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Introduction 

Until very recently man had at his disposal only two sources of heat, 
the sun's rays and fire. Both radiate the same kind of energy in the 
infra-red band of the electromagnetic spectrum. Primarily it is the 
irradiation of matter by energy in this band that produces the molecular 
phenomenon known as heat. 

But infra-red energy penetrates only a short distance into most sub-
stances. To reach the interior, heat has to be carried by one or both of 
two inherently slow and inefficient processes, conduction and convection. 
Though heating by these means was adequate for the needs of earlier 
centuries, it long ago became obvious that efficiency would be far greater 
if heat could somehow be generated within a substance, and greater still 
if it could be concentrated in the region where it was most needed. 

The discovery of longer waves in the electromagnetic spectrum, and 
mastery of the technology needed to generate them, opened the way to 
making this possible. Such waves penetrate far deeper than infra-red, 
and if they are properly directed they can be made to excite the same 
sort of molecular phenomena. Essentially two distinct ways of doing so 
have been applied, each being most effective in a different part of the 
spectrum. In terms of frequency (rather than wavelength), these are 

50 Hz - 30 MHz Eddy current heating of metals in a 
magnetic field. 

1 MHz - 3 GHz Dielectric heating of non-metals in an 
electric field. 

Frequency plays a part not only in how the energy is applied, but also 
in how it is generated 

50 Hz - 300 Hz Single- and multi-phase transformers 
working from a.c. mains. 

300 Hz - 50 kHz Rotary converters, now giving way to 
thyristor converters. 

50 kHz - 100 kHz Thyristor converters, electron tubes. 
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100 kHz - 200 MHz Electron tubes of more or less conven-
tional construction. 

200 MHz - 1 GHz Electron tubes of special construction. 
1 GHz - 2.5 GHz Magnetrons and, to a lesser extent, 

klystrons. 

In this book we shall concern ourselves only with those frequencies at 
which tubes of conventional construction —mainly triodes —are used. 

What we shall talk about most is the design and construction of 
practical circuits for use in conjunction with such tubes. Treatment of 
the subject from this angle may already be long overdue. Experience has 
repeatedly shown that circuit design —and at the frequencies with which 
we shall be concerned, that term can be taken to include layout and 
construction as well — is every bit as important as theoretical calcula-
tions of the operating conditions of the tube. Without proper regard to 
both, an r.f. generator cannot operate as it should. All too often, attempts 
to blame failure on either the tube or the circuit are meaningless. Both 
are inextricably linked and must work together as a unit. 

This is not to say that all of the burden must fall on the circuit de-
signer; the tube manufacturer must bear his part too. With that in mind, 
a series of tubes has been developed which can be integrated into the 
circuit to the fullest possible extent. Two fully worked-out examples of 
r.f. heating generators discussed in the last chapter of this book show 
how the use of such tubes, in conjunction with sound circuit design 
criteria, can ease the way to consistently satisfactory results. 
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1 Tubes for R.F. Heating 

Traditionally, high power r.f. amplifier or oscillator tubes have been 
classed as transmitting tubes, regardless of whether they are used in 
radio transmitters or in r.f. heating equipment. This somewhat arbitrary 
classification tends to give the impression that any tube of the required 
power capability is suitable for either application. However, this assump-
tion is not completely valid as the tube operating conditions in the two 
applications are very different. 

In radio transmitting fixed station equipment, power tubes operate 
under almost ideal conditions. Such installations are virtually free from 
mechanical shock and vibration, are almost always supplied from a 
regulated power source and, most important, always operate with a 
matched constant load. Such operating conditions are rarely found in 
industrial r.f. heating applications. As these installations are normally 
associated with production lines and other electro-mechanical equipment, 
power regulation is often less than ideal and the equipment is often 
subjected to various degrees of vibration. Also, because of the nature 
of the work being done, the load is rarely matched correctly and can be 
expected to vary considerably. From this it can be seen that power tubes 
intended for industrial applications require different design criteria 
from those intended for transmitting service. 

1.1 Design Requirements 

The design criterion used for industrial heating tubes differs in several 
ways from that used for transmitting tubes. As mentioned in the pre-
vious paragraph, two new properties required are better shock and vi-
brationresistance, and higher overload capability resulting from the neces-
sity to operate under unmatched conditions. However, certain properties 
normally found in transmitting tubes are not required for industrial r.f. 
generators. Among these are wide bandwidth capabilities, low distortion 
and high power gain. 

It may be asked why a high power gain is not necessarily required in 
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industrial tubes. The reason for this is somewhat complex and is discussed 
in the following paragraphs. 

Given a graph of constant current curves for a power triode, a load 
line may be drawn which represents the operating conditions of the tube, 
given certain operating requirements. From the load line and other data, 
the grid bias, anode voltage, grid impedance, anode load impedance 
and output power may be determined. If, on this set of curves, a new 
set of load lines is drawn for different values of load impedance, while 
anode voltage, feedback factor and grid impedance remain constant, 
a plot connecting the ends of the resultant load lines will represent the 
line of constant grid impedance. Similarly the grid impedance can be 
made to vary while the other factors are kept constant, thus giving a plot 
representing the line of constant anode load impedance. Finally, both 
load impedance and grid impedance can be made to vary in such a 
manner that the output power remains constant; thus a line of constant 
output power may be plotted. 

From this it can be seen that if the lines of constant grid impedance 
and constant output power could be made to coincide, the output power 
would remain constant, regardless of changes in load impedance. 
While such an ideal situation is impossible, it has been found that if a 
low power gain is combined with a grid structure that has low primary 
and secondary emission, the output power remains quite constant over a 
significant range of load impedance variation. It is true that this requires 
a relatively high drive power, but this is considered of secondary im-
portance when compared to the stable performance of the tube. In a 
typical example, the output power varies by about 4 %for variations in 
load impedance between 0.6 and 1.4 times the assumed value. 

The required drive power for our tubes is of the order of 2 % of the 
available output power. 

1.2 Tube Types 

To meet the need for industrial applications, a range of tubes has earlier 
been designed specifically for such applications. This range includes the 
TBL(W)(H)7/8000, TBL(W)(H)6/17, TBL(W)12/38 and TBL7/9000, 
all of which have been well received by equipment manufacturers and 
equipment users. The most important single feature of these tubes is 
the "K" grid, so named because of the material used in its construction 
(see 1.4). 
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In their development, a maximum operating frequency of 30 MHz 
was accepted because, at the time, virtually all industrial equipment 
operated below this frequency. 

However, there has recently been a growing requirement for power 
tubes to operate at higher frequencies for applications in dielectric 
heating of low-loss materials. Also, even higher power levels are be-
coming necessary for induction heating equipment. In view of these 
requirements and the success of the earlier range of industrial tubes, a 
series of power tubes with ceramic envelope has now been introduced, 
which features the "K" grid and offers many other advantages. 

Bearing in mind the requirements for high frequency dielectric heating 
and high power induction heating, the following combinations of output 
power and limiting frequency have been selected:-

Power 
(kW) 

Frequency 
(MHz) 

Type No. 

2.5 160 YD1240 
4.0 160 YD1150 series 
7.5 150 YD1160 series 

16 120 YD1170 series 
32 80 YD1180 series 
62 30 YD1190 series 

122 30 YD1202 series 
247 30 YD1212 series 
480 30 YD1342 series 

The stated output power figures represent the anode output power. 
The power delivered to the load will be less than this figure and will 
depend on the tank circuit efficiency and drive power required to sustain 
oscillation. 

The combinations of maximum frequency and output power may seem 
to be arbitrary. However, the choice of these combinations is based on 
two sound reasons. First, most dielectric heating applications use fre-
quencies in the 25 MHz to 30 MHz range and those requiring higher 
operating frequencies generally require power levels below 10 kW. 
Second, the higher the power capability of the tube the more difficult 
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it becomes to achieve high frequency performance. This is because the 
necessarily larger electrode structures introduce higher capacitive and 
inductive values and increase the transit time of the electrons. Therefore, 
the combinations chosen offer the best compromise between tube cost 
and frequency capability. 

During the development of this new series of ceramic envelope in-
dustrial triodes, the following points served as guides: 

1. A d.c. to r.f. efficiency of at least 75 %. 
2. Grid current constant over tube life. 
3. Relatively low operating anode voltage. 
4. Rugged electrode construction. 
5. Suitability for high frequency operation. 
6. Good safety margins on high voltage and other parameters. 
7. No additional electrode seal cooling at frequencies lower than 4 MHz. 

(On the higher power tubes a, low velocity air flow may be required 
to prevent ionisation of the air adjacent to the terminals, which 
could result from the higher operating voltages). 

8. Low water consumption for water cooled types. 

1.3 Envelope Construction 

The electrodes are mounted on heavy ring-shaped terminals arranged 
coaxially on conical high purity alumina ceramic spacers. This method 
of construction, which is standard for the entire series of ceramic 
envelope tubes, guarantees maximum mechanical strength and ensures 
low inductance for high frequency operation. The use of low-loss ceramic 
also results in minimum capacitive current heating in the electrode seals. 

Ceramic insulation has previously been used mainly for communi-
cation tubes primarily for economic reasons. However, for industrial 
tubes this material offers several advantages. Two of these advantages 
mentioned above are high mechanical strength and low capacitive loss. 
In addition, ceramic has a much higher melting point than glass, which 
means that the tubes can be processed at a higher temperature for more 
efficient degassing, thus providing a better vacuum. Also, ceramic can 
be machined to much closer tolerances than glass, which allows very 
accurate alignment of the electrodes. Finally, ceramic can withstand 
temporary overheating better than glass, a feature which is very im-
portant to the user of industrial equipment. 
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1.4 The "K" Grid 

This grid is ideally suited to industrial applications because of three 
properties 
1. It has a high work function, even when covered with thorium evapor-

ated from the cathode. 
2. It has a rough surface, ensuring good heat radiation. 
3. It has high thermal conductivity. 
A "K" grid can withstand a continuous load of 25 W/cm2 (161 W/in2) 
and even under this severe condition, complicated by the presence of 
deposited thorium, the thermionic emission is only about 1 ,uA/cm2
(6.4 ,uA/in2). This value does not change significantly over the normal 
tube life. 

From this it can be seen that the "K" grid fulfils one of the most im-
portant requirements for constant power operation, that of low grid 
emission. In addition, the excellent thermal conductivity and heat 
radiation properties of the "K" grid assure good heat dissipation, another 
requirement of operation under unmatched load conditions. 

As the load impedance varies from the matched value, anode and 
grid dissipation also vary. With a load impedance lower than the nominal 
value, grid dissipation falls while anode dissipation increases. The op-
posite occurs when the load impedance is higher than nominal, i.e. 
the anode dissipation falls but the grid dissipation rises, reaching a 
maximum at a value of load impedance just short of the unloaded value. 
The "K" grid, therefore, is well suited to such operating conditions, 
having as its primary features excellent heat conduction and radiation 
properties, as well as low emission. 

~~—v 

Fig. 11. The "R" grid. 
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1.5 Electrode Construction 

Two different internal constructions are used; one for tubes rated up to 
7.5 kW, and another for tubes of 15 kW and higher. 

In the lower power tubes, the grid and cathode constructions are 
similar to those used in the TBL(W)(H)7/8000 and TBL(W)(H)6/4000. 
The cathode consists of two helically wound wires in parallel and has 
proved its strength, reliability and long life. With the use of coaxial 
metal-ceramic seals, the cathode construction becomes even more rugged. 

While this helical cathode provides an excellent solution for the lower 
power tubes, its use becomes impracticable at high power levels. Since 
a desirable feature of these tubes is low anode voltage, there is neces-
sarily arequirement for high cathode current for a given power level. 
This would require the use of a very long helical or multistrand cathode 
which would not be sufficiently rugged and which would tend to deform 
with age. For these reasons, a special mesh type cathode was designed 
for the tubes that operate at power levels of 15 kW and higher. 

Among the features of the mesh cathode are high emission, mechanic-
ally rugged construction, small dimensions, low inductance (particularly 
important at higher frequencies), a desirable ratio between filament 
voltage and current, and high slope. Switching tests performed on mesh 
cathodes show that deformation during life is negligible. 

Fig. I.2. Mesh cathode construction. 
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1.6 Anode Voltage Supply 

An industrial tube operating with a relatively low anode supply voltage 
has the following advantages over the more conventional high voltage 
low current type of operation: 

1. Seal losses due to internal capacitive circuits are lower. 
2. Ionization and corona effects are minimised. 

Additionally, a circuit designed around such a tube and using solid 
state rectifier stacks offers substantial cost savings. The reasons for this 
are fully discussed in Ch. 2 under the heading "Anode Voltage Supply". 

1.7 Additional Considerations 

The small size of the mesh cathode has led to tubes whose overall di-
mensions are quite small relative to power capability. The advantage of 
small size and weight may not be immediately apparent, especially to 
the equipment manufacturer, because size and weight are normally not 
problems in industrial installations. 

However, the size and weight of power tubes can be very important 
to the equipment user, from the point of view of shipping, storing, and 
handling spare tubes. Also, in equipment which may be portable or 
transportable, size and weight can be very important. 

