.75 A,
resulting in a K¢ of 1.12. The phase shift ¢ ¢ is set as
169°. The experimental results are shown in Fig. 37. As
per the expected behavior, the switches in both branches
operate in the ZVS mode. The output dc voltage and power
of 60.4 V and 36.24 W, with an operational efficiency of
35%. This load is more inductive in nature, which explains
the lower efficiency. Once again, the circuit efficiency
suffers due to the increased Cyg losses encountered by
the switches, despite ZVS operation, as well as higher
conduction losses due to reactive power circulation and
the diode switching losses. As aresult, the loss distribution
for this mode of operation, shown in Fig. 38 is similar to
that for Case 3.
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From these experimental results, it is evident that the designed
high frequency resonant power amplifier prototype designed for
driving a variable impedance ICP reactor load is indeed capable
of maintaining ZVS over a wide load range and provide the
desired performance. However, as the load impedance increases
and becomes more inductive, as is the trend from Case 1 to
Case 4 mentioned above, larger input voltages are required for
providing the same amount of power to the load, with a greater
amount of reactive power circulating within the system, leading
to high HF conduction losses. Also, with larger input voltages,
the voltage peaks of the off-state voltage across the switches of
the Class E inverters increases. Since GaN devices are used as the
switching devices, the Cygs losses increase considerably which
greatly reduces the efficiency of the designed system, especially
at low output power levels, even if the switches are operating
with ZVS.

VI. CONCLUSION

This article presents the design and implementation of a radio
frequency power combining system with reactance steering
network for fusion plasma heating. This system was designed
to drive variable impedance ICP reactor loads with RF currents
to heat plasma through inductive discharge. A physics-based
model of the ICP was used to estimate the variation in the
load impedance. A matching network and an RSN converts the
impedances seen at the output terminals of the Class E inverters
to be mostly resistive to ensure ZVS. A prototype system was
tested for different operating conditions with the load used for
these tests emulating the behavior of an ICP reactor. It is capable
of delivering powers in excess of 200 W at 10 MHz with the
switches of both inverters operating with ZVS, thus ensuring a
good operational de—dc efficiency of around 75%, which takes
into account the switching losses in the diodes of the output
half-bridge rectifier. The prototype was also tested at a number
of different load impedance values, taken from the impedance
curve of the modeled ICP reactor, to verify that the proposed
architecture is capable of operating with ZVS across a wide
range of load impedances.

APPENDIX
A. Solenoidal ICP Modeling

ICP reactors can broadly be divided into two geometrical
types, the planar coil and the solenoidal coil, as discussed
previously. A diagrammatic representation of a solenoidal ICP
reactor is provided in Fig. 39. The RF current carrying coils are
wound in a helical manner around the plasma chamber, which is
ahollow cylindrical chamber with an outer radius . and an inner
radius 7, surrounded by a dielectric wall of thickness r. — 7.
When this coil is driven with large currents, the ICP operates in
the H-mode with an electromagnetic field being induced in the
plasma, which in turn drives an RF current in the plasma. This RF
current inside the plasma has a skin depth of §. The skin depth is
dependent on the electron collision frequency or the electron
pressure of the plasma and is usually much larger than the
thickness of the dielectric sheath [30]. Thus, it can be seen that
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Fig. 39.  2-D cross section representation of the solenoidal ICP reactor, with
the directions of the coil current and plasma current.

the mode of energy transfer in the plasma and its characteristics
are greatly dependent on the plasma characteristics such as the
plasma electron density n. and the collision frequency vp,.
Energy transfer through inductive discharges in the plasma
can be modeled using the transformer model of the ICP. This
transformer model is useful to develop the impedance model
for the ICP. For the purpose of this article, we assume that the
ICP load is driven in the H-mode with high RF currents, at high
electron pressure or collision frequencies (v, > w), where w is
the angular frequency of the RF current in the coil, as well as
high plasma electron densities. From the transformer model of
the ICP shown in Fig. 7, the plasma resistance R, is given by

ik’f‘o]] (kro):l
EpJo(kTQ)

where [ and r( are the dimensions of the plasma chamber, shown
in Fig. 39, and £ is the complex wavenumber in the plasma [30],
[42]. J, is the Bessel function of the nth order. The relative
plasma permittivity, €, is a complex number and is a function
of the electron density n., the collision frequency vy, and the
mass of an electron m,

2

R, = R
P lwéo C|:

(A.1)

nee2 1

=1— (A.2)

meco w(w — ivy)

The plasma inductance Lp is attributed in part to the electron
inertia. This inertial plasma inductance, Ly, can be expressed as
a function of the plasma resistance R, and vy, as

ik"l“()J] (k"l“()) :|
GPJo(kTQ)
On the other hand, the coupling inductance L, which cou-

ples the current in the external coil to the plasma, and which
forms the second part of the plasma inductance, can be estimated

R 2
Ly=-"= T Re{

Vm Vmlwey

(A3)
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by the following relation [30]

2
HoTTTo
L = ]

The lumped transformer model resistance R and inductance
Ly of the ICP can computed by

Rs = Rcoil + N2Rp
L = Leoit — N?(Linp + Ly).

(A4)

(A.5)
(A.6)

Using these equations, the impedance of the ICP can be
estimated according to varying plasma characteristics, such as
plasma electron density n. and the electron collision frequency
Vm- These variations have been calculated according to standard
values of n. and v, and have been presented in Section III.

B. Matching Network Calculations

Since the reference load impedance Z.; based on which the
LC matching network is designed is also a series inductive load,
it can also be decomposed into its resistive and reactive part

Zref = Rtx + thx- (A7)

This reference series inductive ICP load is then converted into
its equivalent parallel configuration, as shown in Fig. 12 [43].
The resistance and reactance values (R, and Xi,) of the
parallel configuration of the load are calculated as follows:

X,
Qst. = QpL = Rtx- (A.8)
tx
Rup = Rx(Qp + 1). (A.9)
Rtxp
Xop = . A.10
" Qe (A.10)

Here, Qg1 and @ py, denote the series and parallel quality
factor of the load, which are taken to be equal. The values of
Rixp and Xy, are calculated from Ry, and X according to (A.9)
and (A.10), respectively. This reactive part of the parallel load
is then absorbed into the matching network during the design
process, which converts the load to be matched to be purely
resistive. Then, a suitable source impedance g is selected to
which the equivalent parallel resistance Ry, of the reference
ICP load impedance is matched. A lower value of the source
impedance allows for larger impedance compression and a larger
Q-factor (Qs and Qp) for the matching network

L
Rs
Using the Q-factor, the component values for the single-stage

matching network, Lp and Cfs, shown in Fig. 12, can be deter-
mined according to the following equations:

Qs =Qp = 1. (A.11)

R
Lp=—_ "% A.12
P 2 /(@ — Qrr) &.12)
1
Csg=— A3
s 2w Qs Rs ( )

In these equations, fs refers to the nominal frequency for
which the matching network is designed. We find that for larger
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Q-values, the value of Lp gets smaller. Since the size of the
matching network is dominated by the magnetic component Lyp,
a lower value of Rg also helps reduce the size of the matching
network. A larger compression of the ICP load also allows the
component values of the RSN to be smaller, allowing for an
overall more compact design. However, for smaller Rg, the cut-
off frequency of the matching network increases. Depending on
the frequency of operation of the system, a lower bound can be
set on the value of Rg. Candidate matching network designs are
computed for this range of Rg values. Finally, the Rg value is
selected which provides the best design in terms of impedance
compression and cut-off frequency, and that satisfies the design
constraints for the RSN.
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