This low size to power ratio places higher than usual demands on 
anode and grid structures with regard to heat dissipation. "K" material 
easily meets the requirements of grid dissipation. With regard to anode 
dissipation, all tubes, both air and water cooled types, have been designed 
with high efficiency anode cooling systems to ensure adequate anode 
cooling under even the most adverse operating conditions. In the water 
cooled types operating at 30 kW and higher, the anode cooling system 
consists of helical water flow grooves machined in athick-walled anode 
structure. This system is extremely efficient; a water consumption rate 
of 0.34 litres (0.16 gallons) per minute per kilowatt of anode dissipation 
is the normal requirement. 

Throughout this chapter, a great deal of emphasis has been placed on 
rugged construction and ability to withstand temporary overloading. 
As an indication of how this has been accomplished with this new series 
of tubes, laboratory tests performed on the YD1212, the 240 kW tube, 
showed that an output power as high as 450 kW could be reached for a 
short period of time without damage to the tube. 
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1.8 Summary 

To summarise, the new series of ceramic envelope industrial triodes 
offers the following features: 

1. Efficiency of at least 75 %. 
2. Very rugged construction. 
3. Small size. 
4. Highly efficient water cooling system. 
5. Good high frequency characteristics. 
6. High safety margins on all parameters. 
7. Constant grid current and drive through life. 
8. No additional cooling required for low frequency operation. 
9. Relatively low anode voltage. 
lO.No cathode or grid deformation through life. 

A quick selection guide is given in Table l.l. In addition, full technical 
information is available on request. 
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2. H.T. Supply 

2.1 Mains Voltage Fluctuations 

The H.T. supplies for r.f. generators are, normally, suitably rectified 
single-phase or three-phase mains supplies. Before discussing the methods 
of rectification we should give some consideration to the mains voltage 
fluctuations that can be expected. 

A common factor, for instance, in plastics moulding factories is the 
fairly heavy electrical consumption of compressors to run hydraulic 
presses. The mains feeder to the factory is usually well loaded, if not 
actually overloaded, with the net result that the mains voltage to equip-
ments in the factory is low when some of the large compressors are 
running. Such compressors are usually hydrostatically controlled. The 
switching of compressors is random but at certain times they can either 
be all on or all off. A local sub-station can usually improve the position at, 
for example, full load but then the off-load mains voltage rises consider-
ably. The r.f. generators have to withstand the total mains fluctuations 
aggravated by such prevalent local conditions. The electrical design of 
the generator tube stake into account such voltage fluctuations although 
it is not usually possible to guarantee a long life if the mains fluctuations 
are greater than a level that can be reasonably incorporated in the design. 
It follows that precautions may be necessary in the equipment to guard 
the tube against wide mains fluctuations. 

Finally, the mains voltage fluctuations may have a considerable in-
fluence on the design of automated or timed processes using r.f. heating. 

2.2 Rectification 

The various methods that can be used for rectifying either a single phase 
or three phase mains supply are given in Table 2.1 on page 14, together 
with the relevant data for transformer and rectifier ratings. 

2.3 Self Rectification 

In addition to the rectifier systems shown in Table 2.1 the possibility 
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exists of using an industrial tube with raw a.c. applied to the anode and 
allowing the tube to do its own rectifying. Such a practice is, however, 
not recommended for the following reasons. The oscillator will operate 
at its maximum efficiency at the crest of the positive-going sinewave 
where the h.t. potential equals the permitted maximum tube voltage rating. 
Over the remainder of the positive half cycle, both before and after the 
crest, the oscillator efficiency will fall as the applied anode voltage falls. 
In the positive half cycle the total tube operating time is 2/:~. During 
a large part of this time the tube is operating inefficiently so that the 
power delivered by the tube is considerably less than 2/n. Since the tube 
is not operating over the negative half cycle, the net result is that the 
power output is reduced by a factor > 1/~. In practice, this factor 
approximates to 2/9. Finally, of course, it is impracticable to use self 
rectification with three-phase mains supplies. 

2.4 Power Supply Ripple 

The arguments of the previous section also apply, to an extent governed 
by the amplitude of the ripple from the h.t. supply, to the generator tube. 
Thus with a very "rough" d.c. line it is necessary to ensure that the tube 
ratings are not exceeded on the crest of the ripple. This rough d.c. is the 
result ofsingle-phase full-wave rectification without filtering. Three-phase 
rectification generally gives a sufficiently low ripple. 

Excessive ripple voltages can be an additional source of undesirable 
radiation from the generator by modulating the r.f. energy at the ripple 
frequency. The radiation level of the equipment is determined by the 
maximum radiation obtained at the crest of the ripple modulation. 

In some processes, because of the speed of the process, e.g. seam 
welding, modulation ripples may occur on the seam. In these applications 
the ripple must necessarily be kept very low. 

2.5 Filameut Supplies 

All modern power tubes have thoriated tungsten filaments of spiral, rod, 
or mesh construction. To ensure adequate emission and the maintenance 
of the original electrical characteristics over a long period of use, certain 
precautions must be observed. 
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Table 2.1 Idealized rectifier circuit performance (part IaJ 

single-phase 
half-wave 

two-phase 
half-wave 

single-phase 
full-wave 

type of rectifier circuit 
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e 

E 

~...~

E~ 

~...J

~ . 
~ F 

secondary input voltage 
per phase 

rzuoee 

v~ 

vim 
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across AB 

1 ~ 
1 ~ 

ocros\ B~ acro seAB 
7Zswu 

arcossAB 

output voltage across a-b 
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_ V r

VoM 
~ ~ Vo rms 

' , .

oms
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,,. V ~ 

VOMeVi ~ 

Vorms=0.707 V~ 

RSbee 

VoM:V~f 

Vo vns=Vt 
RSa016 

VoM=V~~ 

Vo rms=VL 
)ZSaoee 

output voltage pulses per 
cycle (N) 

1 2 2 
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Table 2.1 Idealized rectifier circuit performance (part Ib) 

single-phase 
half-wave 

two-phase 
half-wave 

single-phase 
full-wave 

output voltage 

d.c. output voltage V0 0.45 VL 0.90 VL 0.90 VL

r.m.s. output voltage V0 rms 1.57 V0 1.11 V0 1.11 V0

peak output voltage V0M 

output current 

average current per rectifier leg IFav 

3.14 V0

l 0

1.57 V0

0.5 70

1.57 V0

0.5 I 0

IF per rectifier leg ~ R 1.5770 0.78510 0.78510
rms L 0.70710 0.70710 0.70770

IOmr Per rectifier leg 4 R 3.1410 1.5710 1.5770

l L

transformer rating 

r.m.s. voltage per secondary phase 

I 0

2.22 V0

I0

1.11 V0

I0

1.11 V0
(to center tap) (total) 

r.m.s. current per R 1.57 I0 0.785 l 0 1.11 l 0
secondary phase L 

~ 
0.707 I0 0.707 70 l0

secondary volt-amperes VAS ~ R 3.48 V 0I 0 1.74 V070 1.23 V010
L 1.57 V070 1.57 V0I 0 1.11 V010

primary current R 1.21 I0 1.11 70 1.11 70
(transf. ratio 1 : 1) L 0.5 70 l 0 I 0

primary volt-amperes VA p ~ ~ 2.69 V0I0 12.3 V 0I 0 1.23 V 0I 0

L 1.11 V0I0 1.11 V070 1.11 V070

fundamental ripple frequency f r f 2f 2f 

percentage ripple 100 V!r rms/V0 111 47.2 47.2 

crest reverse voltage across diode 3.14 V0
1.41 VL

3.14 V0
2.82 VL

1.57 V0
1.41 VL

R = resistive load L = inductive load f = supply frequency 
In the calculation of the above circuit performances, the rectifier forward voltage 
drop and the transformer impedance have been ignored. Figures for primary trans-
former volt-ampere ratings neglect magnetizing current. 

15 



Table 2.1 Idealized rectifier circuit performance (part 2a) 

three-phase 
half-wave 

three-phase 
full-wave 

six-phase 
half-wave 

double-star 
with inter-

phase transf. 

n Ilrmi.l ~ l.t~il Li~+1.1 

type of rectifier circuit 

_ 

- e 

A 

~~ ° ~~à̀

EJ~~ 
. E3 

E3 
E3 E 

A B 

E~ 
~ E~ 

E3 
E~ E 

E~ E~ E~ 
_[~~~ E~ E~ E~ 

 ~L~ ~~,~ -~~~ 
~~~ 

~~ 

~~ 1 ~ 
1 ~ 

secondary input voltage 

~L ~~ 

]zuon 

across AB 

~ 
~~ ~ 

~~~ ,.o,. 
across CD across AB 

per phase 

]woes 

across AB 

]Haan 

across AB 

output voltage across a-b 

--;_i— p • ~vorms 
vo 

~aM ~o rmb VOM ~o rms 

vo

YOM YO rms QOM 

, 
VOM_V~~ 

Vo rms=).2V2 

fLSano 

VOM ` VLF 
Vo rms:1.35V= 

saoee 

VOM:VL I 

Va rms: ],1]Vs 
]zuos• 

_ 

VOM'VL~ 

Vo zms'2, 3GVL 

output voltage pulses per 
cycle (N) 

3 6 6 6 
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Table 2.1 Idealized rectifier circuit performance (part 2b) 

output voltage 

d.c. output voltage Vo

r.m.s. output voltage Vo Ims 

peak output voltage VuM 

output current 

average current per rectifier leg IFAV 

Ir Ims per rectifier leg ~ R 
L 

IoM Per rectifier leg ~ R 
L 

transformer rating 

r.m.s. voltage per 
secondary phase (VL) 

r.m.s. current per R 
secondary phase L 

secondary volt-amperes VAS S R 
L 

primary current per trans- R 
former leg (transf. ratio L 
1 : 1) 

primary volt-amperes VA p S R 
L 

primary input current S R 
(transf. ratio 1 : 1) ~ L 

fundamental ripple frequency f I

percentage ripple 100 VfI Ims/Vo 

crest reverse voltage across diode 

three-
phase 

half-wave 

three-
phase 

full-wave 

I 
S1X-

phase 
half-wave 

double-
star with 
interphase 

transf. 

1.17 VL 2.34 VL 1.35 V~ 1.17 V~ 

1.02 Vo Vo Vo Vo

1.21 Vo 1.05 Vo 1.05 Vo 1.05 Vo

0.333 I„ 0.333Io 0.16710 0.16710

0.588 70 0.577 70 0.408 l a 0.293 Ia
0.577 Ia 0.577 70 0.408 I a 0.289 Ia

1.21 Ia 1.05 I o 1.05 Io 0.605 70
Io Ia Io ]o

0.885 Vo 0.428 Vo 0.741 Vo 0.855 Va

0.588 l a 0.816 70 0.408 I o 0.293 I o
0.577 I o 0.816 70 0.408 l 0 0.289 70

1.50 Vo7o 1.05 Vola 1.81 Vo7o 1.50 Volo
1.48 Volo 1.05 Vo7o 1.81 Vola 1.48 Vo7o

0.484 l 0 0.816 70 0.577 I o 0.414 t o
0.471 70 0.816 70 0.577 70 0.408 t o

1.24 Volo 1.05 Valo 1.28 Volo 1.05 Volo
1.21 VoZo 1.05 Vo7o 1.28 Vo7o 1.05 Vo7a

0.830 70 1.41 Io 0.817 l 0 0.707 I o
0.817Io 1.41 Io 0.8171a 0.707Io

3f 6f 6f 6f 

17.7 4.0 4.0 4.0 

2.09 Va 1.05 Vo 2.09 V 2.42 Vo
2.45 VL 2.45 VL 2.83 VL 2.83 VL

R = resistive load L = inductive load f = supply frequency 
In the calculation of the above circuit performances, the rectifier forward voltage 
drop and the transformer impedance have been ignored. Figures for primary trans-
former volt-ampere ratings neglect magnetizing current. 
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1. Although filaments of mesh construction are more rugged than the 
more conventional types, the tube should not be exposed to undue 
shock or vibration before installation or during operation. 

2. Current surges should not exceed the stated maximum values (usually 
2.5 times the operating current). 

3. The nominal voltage measured at the filament terminals of the tube 
should ideally be within ~ 1 % of the published value. The permitted 
excursions of +5 %and —10 % about this value should only be of a 
temporary nature. 

The filament transformer usually operates at mains frequency. By 
using a suitably designed transformer some of the above requirements 
can be met. 

A number of primary taps will permit the accurate setting of the filam-
ent voltage on installation at the final site. Adequate provision should 
also be made, when specifying the nominal secondary voltage, for the 
voltage drop in the leads between filament transformer and tube terminals. 

To limit switching surges, step switching in the primary can be used 
or the transformer can be designed with a built in leakage reactance 
that will limit the maximum current to a predetermined value. If the 
transformer can be adequately cooled either by natural convection or by 
a small blower, the resistance of the secondary windings may also assist 
in this respect. 

2.6 Anode Voltage Supply 

Solid state rectifier stacks simplify the design of high-voltage high-current 
power supplies*. They eliminate the need for ahigh-voltage insulated 
heater transformer to run the heaters of gasfilled rectifier tubes and the 
thermal delay circuits that are needed to prevent h.t. being switched 
on before the rectifier tubes are warmed up. 

The avalanche characteristic of silicon rectifier diodes eliminates the 
additional capacitors or resistor ladder networks that were required 
to ensure equal voltage distribution sharing across each diode in a stack, 
since it absorbs transient energy within the rectifier circuit without 
damage. 

The BYX25 and BYX39 series of controlled avalanched rectifiers have 
been designed for use in high-voltage high-current power supplies. 

* See our publication "High-voltage rectifier stacks" (ordering code 9399254 02301) 
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1 

Fig. 21. Solid-state high-voltage rectifier stacks, compared with agas-filled rectifier 
diode. Two basic stack mounting arrangements are available —stud mounting and 
tube-base mounting (for direct replacement of tubes); there are four types of tube-base 
mounting in our range, as shown. 

Each diode is capable of a maximum mean forward current of 20 A 
with a maximum crest working reverse voltage of 1 kV. The diodes are 
stacked in series to give the required crest reverse voltage plus a suitable 
safety factor. 

It follows that it is preferable, in the design of a generator tube for a 
given power, to keep the working voltage as low as possible and the cur-
rent high in order to reduce the number of rectifier diodes in the stack. 

Further advantages in lower voltage operation of high-power gener-
ators can be seen in the manufacture of the h.t. transformer. "Insulation 
costs money", and it is cheaper to make a transformer of a given kVt~ 
rating at a lower voltage than at a higher voltage. The same principle 
applies to the design of the oscillatory circuit where r.f. potentials are 
likely to be at least double those of the h.t. transformer, and where the 
voltage ratings of items such as tank capacitors, blocking capacitors or 
decoupling capacitors are one of the main cost features. 
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Since the essential requirement of dielectric heaters is the production 
of ahigh-voltage across the load coupling plates, it may be argued that a 
higher generator tube operating voltage is to be preferred. However, 
the problem of transferring r.f. energy from a tube to the work is a 
poN~er transfer problem and the potential applied to the load is dependent 
on the load coupling circuit design. A simple approach to this problem is 
given in Chapters 6 and 8. 

The arguments for aloes-voltage high-current industrial tube, so far as 
power supply requirements are concerned, may be summarized as follows 

(a) H.T. transformer design is simpler and cheaper. 
(b) Tank capacitors, blocking capacitors and decoupling capacitors are 

smaller and cheaper. 
(c) Shorter stacks of a high current rating can be used. 

For certain applications, however, gasfilled rectifiers are preferred. 

Fig. 2.1 shows examples of solid-state rectifiers and a rectifier tube. 
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3. Cooling Systems and Temperature Measurements 

To ensure that the r.f. generator tubes operate satisfactorily and have a 
long life, some form of cooling is essential. The parts of the tube that 
require cooling are the electrodes (mainly the anode) and the seals. 

The tubes in the new industrial ceramic range are available with any 
desired method of anode cooling, such as forced air cooling, water 
cooling or integral water cooling. Vapour cooling may also be used on 
certain of the high power tubes. In addition to the anode cooling re-
quirement, and depending on the circuit configuration, it may be ne-
cessary to cool the grid and filament cathode seals by forced air. At 
induction heating frequencies and frequencies up to 4 MHz, forced air 
cooling of the seals is not required provided that the recommended 
terminal connectors (or connectors of equivalent thermal mass and 
contact area) are used. 

3.1 Anode Cooling Systems 

Air, water, or vapour may be used for cooling the anodes of the tubes 
described in this application book, according to type. The factors which 
may determine whether air or water cooling is to be used are discussed 
in the following paragraphs. 

3.1.1 AIR COOLING 

If water is not required for any other purpose, consideration maybe given 
to forced air cooling of the anode. One advantage of air cooling is that 
the warm exhaust air may be used to prevent condensation inside the 
cabinet, especially with certain types of dielectric heating load. 

One disadvantage may be the noise of the exhaust air. If air is used the 
supply must be properly filtered, otherwise blockage of the anode radiator 
may occur or foreign matter, deposited in parts of the circuit, may give 
rise to short circuits or to inefficient operation. It is also essential that 
the air filtering system is correctly maintained and the cost of this must 
be considered. The air blower circuit should be interlocked with the 
main switching system to prevent the tube being operated without 
cooling. The interlock switch should be mounted in the exhaust stream. 
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Where the ambient temperature is high, 
altitudes, care should be taken to see that 
terms of mass per unit time. 

The amount of air required at sea level is 
formula: 

50 P 
Q=--> 

T 

where Q =air flow in m3/min. 
P =anode dissipation in kW. 
T =temperature rise in degC. 

or for operation at high 
the air flow is adequate in 

given approximately by the 

3.1.2 WATER COOLING 

Water cooling is quiet and may well be preferred if water is already 
supplied to another part of the equipment. The water may be drawn 
either from the mains or from a recirculating system. Apart from saving 
water the recirculating system helps to ensure a high standard of purity. 
Some of the requirements for satisfactory cooling water are that it 
should not be corrosive or deposit scale, should not contain insoluble 
material which might cause blockages, and should not be a good elec-
trolyte. Its mineral content and electrical conductivity should therefore 
be periodically checked especially when it is not drawn from a circul-
ating system (Fig. 3.1). Anon-corrosive water should be low in chlorides, 
oxygen and carbon dioxide. Scale formation can be avoided by keeping 
down the amount of silica and bicarbonates, especially calcium bicar-
bonate. No exact figures can be given for impurities as they are interde-
pendent. 

The cooling water system must be interlocked with the electrical sup-
plies. As an added safeguard, the electrical supplies should automatically 
switch off if the water outlet temperature rises too high. 

The amount of cooling water required is given by the formula 

14.3 P 

Q T 

where Q =water flow in litres/min. 
P =anode dissipation in kW. 
T =temperature rise in degC. 
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Fig. 3.1. A typical water cooling system. 

The above requirements indicate that from along-term view a recircu-
lating system filled with distilled water in its primary will be the best. 
The additional initial cost will be well offset by reduced maintenance 
costs if the system is truly closed and the risk of contamination of the 
primary water removed. 

The new tubes with their integrated water cooler will permit a substan-
tial saving in the original installation because their cooling requirements 
of 0.34 litres per minute per kW anode dissipation are really low in 
comparison to the more conventional water jacket types. 

The secondary cooling can then be effected through a conventional 
air or water heat exchanger. The purity requirements for the secondary 
water are, of course, far less stringent since such awater-water heat 
exchanger can be designed to suit the local water supply. 
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3.1.3 VAPOUR COOLING 

Providing the installation of a boiler does not seriously inhibit good 
electronic circuit design, vapour cooling can be used. However, it offers 
noticeable economic advantages over other indirect water systems only 
at anode dissipations above 50 kW and with the tube operated near its 
maximum published anode dissipation. If the condenser pipes inside the 
boiler are of adequate diameter, enough cooling water may be fed 
directly through the cooler without a secondary heat exchanger. To 
maintain the advantage of the higher temperature gradient between 
condensing steam and condenser water, the flow of the condenser water 
will, in most cases, be much the same as that needed for conventional 
water-cooled tubes. 

Finally, the factors governing the choice of anode cooling are summaris-
ed below. 

Forced Air 
Advantages 
Air is everywhere freely available. 
Anode can be `live' to r.f. and 
d.c. with no serious problems. 
No water joints to leak. 
No condensation problems —the 
warm air can be ducted around 
in the oscillator. 
Can also provide cooling for seals 
if designed correctly. 

Water 
Advantages 
No noise. 
Air filters not required. 
No increase in the ambient 
temperature of the surrounding 
work space. 
Less overall electrical consump-
tion than the air cooled system 
as only a low-power pump is 
used (closed circuit systems). 
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Cooled 
Disadvantages 
Air filters are required on air 
intake and need to be cleaned 
regularly. 
Cooling system may generate 
noise. 
With several generators in a 
confined space, ambient temper-
atures may increase unless large 
and expensive hot air exhaust 
ducts are fitted in the work space. 

Cooled 
Disadvantages 
Insulated hose coil required if 
the anode is operated at high r.f. 
and/or high d.c. potentials. 
Condensations problems due to 
atmospheric conditions. 
Mineral content of cooling water 
may produce `fur' in cooler unless 
demineralised water or a recircul-
ating system is used. 



Water Cooled 
(integral hell-cooled) 

The hell-cooled tube does not require a separate water jacket and is 
fitted with a more efficient cooler. 

Vapour Cooled 

This system offers no economic advantages over indirect water systems 
unless anode dissipations in excess of 50 kW are required and the tube 
is working near its operating maximum. 

3.2 Temperature Measurement 

It is essential, when designing new equipment, that the temperatures of 
the electrode seals and coolants are carefully measured. A number of 
paints and waxed papers are available for this purpose. Care should be 
taken with paints as some of them are lossy at radio frequencies. 

When thermometers are used for coolant temperature measurement 
it is advisable to use the spirit variety where r.f. fields are present. If 
only mercury thermometers are available they must be electrically screen-
ed. 
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4. Environmental Design Considerations 

4.1 Interference Problems 

Unless special precautions are taken, radiation of r.f. energy at funda-
mental or harmonic frequencies, through direct propagation or leakages 
from the generator, is inevitable. Because such radiation could cause 
interference, certain proposals have been internationally agreed, and 
are indeed binding by law in some countries. These proposals set limits 
to the frequency and the amount of radiation caused by industrial equip-
ment. 

The following extracts from these proposals are given for the guidance 
of v.h.f. generator designers. 

Four harmonically related frequency bands are here of interest, 
within the limits of which, free radiation from industrial equipment is 
acceptable. These four bands are as follows: 

13.65 MHz ~ 0.05 
27.12 MHz ~ 0.6 
40.68 MHz ~ 0.05 

461.04 MHz ~ 0.2 

Other limitations restrict the radiation of harmonics, if the generator 
operates in one of these bands, to 225 ,uV/m at 100 metres distance. 

For all other frequencies harmonic radiation is restricted to 45 ,uV/m 
at 100 metres distance. 

Further safety margins have in some countries been imposed on the 
above specifications to guard against component tolerances, component 
ageing, incidental fault conditions, etc. 

if such limitations are applied they become one of the prime design 
considerations, often taking precedence over the equipment performance 
and are never satisfied cheaply. 

4.2 Radiation Suppression 

R.F. generators, even when working inside the recommended frequency 
bands, must suppress the incidental harmonic frequencies that result 
from any generation or amplification of r.f. power. 
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The selection of operating conditions (choice of angles of current flow 
in the tube) suggested by harmonic analysis is, although helpful in some 
instances, largely of theoretical interest. The quality factor Q of unavoid-
able component resonances can magnify the amplitude of a harmonic 
out of proportion to the calculated value. Even push-pull operation, 
where the elimination of all even harmonics is theoretically possible, 
may not always provide a satisfactory solution. Industrial loads can, 
by their reactive variations, cause an unbalancing of a carefully adjusted 
push-pull circuit that is sufficient to make some of the even harmonics 
re-appear to an objectionable degree. 

Some suppression, particularly of the higher order harmonic frequen-
cies, can be undertaken at the source, i.e. the tube. Tubes with an 
effective high output capacitance are here of help since a relatively large 
anode capacitance will represent a low impedance path to the higher 
order harmonics at source. This then influences the choice of oscillatory 
circuits in favour of those where the anode-to-grid capacitance Ca_9 can 
be used for this purpose, that is, those circuits where the tank circuit is 
connected between grid and anode. 

The tank circuit capacitance can also assist in this respect, but only if 
it can be tied so tightly to the internal tube capacitance that the interve-
ning connector reactances are much smaller at the harmonic frequencies 
than that of the CQ_9 of the tube or of the external capacitance. Gener-
ally such a construction can only be realised with coaxially connected 
tubes as found in our new series of industrial ceramic envelope triodes. 

If component resonances cause certain harmonic frequencies to 
appear at an undue magnitude, a search for resonant effects, preferably 
with varying load reactances, should be made. It can then often be quite 
a simple matter to reduce the magnification at the offending frequency 
by a change in component layout or the substitution of components 
with others of the same basic value but different outline and different 
stray reactances. These objectionable component resonances could, for 
example, be caused by the self resonance of tank circuit or blocking 
capacitors, connectors between tube and circuit, or filtering chokes. 
The latter, even if wound to give a correct quarter-wave voltage pattern 
at the fundamental frequency, will, of course, have several self resonances 
at higher frequencies, any one of which could lie close enough to a 
harmonic to cause its magnification. If such a magnification is severe, 
power may be dissipated, creating hot bands on these chokes. A change 
of length-to-diameter ratio, choice of different wire gauge or insulation 
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or perhaps the use of alternative supporting formers may offer the 
correct solution. 

Any residual harmonic propagation, after exploration of all the above 

possibilities, can only be suppressed by filtering. If necessary, double 

screening around the generator proper must be used with capacitive and 

inductive filter networks in all supply leads, the only r.f. "exit" being 

through a Faraday screen at the load coupling circuit position (Fig. 4.l). 

1 

I 
T

1 

Pig. 4.7. Example of double-screened generator box with ~c fzltering networks consisting 
offeedthrough capacitors and chokes. A Faraday screen, F, is inserted between the 
tank circuit coil LT and the load circuit coupling coil Lc. 

A few remarks can be made on the construction of these Faraday 

screens. The finer the mesh, the better the suppression of higher order 
frequencies. As a general rule the dimensions of one slot should not 
exceed a tenth of the wavelength of the highest frequency that is to be 
suppressed and neither should one slot, or a combination of slots, 
resonate near this frequency (Fig. 4.2). 

If no other way can be found of suppressing one or more of the re-
maining harmonics, absorption circuits may be used. These are series 
resonators inserted in the basic generator circuit or the feedline to the 

load position at high voltage points of the harmonic frequencies. Since 
their intensity may, however, be so low that exact location is difficult, 
the final position of the absorption circuits may have to be established 
by trial and error. Such a change of position may in itself affect the 
resonance of the absorption circuit and necessitate further tuning for 
optimum results (see Figs. 4.3 and 4.4). 
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nonferrous material 

12596E4 

Fig. 4.2. Sketch of Faraday screen. The cross hatched area is the metallic panel out of 

which the screen has been cut. The mark-space ratio M/S will determine the degree of 

higher order harmonic suppression, and the path length along the edges of the whole 
screen any possible resonant slot properties. Z should be a significant multiple of M -r S. 

Fig. 4.3. Capacitively loaded line or Kolster circuit with harmonic absorption circuits 
for the frequencies hi and hz. Accurate resonance is obtained by trimming either the 
inductive or capacitive components of these circuits. 

generator 

with 

faraday 

screen 
output 

air spaced 
~toaxial duct 

h~ hj hZ

~w 

Cyr

Fig. 4.4. System for removing residual harmonics between Faraday screen of generator 
and load position. The three traps shown in the coaxial link are in this examplefor two 
frequencies; h l and h l' are located at two separate high voltage points of the same 
harmonic and h2 at the voltage maximum of another harmonic. 
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If the processing requirements are such that no adequate frequency 
control or harmonic suppression can be achieved or the processing 
frequency and its harmonics fall outside the allocated bands, total 
screening is the one remaining solution. The machine is then housed in a 
screened room consisting of adouble-walled wire cage with good r.f. 
filters in the mains power supply and good earthing of the outer cage 
(Fig. 4.5). The effectiveness of bonding on windows and doors must also 
be checked. 

)!9962] 
su N ply 

Fig. 4.5. Sketch of double-screened work room with filter (F) in mains supply and ade-
quate earthing (G). Metallic sections of the building structure should not be relied upon 
to serve as screening or earthing points because their resistance and reactance at high 
frequencies can be appreciable. 

4.3 Frequency Stability of Oscillators 

Oscillators in the v.h.f. bands can, of course, be designed and built to 
satisfy the necessary stability requirements. However, from an appli-
cations and economic point of view these oscillators are almost completely 
restricted to the widest of the four bands, namely around 27.12 MHz. 

Industrial oscillators are subjected to loads that appear resistive, 
at best, only during a small part of the total processing cycle. During the 
remainder of the cycle, reactances will be reflected to the tank circuit, 
changing its frequency in proportion to their magnitude. This is because 
the frequency of a tuned circuit always adjusts itself to such a value that 
the reactive values of circuit capacitances and inductances are balanced. 

It is, therefore, an obvious solution to make these reactances as small 
as possible in comparison with those appearing in parallel with them. 
This will minimize the tank circuit frequency shift. 
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However, small reactances signify high circulating currents that may 
cause uneconomically high power losses unless suitable tank circuit 
constructions are used. 

The formula 

1 
QL — 

2 df • tan h 
~7c~ 

f 

where 

Q~ =the loaded Q of the tank circuit 

df frequency deviation 

f operating frequency ~ /) 

tan d =the loss factor of the load material 

~c =the circuit efficiency (%) 

gives an indication of the QL figures required. 
Assuming for example that 

df 
f — = 0.5 

tan d = 0.04 

and 

~7c = 80 %. 

one obtains 

80 
QL = 2 x 0.5 x 0.04 

— 2000, 

a rather large figure that might not easily be realized with simple tank 
circuit constructions. 

The problem becomes, however, less serious when it is seen that the 
above formula assumes a coupling factor that is constant and near unity 
throughout the processing cycle between tank circuit and load circuit, 
as will occur only with the simplest form of directly-coupled load circuits. 
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With other coupling systems this high coupling factor is, because of the 
tuning characteristic of the load circuit, only maintained over a small 
part of the total processing time. The coupling factor integrated over the 
total processing time will thus be much less, and loaded Q figures between 
100 and 500 are usually sufficient. 

The choice lies therefore between two circuits; one with a high coup-
ling factor over a large part of the processing time and requiring tank 
circuits of extremely high QL, or one with tank-load circuit combinations 
with a reduced integrated coupling factor and a proportionally higher 
peak power demand during the "in tune" time. Both solutions demand 
an economic sacrifice. 

A third method, more sophisticated and possibly more expensive, uses 
automatic means to cancel reactive load variations (Fig. 4.6). The oscil-
latorfrequency is monitored and deviations due to reactive load chang-
es are translated into a servo signal that will compensate these reactive 
load changes by electromechanical means. The time taken for this com-
pensation is dependent on the response time of the mechanical parts of 
the servo system, thus limiting the use of this control method to appli-
cations where correction times are measured in tenths of seconds. 

Fig. 4.6. Block diagram of load tuning with servo system. Series tuning is shown, but 
parallel tuning could also be used. 

If the servo response is adequate with respect to the changes of the 
load material characteristics the load will appear near resistive during 
the major part of the processing time, and a better processing time-power 
transfer function will also be obtained. Load tuning servo systems are 
also suitable where the r.f. power source is a driven and possibly crystal 
controlled amplifier. 
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4.4 Safety Circuits 

To prevent prolonged and costly production hold-ups through damage 
to tubes, components, handling equipment and possibly the work 
material, safety circuits are usually fitted. These circuits render the 
radio frequency generator and its supply source inoperative when faulty 
operation occurs. Three groups of safety measures need to be considered. 

1. Normal operation safety devices and operator protection. 
2. Circuit fault protectors. 
3. Load position fault protectors. 

The functions of the devices required under the above three headings 
will, of course, overlap in certain cases, and one safety circuit may satisfy 
all three requirements. 

4.4.1 NORMAL OPERATION AND OPERATOR PROTECTION 

Protection devices in this group include air- orwater-to-electricity inter-
locks as well as mechanical interlocks that prevent access to high tension 
or radio frequency sections of the generator. 

In this group fail-safe protection is the primary requirement and speed 
of action somewhat less important. The action of ordinary relays, 
micro-switches and circuit breakers will usually be adequate. 

Operator protection can be obtained with interlocking microswitches 
that prevent the generator being switched on so long as access doors or 
panels are open or protection. cowlings removed from the load position. 
To increase the safety factor it is common practice to duplicate these 
circuits to make operation impossible unless both circuits are in the 
"operate" condition. At the load position, for example, this may in-
clude two push-button switches, so spaced that the operator must use 
both hands to bring the machine into operation. 

The equipment protection circuits must prevent supply or r.f. energy 
being dissipated in any part of the generator unless all cooling instal-
lations are operating. Air and water $ow switches, preferably mounted 
at the respective outlets, are normally used. They can be connected in 
series with temperature sensors to ensure that normal operating temper-
atures cannot be exceeded. Delay timers, in a secondary safety circuit, 
can prevent the application of high tension before gasfilled tubes or the 
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filament of the generator tube itself have reached their correct operating 
temperature (Fig. 4.7). 

Filament surge currents can normally be limited by step switching or 
self limiting transformers with abuilt-in leakage reactance. The limiting 
characteristics of these transformers should be such that the specified 
filament current surges cannot be exceeded. Very-high-power filament 
transformers can be fed through primary voltage regulators, keeping 
the filament voltage within, say, 1 % of the nominal value. The cost of 
such an installation might be more than offset by the longer life of 
individual tubes. 

xo 

C-C-C 

Fig. 4.7. General safety circuit with interlocks for: P access panels, S safety cover, O 
operators push-buttons, C cooling plant, Ia anode current, Ig grid current, D delay 
switches, T, process tirners, A anode temperature sensing, R arc protector. 

Anode and grid current relays can be set to trip at current values that 
prevent over-dissipation in either of these electrodes. If used for this 
alone, the relay response time is in no way critical. An additional pre-
caution against serious anode over-dissipation is a thermal fuse attached 
to the anode by a low melting point metal link that will sever when undue 
temperature rises occur, releasing a switch in series with the general 
safety circuit (Fig. 4.8). 

4.4.2 CIRCUIT FAULT PROTECTORS 

For use with an ideally designed oscillator that remains on the fundamen-
tal frequency even under extremely heavy overloads — up to the point 
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spring 

to safety 
circuit 

Fig. 4.8. Fuse [ink to tube anode. A metal band M is fixed around the neck of the tube 
and has on one side a soft solder .joint, S. An insulated cord C holds contact K closed 
against spring tension of P. In case of overheating S melts and releases cord, causing K 
to go open-circuit. 

where oscillations cease and the total input power is dissipated in the 
tube anode —the safety cut-outs described above would be adequate. 
However, circumstances may necessitate a very fast removal of the 
supply energy if the tLibe or circuit components are not to suffer 
permanent damage. The main dangers are the extremely high r.f. po-
tentials due to parasitic oscillations that can cause internal arcs in the 
tube or external arcs on the circuit components. Arcing at the fundamental 
frequency, initiated perhaps by contamination of insulating surfaces, 
may cause component ringing. Because such arcs can be equivalent to 
an effective short-circuit across the fundamental frequency controlling 
circuit, they produce similar very high potentials. Under such conditions 
the supply energy should be removed within less than one cycle of the 
supply frequency. The system used will depend primarily on the type 
of power supply used. Where no smoothing is incorporated, grid con-
trolled rectifiers may be used for fast switching of the supply at the se-
condary of the h.t. transformer (Fig. 4.9). Alternatively, thyristors can 
be connected in the h.t. transformer primary. 

In a system with smoothing capacitors, the stored energy must also be 
removed from the generator tube and circuit in a similar short time. 
These fast switching systems resemble an ordinary relay that cuts out at a 
predetermined current. They all make use of a sensing element that will 
give a signal proportionate either to the rate of rise or, more frequently, 
the absolute value of the anode current of the generator tube. The 
energy stored in smoothing circuits can be absorbed with a "crowbar" 
circuit (Fig. 4.10). 
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oad 

Fig. 4.9. Schematic of quick switching safety circuit for power supply without smoothing. 
Gi, Gz and G3 are grid controlled rectifiers that are, under normal operation, kept in a 
conducting state by the pulse generator P, which is locked to the mains frequency. 
The firing pulses delivered by P can, however, be stopped by the action of the blocking 
network B which derives its command signal ,From the series resistor S. The network 
can be designed to respond either to an absolute current value or to a predetermined rate 
of rise of current through the load, e.g. the generator tube. A similar system could be 
used to control thyristors in the primary of the h.t. transformer. 

load 

Fig. 4.10. Schematic of "crow bar" circuit. Such a circuit can be used in those cases 
where a rapid removal of stored energy is necessary, the source in this example being C1. 
In the event of increased load currents l i , a larger potential drop will occur across the 
sampling resistor Rs, counteracting the bias B that holds off thyratron Th. Above a 
predetermined threshold, thyratron Th will fire, causing, in turn, the ignitron lg to conduct 
and bypass the available energy. At the same time the change in anode current of the 
thyratron can be used to activate a relay that will drop out the mains circuit breakers 
in the normal manner. 
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The circuit described can remove the high tension supply from the 
generator tube in a few tens of microseconds, but it is good practice to 
test their operation to ensure complete safety. This can be done by a very 
simple "test wire" method. The oscillator tube is removed from its 
position and replaced by a copper wire connected between the anode 
and cathode terminals. The length of the test wire should be about 3 cm 
per kV of supply voltage. It should not fuse when the full supply voltage 
is applied. If subsequent tests and further adjustments of the safety cir-
cuit are necessary, a new piece of wire for each test should by used. At 
the power levels where such safety measures are commonly used, the test 
wire thickness is 0.23 mm for the YD ]202 (120 kW) and 0.25 mm for 
the YD 1217 (240 kW). 

To avoid excessive switching-on surges two mains contactors can be 
used (Fig. 4.11). The first (Kl) connects the mains supply through series 
resistors to the h.t. transformer. The second contactor (KZ), activated by 
a separate contact on the first, short-circuits the series resistors, so that 
after the elapsed switching time the full mains voltage appears on the pri-
mary terminals of the h.t. transformer. The natural switching time of 
most commercial circuit breakers is adequate for this purpose. 

Fig. 4.11. Diagram of three phase step switch. S is the initiating switch and Ri,2,s the 
series resistors that are short-circuited by KZ when K~ has completed its function. 
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4.4.3 LOAD POSITION FAULT PROTECTORS 

Load position fault protectors may be necessary in both induction and 
dielectric heating to protect load coils, pressing dies, and jigging and 
handling equipment, since their destruction, through arcing, can lead to 
costly production hold-ups. 

When arcing is caused through accidental misalignment of the load 
position tools, contamination, or work material faults it will be necessary 
to cut the r.f. power rapidly. Cut-off times from 50 milliseconds down to 
only several tens of microseconds may be required. Arc anticipators are 
sometimes used that sense a rapid rise in anode current and cause the 
cut-out to operate before the arc causes damage. 

A simpler circuit uses, as the fault detecting element, the resistive path 
that appears between the electrodes as a result of an arc-induced puncture 
of the work material. A d.c. source of high internal resistance (several 
MS2) is placed across the welding electrodes. In normal operation this 
potential is enough to block, through thyristors or small thyratrons, a 
grid switching bias supply in series with the generator tube grid resistor. 
Under fault conditions the electrode resistance will decrease, firing the 
triggering element which, in turn, will make the grid switching bias oper-
ative and thereby stop the generation of r.f. energy. 

Load position sensors may be mechanical-electronic, optical-electronic, 
thermo-electronic or plain electronic and be made to activate, with their 
fault signals, the rapid cut-out circuits or grid switching circuits men-
tioned in the previous paragraphs. 

Grid switching circuits are especially useful where a rapid or automatic 
restart of the generator is required. These circuits are fully described in 
Ch. 5.11. 
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A 6 kW r. f. generator for soldering manometer parts, using tube 
type TBL7/8000 (by courtesy of Himmelwerk A.G., Tubingen, 
Western Germany). 
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Laboratory model of a 85 MHz, 5 kW Kolster circuit, using the 
TBW7/8000, suitable for dielectric heating. 
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5. Circuit Techniques 

Radio frequency power sources for industrial heating are, with few 
exceptions, self oscillating generators fitted with thermionic triodes 
operating under class C conditions. If they are to work at the efficiencies 
theoretically obtainable from the tube characteristic curves and be free 
from excessive harmonic and parasitic oscillations, care must be taken in 
circuit dimensioning and layout so that the required r.f. potentials are 
presented to the tube electrodes in the correct phase relationship. 

The class C calculations are adequately covered in standard text books. 
This chapter and chapter 6 consider the practical circuit design and 
construction so that the final circuit, or perhaps even the prototype, 
will meet the design requirements. 

The equipment designer should, when contemplating the component 
layout, include athree-dimensional concept in his development rather 
than rely on the two-dimensional theoretical circuit diagram. However, 
one complements rather than excludes the other, and in practice it will 
be found that the more efficient circuit is not only the more elegantly 
realised construction but that this construction can be functionally related 
to a logically drafted circuit diagram. Extending this design philosophy, 
or rather retracing the above sequence, it can be said that as r.f. potentials 
appear in their correct locations and no parasitic circuits are evident 
from a diagram drawn with a maximum economy of lines, then efficient 
operation, free from parasitic symptoms, can be expected of the circuit 
construction. It follows that the close integration of tube and circuit 
components must be one of the first design aims and the exclusion of 
stray reactances as well as the grouping of the components should be 
evident from the basic circuit diagram. 

It will be seen that this is valid for both low (0.5 MHz) and high (30 
MHz) frequency equipment, and that the ceramic coaxial construction 
of the new industrial triodes is eminently suited to these techniques. 
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5.1 Basic Oscillatory Circuits 

$.1.1 SINGLE TUBE CIRCUITS 

For a given power level and operating frequency the selection of a tube 
type is determined by its electrical characteristics and mechanical con-
struction. However, a wide choice of oscillatory circuits are available 
in which the tube can function. Up to about 10 MHz all the well known 
tank circuit and feedback arrangements are acceptable and the prefer-
ence for one or the other will be influenced by constructional conve-
nience. This choice will, with increasing frequency and power level, be 
narrowed down in favour of those circuits with common grid or anode 
terminations and, therefore, primarily capacitive feedback systems. 
The reasons for this are that the essential low inductance connections are 
more easily made to these two electrodes and that capacitive feedback 
systems are, because of their relatively smaller physical dimensions, 
less likely to cause undesirable phase shift or constitute parasitic reso-
nators. 

In this context the term "high frequency" is relative and depends on 
the power level and construction of the tube. A tentative demarcation 
line can be drawn for any given loaded Q along which the product of 
power (in kW) and frequency (in MHz) is constant throughout a range 
of tubes. For the series of ceramic coaxial tubes under discussion this 
product would be about 500 for a loaded Q of 20, 200 for a loaded Q of 
40 or 100 for a loaded Q of 80 (see Fig. 5.1). These lines can then help in 
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further determining the physical construction of the oscillator circuit. 
Figures on the low side of these demarcation lines signify that ordinary 
LC circuits can be satisfactory. Figures on the high side make the use 
of lumped circuits, cavities or lines, with the tube capacitance truly 
integrated with the circuit capacitance essential,. 

Most types of oscillators circuit can thus be used for induction heating 
whereas dielectric heating applications will require those that are more 
suited to high-frequency operation. In both categories, however, prefer-
ence should be given to the circuit containing only one LC combination 
at or near the operating frequency. This is particularly important in 
dielectric heating where changes in load reactance can be large and if 
reflected to the tank circuit, may cause its frequency to be shifted suffi-
ciently far away from that of the "drive" circuit to prevent satisfactory 
oscillation. 

Table 5.1 shows a selection of oscillatory circuits most widely used 
in radio frequency heating. Some of these are merely derivations from 
one of the basic circuits, modified to suit requirements. 

The suggested frequency ranges and fields of application are only 
intended to be used as a guide. The frequency controlling LC assembly 
in the anode is common to all the circuits. Their classification into three 
groups is dictated by the usually preferred construction that places the 
common electrode at nominal earth potential. 

The circuits shown in Table 5.1 are restricted to the tube and the 
reactances necessary for oscillation. Supply feedlines, blocking capac-
itors and filtering elements are discussed under their appropriate headings 
in this chapter. Their choice and method of construction can; however, 
contribute greatly to the final performance of the generator. 

The r.f. potentials developed by the various elements of the oscillatory 
circuit must be held at a predetermined level with respect to their sur-
roundings which are generally assumed to be at r.f. earth potential. 

If correctly adjusted, any oscillator may be regarded as a self-con-
tained "floating" entity as far as r.f. potentials are concerned, and any 
one point in this circuit may theoretically be chosen as the earth refer-
ence point, i.e. the point that can deliberately be made to be the same r.f. 
potential as its structural surroundings. Unless a specific application 
demands otherwise, the preferred earthing point is the lead from the 
electrode that is common to both the tank and the drive or feedback 
circuit of the oscillator. Two reasons are given for this choice of earthing 
point. 
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1. Itis probable that the common electrode and its associated compon-
ents will have the greater share of stray reactance with respect to the 
surroundings and may, if not bonded to these, cause a substantial 
part of the generated r.f. power to be transferred into the surrounding 
structure. These same stray reactance paths could, with their rel-
atively low values at higher frequencies, promote parasitic oscillations. 

2. The circuit components representing the path to the common elec-
trode have to carry both the output and drive (feedback) signals, 
producing a certain amount of mutual cancellation. This mutual 
cancellation, if allowed to become excessive, may affect the grid 
signal in phase and amplitude to the point where the oscillator effi-
ciency isimpaired and, in the extreme case, oscillations at the operating 
frequency cease. In most circuit layouts this common reactance can 
be suitably reduced if it is made to generous dimensions and used as 
the earth reference point. 

Since the effect of the common electrode lead reactance is of such 
importance, the fullest use can be made of the large-area coaxial tube 
electrode terminations that are a feature of the new industrial triodes. 
This is equally important for low and high frequencies, except that in the 
latter case the use of coaxial line and cavity circuits makes this advantage 
more obvious. 

5.1.2 1VIULTIPLE TUBE CIRCUITS 

Although single tube operation is preferred, both from a design as well 
as operational point of view, there are instances where, despite the com-
plications, multiple tube operation is chosen. This may take the form of 
parallel, push-pull or even parallel-push-pull operation to increase the 
available load power. Other more specific requirements may determine 
the choice of one or the other of these systems. 

Parallel Operation 

Parallel operation of smaller tubes may, for example, be preferred 
by the designer if more power is required than a single tube can deliver, 
at a frequency outside the operating range of a single large one. 

For some other applications, notably induction heating, load coupling 
problems may be simpler if the generator itself has already a very low 
impedance. In such cases, two smaller tubes in parallel may provide more 
suitable matching than one single tube of double power rating. 
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The oscillatory circuits for parallel operation will in no way differ 
from those shown for single-tube operation in Table 5.1, but it will be 
necessary to prevent tube-to-tube resonance from acting as a parasitic 
circuit. 

This resonance will, with most types of tube, be in the region of SOMHz 
to 300 MHz and will have a very high Q, already determined by the low-
impedance low-loss connections to the circuit. 

In exceptional cases, where the internal tube capacitances are low and 
the tube shape allows a very close mounting of both tubes, the inter-tube 
resonancy may be so high that it will lie well inside the transit time region 
of the tube. Oscillations would then be unlikely but the excitation of 
this circuit by high-order harmonics would, of course, still be possible. 
To render the inherent inter-tube resonance harmless, a separate resist-
ance or heavily damped inductance between one, and only one, of the 
electrode pairs will usually be sufficient. This can be a heavily damped choke 
of a few turns connected between each anode and the tank circuit, or a 
similar arrangement between each grid and the remainder of the grid 
circuit (Fig. 5.2). In the latter case, nickel alloy tapes with a very low d.c. 
resistance may suffice. 

a b 

Fig. 5.2. (a) anode and (b) grid damping circuits for the suppression of inter-tube reso-
nance in parallel operation. The resistors R' and R" need often be no more than strips of 
resistive material such as ferrometad alloys etc. 

Because of the danger of parasitic oscillation the use of parallel tubes 
in conventional LC circuits should be limited to frequencies up to, say, 
10 MHz. Parallel working is not suitable for lumped circuit or line oper-
ation. 
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Push-Pull Operation 

Push-pull operation also is often used for higher power levels and/or 
higher operating frequencies. For certain applications other properties 
of the push-pull system may be of interest to the designer. The push-pull 
circuit can be a convenient high impedance r.f. power source and ease 
transformation problems, notably where anode supply voltages are low 
but load impedances are relatively high. Since the anode-to-anode voltage 
swing, at about double the value of single tube operation, appears across 
the tank circuit, only a quarter of the circuit capacitance will be needed 
to obtain the same loaded Q. The r.f. operating voltage of these capacitors 
will, however, have to be twice that of those used for the equivalent single-
ended circuit and careful costing is necessary. Much will, of course, 
depend on the type of capacitor used, airspaced plates —ceramic — or 
vacuum, but it is by no means a foregone conclusion that to quarter the 
capacitance at double the working voltage will be the more economic 
solution. 

When radiation problems are a fundamental design consideration, 
the use of push-pull circuits can help with the elimination of the even 
harmonics at the source. An effective cancellation of these frequencies 
will, however, be achieved only if the circuit is well balanced physically 
and electrically. Great care is needed to ensure that an otherwise well 
functioning circuit is not thrown off balance by loading changes, since 
most industrial loads are single ended. A Faraday screen between tank 
circuit and load coil can often help to reduce the unbalancing effects of 
capacitive load variations. 

Circuits for push-pull oscillation are derived from their corresponding 
single-ended equivalents and a few of the more common ones are shown 
in Fig. 5.3. 

It can be seen from the increased complexity of the diagrams shown in 
Fig. 5.3 that the stray reactances have multiplied and consequently have 
thus increased the possibilities of parasitic oscillation. These will usually 
be generated through interaction between the tubes and will be at similar 
frequencies to those found with parallel operation. The chief cause of 
such oscillations is the position of the tank circuit capacitor which cannot 
easily be integrated with the tube capacitances. So far as parasitic os-
cillations are concerned, it is in series with both tube capacitances and 
will, particularly with large values, merely be an insignificant series 
reactance at high frequencies. The use of coaxial tubes at low operating 
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frequencies also offers a structural advantage as the ratio of lead in-
ductance between the tank capacitor and the tube-to-tank circuit induc-
tance can be very much reduced. 

a 

c 

b 

d 

Fig. 5.3. (a) Common cathode, aperiodic or TATG; 
(b) Common grid, aperiodic or TATG; 
(c) Common cathode Hartley derived; 
(d) Common cathode Colpitts derived. 
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It follows that layout becomes more difficult with increasing tank 
circuit C/L ratio and increasing frequency. Good results can, however, 
be obtained at very high frequencies (50 MHz-150 MHz) if lecher lines 
are used in the tank as well as grid-cathode circuits (Fig. 5.4). 

This type of line is ideally suited for push-pull operation at very 

(a) 

(b) 

Fig. 5.4. A lecher line oscillator shown in its schematic form (a) and a practical circuit (b). 
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high frequencies and can easily be made self decoupling by feeding 
supply lines through the line members. If the line length is too great for a 
given equipment size, the line members may be folded. 

To maintain the balance of a push-pull circuit, feedlines for the anode, 
grid or filaments can be conveniently brought out at the zero voltage 
point that is present on any inductor used in a push-pull circuit. Only one 
of these, however, will normally be returned to the nominal r.f. earth 
potential, either directly or via a low inductance filtering capacitor, 
preferably of the feedthrough type. The remainder are connected through 
a A/4 choke, which should not appear critical, to their respective feedline 
filtering capacitors. Such measures will permit the oscillator to "find 
its own balance" with respect to the r.f. earth potential, and safer push-
pull operation can be obtained. 

During the development stage separate grid resistors, grid meters and 
cathode current meters should be used to give an indication of the push-
pull operation of tubes and circuit. 

5.2 Tank Circuits 

Having determined the power level and frequency to suit a particular 
application and decided the type of oscillatory circuit to be used, con-
sideration should next to be given to the tank circuit, i.e. the combination 
of inductance and capacitance that governs the frequency of oscillation 
and from which the generated radio frequency energy is ultimately 
drawn by the load. Its design in terms of circuit constants (C/L) ratio is 
based on the high frequency power available from the tube and the ratio 
of this to the amount of stored energy as dictated by the final application. 
This ratio is known as loaded Q (QL) and can be directly calculated from 
the tube operating conditions and the tube characteristic curves given 
in the published data: 

va
(1) QL 

— X •Pout ~ 

z 

where 
QL = loaded Q (no dimension) 
vq = r.m.s. value of r.f. anode swing (V) 
X =reactance of tank circuit inductor or capacitor at operating 

frequency (S2) 
Pa„t = r.f. power available from the tube anode (W) 
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To maintain stable oscillation the loaded Q of a power generator 
should never be allowed to fall below 15, and any possible overloaded 
conditions should be included in this limit. This means that a well 
designed industrial generator should have a loaded Q of 25 to 50. Higher 
values, up to several 100, may be needed where a high degree of frequency 
stability under conditions of large load reactance changes is required. 
High loaded Q figures, however, imply low tuning component reactances 
and hence high circulating currents, and unless the inherent circuit 
resistance RS is kept appropriately low, large power losses will occur 
in the tank circuit. RS in turn is, for a given QL, dependent on the type 
of circuit and its construction. 

5.2.1 POWER LOSSES 

The amount of power lost in the tank circuit is given by 

Pc = IcZ'RS (2) 
where 

Pc = r.f. power lost in the resistive circuit elements (W) 
1~ =circulating currents (A) due to applied r.f. potential and reac-

tance of resonator elements; I~ = VaIX 
RS =resistance of circuit assembly at operating frequency (S2) 

A further circuit characteristic, the unloaded Q, Q,,, can then be given 
and expressed in terms of circuit constants by: 

Qu = XL/Rs (3) 
The relation of Q„ to QL will define the circuit efficiency ~~ 

Qu QL 
~~ _ — 

Qu 
x 100. (4) 

Equations (1) to (4) show that the design and construction of a tank 
circuit with minimum circuit losses should be a truly integrated combi-
nation of its physical components rather than a mere joining together. 
Long interconnection leads, if not part of the required circuit inductance, 
sharp discontinuities at right angles to the flow of current, and the use 
of capacitors with inductive terminals should be avoided. At higher 
frequencies surface treatment of these components can be beneficial. 

5.2.2 EFFECT OF STRAY REACTANCES 

Whilst the above considerations are valid for all frequencies, their signi-
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ficance increases with increasing frequency and power. In the ideal case, 
the assembled circuit will bear a close resemblance to its diagram, in as 
much as an attempt will have been made to concentrate the largest 
possible share of the design value of the circuit capacitance and circuit 
inductance in their respective locations and that each contain as little 
reactance of the opposing vector as possible. Again, with increasing 
frequency and power, the inclusion of the inherent generator tube 
reactances becomes more important. An increase in frequency also 
causes the tube capacitive reactances to decrease and its inductive 
reactances to increase, thus impairing the overall performance. The use 
of appropriate low impedance accessories, developed for use with the new 
series of tubes, will help to solve such problems. Where an alternative 
to the standard accessories is required the use of finger strip contacts 
will provide the all important low impedance r.f. paths. 

LT

a 

V~ 

Fig. 5.5. Tube and anode tuned circuit Fig. 5.6. The same circuit with some 
as commonly drawn, disregarding stray of the more obvious stray reactances 
reactances. A composite tank circuit inserted. 
capacitor has been assumed. 

The r.f. voltage swing v~ shown in Fig. 5.6 across the tank circuit 
components that should be equal to the anode swing vu is reduced by 
vx,, 2, the voltage loss along the lead inductance Lxi,2• A further signifi-
cant degradation of QL can be caused by the voltage drop vXZ along the 
connections within the tank capacitor assembly if these are allowed to 
become too great. In addition to this, the tube and circuit stray reactances 
shown could easily form a number of parasitic resonant circuits. Since 
there is an r.f. potential decay, along the inductive section of any tuned 
circuit, this must be taken into account when placing additional items 
like tubes or capacitors in this circuit. These voltage sensitive components 
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should be grouped together as close as possible to the voltage maximum 
of the tuned circuit. Their physical size, however, will often prevent their 
ideal positioning and a finite r.f. potential difference between various 
items placed along the circulating current path must be accepted. 

Results more closely in agreement with the calculations for the circuit 
constants will be obtained if the complex (ringed in Fig. 5.6) of the tank 
capacitor assembly and its inherent lead inductances is transferred from 
its original position to the left hand side of the diagram, close to the 
generator tube. This is shown in Fig. 5.7, where a separation and clear 
grouping of the important capacitive and inductive circuit components 
has been achieved. 

~XI 

~xz ~zs,s.s 

Fig. 5.7. Capacitive and inductive components, including strays, are so grouped that 

only the minimum of the opposing vector is effective in each composite reactance. Lxi,z 
are now part of the main tank inductor. 

From the conventional circuit diagram that does not show the stray 
reactances, a simpler drawing can be made that nevertheless indicates 
the all-important component grouping and indicates the preferred layout 
(Fig. 5.8). 

Fig. 5.8. Preferred diagram, indicating the logical component layout in a generator 
circuit. 
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The component furthest away from the tank inductor will therefore 
be at the highest voltage, and any other component, spaced at a distance 
from this point, will be at a lower voltage. 

It is, however, convenient to base the first calculation of the tank 
circuit constants on the r.f. voltage swing obtainable at the tube since 
this is a figure readily available from the tube data. Next, adjust the 
nominal values of any additional capacitors "above" or "below" the 
tube in proportion to their distance from the tube if these distances are 
an appreciable fraction of the total path length of the tank circuit 
inductance. Remember that tank circuit capacitors themselves have 
finite dimensions and should be oriented with their major dimension at 
right angles to the current flow in the tuned circuit, whether composed of 
manufactured units such as ceramic, or constructed as plate capacitors 
from sheet metal (Fig. 5.9). 

,=,96~~ 
a 

Fig. 5.9.Example of incorrect (a) and correct (bJ positioning of individual capacitive 
components on a U-shaped strip inductor. The incorrect disposition oj' the capacitive 
components will result in a higher frequency and degraded QL as well as uneven current 
sharing through the individual capacitors. 

A parasitic circuit, formed between the tube and the remaining tank 
circuit capacitance through the inductance of the connectors linking 
these items, is inevitable. The likelihood of parasitic oscillations in this 
circuit is, however, greatly reduced if the tube is on the "low" side of the 
tank capacitor. In this position the tube internal capacitance (which 
would represent the tank capacitor of the parasitic resonator) is at a 
lower r.f. voltage at the operating frequency. Because the fundamental r.f. 
amplitude must be regarded as the supply voltage for the parasitic circuit, 
the operational Q of this circuit will be lower than with a reversed order 
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of tube and components. Such a difference of position may make only a 
difference of a few hundred volts but the parasitic circuit Q will, of 
course, change with the square of this voltage difference. The two types 
of circuit configuration given in Fig. 5.10 show that the circuit in (b) 
is less likely to generate parasitics. 

a b 

Fig. 5.10. The layouts have the following in common: Caf < CT, Xcat high and X~T low 
at the parasitic frequency buf: 

in (a) in (b) 
va > v~ v, < v~ 

therefore under (a) the generator tube could respond to the parasitic circuit more readily. 

5.2.3 TANK INDUCTORS 

Probably because the tank circuit inductor is the one circuit compon-
ent that is required in as many different shapes as there are applications, 
ranging from multi-turn coils to cavities, equipment makers prefer to 
manufacture this item to their own design. Adequate methods of cal-
culation for inductors of a variety of shapes can be found in most 
standard text books and their dimensioning will usually present no 
problems. It should however be noted that the difference between the 
calculated and realised value becomes greater with decreasing inductive 
values and the large dimensions normally associated with high power 
levels. Since tank circuits for industrial generators usually have a high 
C/L ratio this applies equally at the lower frequencies, and adjustment 
by trial and error is needed in a prototype construction. Since inductor 
formulae assume that there is no extraneous coupling, a further change of 
inductive value will be caused by the coupling of the coil with its sur-
roundings. In industrial generators where, due to the high QL values, 
the magnetic; field is appreciable and close screening is required, these 
changes may be large. 
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It is also assumed that the designer will make allowance for the in-
herent surface resistance RS when dimensioning the inductor. However, 
the total tank circuit inductance will extend beyond the structure of the 
inductor into the connections of the other components. These should, 
therefore, have the same r.f. current rating and be joined to the tank 
inductor with large area mating surfaces. Surface discontinuities at right 
angle to the flow of the circulating current should be avoided. When the 
method of construction permits, soldered, brazed or seam welded joints 
with a large meniscus should be used in preference to overlap and screw 
joints or spot welding. 

The choice of materials is limited, in practice, to copper, aluminium 
or brass. Copper and brass can easily be silver plated, but the effective-
ness of a commercial plating depth of about 6-8 ,um will be evident only 
at higher frequencies (150 MHz-200 MHz) where skin effects cause a 
higher current concentration near the surface. Note that only the com-
mercial grades of aluminium (99.5 %) should be used as all Dural grades 
are excessively lossy at radio frequencies. Examples of tank inductors 
can be seen in Fig. 5.11. 

Fig. 5.11. Examples of tank inductors of a high CjL ratio in the 27 MHz range. At this 
frequency and with a copper construction, the inductor loop widths must be approxi-
mately 2 cm per kilowatt of the tube output to avoid undue circuit Zosses. 
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5.2.4 TANK CAPACITORS 

From the theoretical circuit diagram as well as the potential distribution 
and current paths in a tuned circuit it appears that the ideal capacitive 
component should, to be truly unipotential, have no physical dimensions. 
Though this is unrealistic, it should nevertheless be the aim to concentrate 
as much electrical capacitance into as little effective plate area as sound 
engineering practice will permit. This will ensure that the currents due 
to the energy exchange between inductor and capacitor in the tuned 
circuit will not cause excessive potential changes over these areas, and 
decrease the effectiveness of the capacitor as a store of energy. 

If a single or plate capacitor serves the purpose it should be connected 
with its major dimension at approximately right angles to the current 
flow through the circuit inductor. In the same way an assembly of several 
capacitors mounted along lines of equal r.f. potential, as indicated in 
Fig. 5.9 (G), is to be preferred. A more even sharing of the circulating 
current will result, avoiding unnecessary electrical and thermal stresses 
between the individual units. This is very important since the current 
carrying limitations, imposed on a given type of capacitor, are largely 
governed by the electrical and thermal conductivity of its connectors. 
Capacitors with large connectors or several connectors per side should 
therefore be used. 

Though apparently contradicting some of the preceding statements, 
it may, in certain cases, be better to use a large number of small capacitors 
in parallel. In this way a wider current sharing can be achieved, the induc-
tive components inherent in each capacitor are paralleled, and their 
resultant is therefore, very small. The paralleled capacitors also provide a 
larger total thermal contact area. The frequency of parasitic inter-
component resonances is, for the same reason, increased to a value that 
may lie well inside the transit time region of the tube, thus reducing 
the possibilities of parasitic oscillation. 

Capacitors of very high kVA rating are often manufactured as water 
or oil cooled assemblies and can thus, for a given volume, be operated at 
much higher current densities. 

When constructing multiple capacitor assemblies, e.g. banks of ceramic 
capacitors, all metallic parts must be electrically tied to a definite d.c. 
potential. The polarity and level of this potential are of no consequence 
but are chosen so that undue stresses in the insulating materials are 
avoided. Failure to observe this precaution could produce high charges 

58 



on the "floating" structural elements that might give rise to corona 
effects and arcing. 

Air pockets in insulating materials under high electrical stress can 
ionize and cause decomposition of the surrounding material. Where 
practicable, the free air space should be filled with one of the silicone 
rubbers used for electrical purposes. Further precautions against ioniz-
ation are shown in Fig. 5.12. 

insulating material 

air pocket 

F bleed hole 

filled with 
metal bolt r//,~~\ \ \ \ \~ silicon rubber 

foil or other 
ection to 

definite potential 

d 

r  insulating material -, 

b 

lear 
hole 

Fig. 5.12. To avoid ionization damage the brass bolt shown should be tied to a definite 
potential and so dimensioned that it will frll the threaded hole completely, or alternatively 
the hole drilled right through the insulating material. Where requirements for mechanical 
strength are not so high bolts manufactured from insulating material can be used. 
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A further possible cause of trouble with multiple tank capacitor 
assemblies is their stray capacitances to those parts of the surrounding 
structure that are associated with the feedback circuit. This could, if 
substantial, provide feedback paths at higher frequencies and cause 
parasitic oscillations. 

main Colpitts - y ~ 
feedback path (\ T C5 

Fig. 5.13. Example of Colpitts oscillator with multiple capacitor assembly in the tank 
circuit. Each sub-assembly is assumed to have a relatively large stray capacitance 
(Sl, Sz, S3, S4, S5,) to ground. Separate high frequency circuits are thus created and 

since their stray capacitances extend to the cathode potential they will respond in the 
original Colpitts mode. A badly distorted waveform or violent parasitic oscillations will 
result. Because these parasitic oscillations follow the fundamental oscillator configuration 
their suppression through antiparasitic devices will be very difficult. 

S.2.S COIL AND CAPACITOR ASSEMBLIES 

The L/C type of tank circuit is the most conventional one and can be 
satisfactory, depending on the chosen loaded Q and power level, up to 
frequencies of about 50 MHz. When the circuit capacitor is constructed 
from sheet metal, in preference to ready-made components, the capaci-
tance can be calculated from the standard formula for plate capacitors: 

A~x11 
C 4~ x d (PF)' 

where 
A~ =the effective plate area (cm2) 
d =the distance between the plates (cm). 

60 



The complementary inductor will in all practical cases be a single 
layer coil. Its inductance can therefore be determined by the following 
formula, where it is assumed that its length will be greater than a third 
of its diameter and the spacing between turns equal to the diameter of the 
conductor: 

nZD2~z

L 1-f-0.45~D ~F~H)' 

~yhere 
n =number of turns 
D =coil diameter (cm) 
l =coil length (cm). 
Where the spacing between turns is not equal to the conductor diameter, 

a correction factor must be introduced so that 

Leee = L -~ 4L (l~H) 

where 

4L =,uxKxD. 

K is a factor dependent on the ratio of the coil pitch to the conductor 
diameter. Values for K are given in Fig. 5.14. 

K 

~I a I~ d 

D 

1 
F L y 

1i596~9 

6  

4 

2  

0  

2  

4 
0 2 3 °~d 4

Fig. 5.14 (aJ. The derivation of the factor K from the coil dimensions. 
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Fig. 5.14. (b). Typical self-supporting coils used in coil and capacitor tank circuits. 

Fig. 5.15. A general view of a coil and capacitor tank circuit. This tank circuit is used 
with a YD1212 in a 240 kW induction heater developed by our application engineers. 
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5.2.6 L,UMPEll CIRCUITS 

With increasing frequency and QL, the reactive values of C and L de-
crease tothe point where the circuit inductance is provided by no more 
than perhaps a half or three quarter turn of the coil, and an appreciable 
amount of the total circuit inductance will be in-built in the structure of 
the tank circuit capacitor. To avoid undue losses in such a circuit due to 
the increased circulating currents, a smoother mechanical and electrical 
transition between the t-.vo components is necessary. The extreme case, 
where bot;I are so closely merged that they appear as one component, 
is known as a lumped circuit. The calculation of the capacitive 
section will still be possible with the help of the plate capacitor formula 
(5.2.5) but that of the inductor is somewhat different. 

L = 0.002 x 1(2.3031og, o b +  ~ — O) (;a. H) 

where for a loop in the shape of a 

circle O = 2.45 
square O = 2.85 
triangle O = 3.197 

and 1, b and c in cm as shown in Fig. 5.16 (a). 

a 

b 

Fig. 5.16. Schematic diagram of (a) lumped circuit inductor and (b) of a lumped circuit. 
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Fig. S. /7. An example of'a well integrated coil and capacitor assembly forming a 27 MHz 
tuned circuit. The faces of the tank capacitor are used to accommodate the respective 
anode and grid blocking capacitors and the rubes running along the inductor section carry 
the feedlines to the grid and filament voltage. This is an excellent example of the self 
decoupling techniques discussed in Ch. 5. The tube and the feedback components are 
not shown. 

5.2.7 LAMINATED CIRCUITS 

If the C/L ratio increases yet further both components can be manu-
facturedintegrally. An example of such a construction is the laminated 
circuit (Figs. 5.18 and 5.19), where each section of a plate capacitor is 
extended into the inductive loop of the circuit. The paralleling of a 
number of such plates then results in a LC combination, where, with an 
increasing number of plates, and therefore rising QL, the surface necessary 
for the consequently increased circulating current is automatically 
provided. For any given plate size the frequency changes are small when 
further plates are added to a minimum number (usually 10 to 15, see 
also the graphs given in Figs. 5.20 and 5.21). Good circuit efficiencies can 
be obtained and compact assemblies can be made for anode supply 
potentials up to 5 kV. 
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Fig. 5.1 ~; . 

Pig. 5.19. Sectioned view of a laminated circuit. 
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Fig. 5.20. Resonant frequency (fa) and circuit capacitance (C~) as a function of the 
number of plates (n) with plate spacing (d) as a parameter for several selected values of 
the cut-out diameter (D) and the capacitive area (F) of one resonator plate. 

66 



0.5 

Lc
IV HI 

0.4 

0.3 

0.2 

0.1 

0 
5 

n=2 

d_7mm 

4 

6 

8 
/10 

10 15 Dlcml 20 

0.5 

Lc
Iy HI 

U.4 

0.3 

az 

0.1 

0 

d.5mm 

10 15 D Icml 20 

10 15 D Icm) 20 
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Fig. 5.22. A comparison ql the laminated circuits used for 75 MHz (120 pFJ and 20 MHz 
(560 pF). 

5.2.8 TOROIDAL CAVITY 

For still lower reactive values of the frequency controlling components, 
the circuit inductance will become so small that a shortening of the induc-
tive path is structurally no longer possible and its desired value will have 
to be realised by placing several such paths in parallel. To achieve this 
paralleling in a practicable form, a number of inductive loops can be 
arranged in a circle so that their open (capacitive) ends face the axis 
passing through the centre of the circle (Fig. 5.23). 

A 

Fig. 5.23. Development of toroidal cavity by the rotation of a lumped circuit around 
the axis A. 
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Since the greater part of the circuit losses in a tuned circuit are caused 
by the resistivity of the inductive path, more efficient circuit performance 
can be obtained if the ratio of this path length to the enclosed area of 
magnetic field is kept to a minimum. The ideal inductor should have a 
circular cross-section as, of all the possible geometric shapes, it is the 
circle that encloses the largest possible area for a given circumference. 

A toroidal cavity designed for minimum circuit losses should ideally be 
of circular cross-section. Since the manufacture of such a shape is rather 
complicated and costly, some circuit efficiency is sacrificed and the cross-
section is usually made square with perhaps rounded corners. The 
final shape will then resemble that of a flat cylinder with the capacitive 
section of the circuit near its axis (Figs. 5.24 and 5.25). 

Fig. 5.24. Section of toroidal cavity with ideal inductive path length. 

Fig. 5.25. Section through toroidal cavity tank circuit. If the area enclosed by the sides 
a, b, c, d and e/e' approximates to a square, the value of the inductive component can be 
given by 

L = 0.0004 x 1(,uHJ 
where 

l a+b+c+d-~-e(cm). 
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The formula given in Fig. 5.25 remains reasonably accurate, even if 
more capacitive sleeves than shown in the figure are used so long as their 
own cross-sectional area, including the airgaps, remains small in com-
parison to the area enclosed by the inductive path. 

Fig. 5.26. A toroidal cavity showing one of the new ceramic triodes mounted with its 
cooling fins at the top of the cavity. 

5.2.9 THE KOLSTER CIRCUIT 

The Kolster circuit is, in its construction, a compromise between the 
capacitively loaded toroidal cavity and a similarly terminated co-axial 
line. This construction has a circulating current path of approximately 
square cross-section, except that the loading capacitance now takes the 
form of a plate that is parallel to one of the end faces of the circuit 
"box" (Fig. 5.27). 

b 

B 

e' C 
e 

—._—_. I

d 

- —/_ 

C 

Fig. 5.27. Cross-sectron of Kolster circuit. 

71 



The component value for the inductive section can, with sufficient 
accuracy, be calculated from the formula given under Fig. 5.25 for 
toroidal cavities. 

When the shape of the Kolster circuit along the section B-B' is square 
rather than circular, the calculation of b and d is based on the mean of 
the ratio of the inscribed and circumscribed circle of this square shape. 

Because the Kolster circuit has usually only one capacitive plate, 
limits are imposed on the maximum loading that can be realized. For 
this reason Kolster circuits are normally used in the frequency range of 
20 MHz to 200 MHz where a relatively low capacitance will still give an 
adequate loaded Q. 

Fig. 5.28. Kolster circuit designed for operation at 85 MHz. 
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5.2.1 LINE CIRCUITS 

Transmission lines, either open (lecher line) or co-axial, can be used as 
tank circuit resonators in a generator in the same way and for the same 
frequency range as cavity or Kolster circuits. When shortened by an 
appreciable amount of end-loading capacitance, there is little difference 
in performance or structural disposition between a Kolster circuit, 
a co-axial line, a lumped circuit or a lecher line. In many instances, 
however, lines offer a wider choice of impedance, the use of operational 
multiples of R/4, the solution of transformation problems as well as the 
physical arrangements of tube mounting, and the application of self 
decoupling feed systems. 

short circuit 

Fig. 5.29. (a). Lecher line with ~,/4 characteristic. 

Fig. 5.29. (b). Coaxial line showing the various 
dimensions required for calculation. 

For the lecher line (parallel wire) the natural impedance is given by: 

Zo = 2761og, o s/d 

where s is the spacing from the centre of one line member to the centre of 
the other and d the diameter of the line members (Fig. 5.29 a). 

For the co-axial line (Fig. 5.29b) this value is given by 

Zo = 1381og, o D/d 

where 
D =inner diameter of the screen 
d =outer diameter of the inner conductor. 
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The physical length of either system, when capacitively end-loaded, is 

1 = ~ O/2~ 

where 

Z is the physical length of line 
and O is related to the circuit constants by 

tan O = 
2~c vCZo ' 

where 
~, =wavelength 
v =velocity of light 
C =the end-loading capacitance. 

If two quarter-wave systems are combined to a half-wave structure a 
transformer may be constructed where the voltage ratio of the capacitively 
loaded line ends is given by 

CG COS OL
T  —

CL, COS OG

(see Fig. 5.30). 
A practical example of the use of such a line is given in Chapter 8 

°Applications'. 
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Fig. 5.30. Voltage distribution along ahalf--wave line with capacitively loaded ends. 
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5.3 Drive and Feedback Circuits 

An oscillator can, in principle, be compared to an amplifier, as part of 
the generated output is fed back to the input of the tube. Thus, the input 
of the oscillator will, in many cases, closely resemble, both in terms of 
circuit and layout, the input of an amplifier. In other instances the com-
parison is not so obvious, as both feedback and driving are carried out 
by the same components. Some of these may have yet a third function 
and constitute part of the main tank circuit. 

All systems must, however, present a suitable impedance across the 
input electrodes of the generator tube that will permit the application 
of a radio frequency potential of the appropriate magnitude and phase 
relationship. 

An alternative grouping of oscillatory configurations can therefore be 
made when these drive and feedback circuits are considered from a 
structural as well as from electrical viewpoints. 

5.3.1 TUNED INPUT-TUNED OUTPUT 

Tuned-input tuned-output circuits are those most closely resembling 
an amplifier and may, as can be seen in Table 5.1, be separated into the 
three further categories of: 

a. Common cathode. 
b. Common grid. 
c. Common anode. 
The necessary feedback may, for all three types, be obtained by sup-

plementing the appropriate inter-electrode capacitances or by the use of 
inductive link coupling. 

The tuned input circuits themselves will structurally resemble the 
main tank circuits. However, their power handling ability will need to be 
only that fraction of the tank circuit that corresponds to the required 
drive power. Their C/L ratio should be considerably lower than the main 
tank C/L ratio to prevent the drive circuit from taking over the frequency 
control of the oscillator. The ideal ratio of the two respective C/L values 
would be about 

C/L tank 
C/L drive — 10. 

With increasing frequency the tube internal capacitances contribute an 
ever increasing share to this ratio and values attainable in practice will 
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decrease and may, at frequencies around 100 MHz, be no larger than 2. 
A deliberate reduction of this ratio may have to be accepted when the 
suppression of the higher-order harmonics becomes important and use is 
to be made of the low-impedance characteristic of a heavily capacitively 
loaded grid circuit. The designer must then decide how far the risk of 
oscillatory instability is acceptable. The drive circuit with the higher C/L 
ratio will cause more rapid changes in the feedback conditions when 
reactive changes in the load are reflected to the tank circuit. Normally 
such a circuit characteristic is undesirable, since these changes, usually 
downward, will produce a deterioration of the tube operating conditions 
with a consequent reduction of load power. 

There are, however, a few exceptional instances where these changes 
and the resultant frequency shift can be used to advantage. 1f fault 
conditions develop in the processed materials and the load circuit or 
the handling equipment cause a sufficiently large reactive change in the 
tank circuit to de-tune it with respect to the grid circuit, the feedback 
will be reduced. The r.f. voltages in all parts of the generator circuit will 
be decreased and further damage to material or equipment prevented. 

5.3.2 R.F. POTENTIAL DIVIDER 

All other oscillator circuits which have no well defined structural separ-
ation of drive and feedback circuits are considered under this heading. 
In some instances, the drive and feedback components will be part of 
the main tank circuit. Both the Hartley and Colpitts circuits as well as 
their variants can be placed in this group. The first derives the necessary 
drive voltage from a tapping on the main tank circuit inductor to the 
cathode (the common tube electrode). The second is the classic Colpitts 
circuit, where the equivalent voltage division is effected by a capacitive 
divider in the main tank capacitor, the lead from the dividing point again 
being connected to the tube cathode. In both cases substantial r.f. cur-
rents flow in these leads, and the circuits are only practical where the 
inductance of this lead is very small in comparison to that of the main 
tank inductor. Their use is therefore limited to oscillator circuits of low 
frequency. 

The provision of adjustable drive for the tube often complicates the 
construction of this critical tapping point. The unavoidable additional 
mechanical arrangements also add further stray reactances (mainly 
inductive) at a position where they can be least tolerated. 

For higher frequencies (10 MHz-200 MHz) a modified version of 
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the Colpitts circuit is often successfully used. The capacitive division is 
made with the help of the tube's internal capacitances, augmented, if 
necessary, by an external variable Cq _ f . The only lead inductances af-
fecting the feedback in such a circuit are those of the tube electrodes and 
the external CQ _ r assembly. 

Low value electrode inductances are an inherent design feature of the 
new ceramic triodes, and the large coaxial electrode terminations allow 
the electrically effective attachment of low inductance external capacitors 
such as the external CQ _ r mentioned above. Excessive phase shifts between 
the tube electrodes and external components can thus be avoided and a 
better oscillator performance obtained. It is possible to realise the con-
structions shown in Fig. 5.31 where the additional Cp_ r is made up in the 
form of capacitive probes mounted on the cathode ring and facing the 
anode cooler. The use of three probes in parallel further reduces the 
component inductance and helps to maintain optimum feedback phasing 
at high frequencies up to 160 MHz. An improvement in performance of 
tubes of higher power rating than the one shown in Fig. 5.31 can be ob-
tained at lower frequencies using a similar feedback system. 

Since such an arrangement effectively separates the feedback path over 
most of its inductive path length from the main tank circuit (as opposed to 
the construction based on the more usual Colpitts circuit) the incidence 
of phase and r.f. voltage changes along this path is further reduced. 

Aperiodic feedback circuits are commonly understood to be of the 
transformer type where the tuned primary of the transformer is represented 
by the main tank circuit. The secondary, an untuned coil of a few turns, 
is connected across the input electrodes of the tube in such a way that 
the necessary 180° phase shift is generated. The amount of feedback 
required may then be set by adjusting the magnetic linkage between the 
primary and the second~.ry of this transformer. Since, however, even the 
untuned secondary will have its own resonance through the association 
with other stray reactances, the use of such oscillators is recommended 
only for frequencies up to about 5 MHz. At higher frequencies the resul-
tant self resonance of the drive coil plus stray reactances would be too 
close to that of the tank circuit, and incorrect: oscillations (probably in a 
T-A-T-G mode) could result. 

Both the r.f. potential divider and aperiodic feedback circuits have 
the advantage of being relatively insensitive to reactive changes reflected 
from the load and will maintain the originally determined feedback 
conditions over a large operational frequency shift. 
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All types of feedback circuit are made up from either inductive or 
capacitive components. The most stable performance is obtained if 
care is taken to exclude the opposing reactive components as much as 
structurally feasible and to restrict all r.f. current paths, notably those 
in common with other sections of the circuit, to a minimum length. 

Notes on the quarter wave chokes, used with some of the feedback 
systems shown in Table 5.1, are given in Ch. 5.7 as their method of 
construction is identical to that of chokes more widely used in supply 
and bias feedline filtering networks. 

Fig. 5.31. Grid and filament connectors and feedback probes fitted to YDII50 when 
used as a common grid oscillator. The necessary feedback capacitance Caf is formed by 
the probes looking at the anode cooler (or mounting flange if water cooled tubes are used). 
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5.4 Cathode Circuits 
The layout of the cathode circuits will largely depend on the type of 
oscillator configuration used, that is, common cathode, common grid 
or common anode. In each case, however, the cathode circuit must 
fulfil the dual function of providing a suitable radio frequency path as 
well as a means of supplying the necessary power to the filament at the 
mains supply frequency. As most industrial tubes use a thoriated tungsten 
filamentary cathode, both these requirements are made more exacting by 
the need to make this filament as unipotential as possible with respect to 
radio frequencies. This is important, no only to ensure the correct radio 
frequency operation of the tube, but to ensure an acceptable tube life. 

With any type of filament, however, additional filament decoupling 
with a suitable capacitor across the filament terminals, is a further 
essential precaution to ensure this uniformity and prevent r.f. heating of 
the filament. Even when the frequency of operation is so low, that the 
reactance of filament and leads becomes negligible, such measures will 
help to minimise the effects of any incidental harmonic or parasitic 
potentials. 

Capacitors used for this purpose should be of such a value and outline 
and be mounted in such a position that the resultant resonance, due to 
filament inductance, connector inductance and capacitive value, lies 
below the operating frequency. Although this will normally only be 
possible down to frequencies of about 1 MHz, some protection is still 
provided for any incidental higher frequencies. If large capacitive values, 
with their inherently larger stray inductive values, are necessary to 
bring the filament resonance to the desired frequency, these should be 
parallelled with other capacitors of, perhaps, lower capacitance, but with 
good v.h.f. characteristics. 

Failure to observe these precautions may lead to absorption effects 
at the fundamental or one of its harmonic frequencies and the resultant 
circulating currents could destroy the filament. A wrongly dimensioned 
circuit could also act as an effective cathode grid impedance and cause, 
if an unsuspected stray feedback path is present, parasitic frequencies to 
be generated. It can, therefore, in certain circumstances be expedient 
to decrease the resonant frequency of the filament and its decoupling 
capacitor to the desired value by mounting the latter a few centimetres 
further away from the tube terminals, rather than increasing its capacit-
ance. This decreases the C/L ratio of the circuit and reduces the possi-
bility ofmagnetic coupling to other circuits in the vicinity. A final check 

79 



on the resonance of the filament decoupling circuit should be made with 
the help of a grid dip meter. This will also give a rough indication of the 
location, direction and strength of the magnetic field of the circuit. 

Fig. 5.32. Grid-cathode circuit and feedback assembly. Three ceramic capacitors (total 
140 pF) are grouped around the tube header and connected between frlament (cathode) 
and grid plates. The three adjustable rods holding the feedback ring can be seen protruding 
from the collets on the filament (cathode) plate. 

5.5 Blocking Capacitors 

Blocking capacitors, whether in anode, grid, or cathode circuits, are 
used to hold oil' supply voltages from other parts of the circuit but are, 
at the same time, required to form no major obstruction to the flow of 
r.f. currents. They will, therefore, have the appropriate supply voltage 
rating and be capable of carrying the radio frequency currents in 
their part of the oscillator circuit. Their VA rating with respect to the 
operating frequency need not however be large since their reactance, in 
series with the main components, should be ~so small that the conse-
quent r.f. voltage drop is negligible in comparison to the tuned circuit r.f. 
voltage. 
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5.5.1 Location 

The preferred location of any blocking capacitor is between a tube elec-
trode and its corresponding circuit section, rather than in a part of the 
circuit carrying substantial reactive currents. 

From Figure 5.33 it is evident that example (a) would be electrically 
as well as economically the preferred solution. This ideal positioning 
of the blocking capacitor will, however, generally be possible only at 
relatively low frequencies, say up to 30 MHz. With increasing frequency, 
where the tube capacity forms an increasing proportion of the total tank 
circuit capacitance, some, and eventually all, of the reactive circuit 
currents will have to flow through the blocking capacitor. 

~, 

a b 

Fig. 5.33. Two possible locations for an anode blocking capacitor are shown. In (aJ 
the blocking capacitor CB is required to carry only the fundamental cur-ent through 
the tube, holding the d. c. supply potential off the remainder of the tank circuit. In (b) CB
must be dimensioned to carry the total circulating current and would probably have to be 
of a higher capacitance to prevent an undue r. f. potential drop. CT would have to withstand 
the d.c. supply voltage in addition to the r. f. peak voltage. 

At these higher frequencies the inherent component inductance of 
the blocking capacitor can constitute a significant proportion of the total 
circuit inductance, and most types of ready manufactured components 
may prove to be unsatisfactory in this respect. Individually constructed 
items, that have been designed to fit into the circuit layout, will give a 
better performance. 
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S.S.2 CHOICE OF CAPACITOR 

For both low and high frequency circuits the major dimension of the 
blocking capacitors should be at right angles to the flow of the r.f. 
currents. This will minimize the inductive effects of the physical structure 
of the blocking capacitor. When ready made components are used, the 
paralleling of a number of capacitors with lower individual capacitance 
and current rating can often offer a better solution than the use of a 
single capacitor. The advantages of such a construction are the same as 
those outlined for the tank circuit capacitors; the individual component 
resonances are much higher and likely to be at frequencies well into the 
transit time region of the tube. Their integrated resonance will, because of 
the small but inevitable manufacturing tolerances, be of a much lower Q 
than an equivalent single capacitor would produce. The current densities 
through the individual capacitors can also be substantially reduced. 

For lower frequencies, banks of ceramic capacitors or compact mica 
disc stacks are suitable. For higher frequencies blocking capacitors can 
be made in the form of sandwiches (Figs. 5.34 and 5.35), where the two 
conducting plates are manufactured from aluminium or copper sheet, 
spaced by a sheet of high grade, low loss insulating material such as 
Teflon or polypropylene. If one of the metallic plates is well integrated 
with the appropriate tube electrode connector a most effective sandwich 
can be formed. If this connector is also of the large area coaxial type the 
residual component inductance will be very low indeed. 

The danger of ionization or arcing, in any accidental air pockets 
between the metallic surfaces and the dielectric, is negligible if the capac-
itive reactance is low enough to limit the r.f. voltage drop across the capac-
itor to a few hundreds of volts. 

Fig. 5.34. Sandwich capacitor. Shaded areas are Teflon or other high grade insulating 
materials. Bolts are used in preference to screws because they gave a smoother surface 
in the area of maximum voltage stress. 
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Fig. 5.35. The front (a) and reverse side (b) of a sandwich type grid blocking capacitor 
used in an 27 MHz Kolster circuit. 
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5.6 Filtering Inductors 

Any two points in a radio frequency circuit that are of different r.f. 
potential, but are intended to have the same d.c. potential, may be con-
nected by a suitable inductive reactance. Ideally this reactance will 
represent an infinite impedance at the operating frequency and therefore 
cause no fundamental power losses, and minimum resistance to the supply 
currents. Any parallel tuned circuit with a quarter wave characteristic or, 
in exceptional cases, an odd multiple thereof, could serve this require-
ment. Itmust also have a low C/L ratio and be broadly tuned so that it will 
be effective over a wider operational frequency band without showing 
unduly sharp resonances near the fundamental frequency or any of its 
harmonics. Sharp resonances in such a component would render it 
more critical with respect to the operating frequency and possibly induce 
high circulating currents that might, in the extreme case, lead to its 
destruction through overheating. The r.f. power thus dissipated would be 
lost to the useful load power of the generator. Any additional sharp 
resonances at higher frequencies could give rise to parasitic ringing or the 
accentuation of certain harmonic frequencies. 

5.6.1 QUARTER-WAVE CHOKES 

A suitable parallel tuned circuit with the lowest possible C/L ratio is then 
an inductor that will resonate with its inter-turn and stray capacitances 
at the required frequency. Such a component is known as a quarter 
wave choke since its inductive component is predominant and the r.f. 
voltage distribution parallel to its axis will follow a quarter wave pattern. 
if a further broadening of its tuning characteristic is desired the C/L 
ratio can be reduced by increasing the spacing of the turns or increasing 
its length to diameter ratio. 

In many cases, the broadening of the response curve may be achieved 
by resistive damping; i.e. the wire used for winding the choke can be a 
resistive material, or a resistor can be connected in parallel with the choke 
windings. Skch measures are, however, only recommended as a last re-
sort, since, whilst suppressing unwanted resonances, they will dissipate a 
certain amount of fundamental r.f. power. 

The formulae for the calculation of quarter wave chokes that have been 
published are essentially theoretical. In practice however, a very small 
change in inter-turn or stray capacitances changes the calculated value 
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of the resonance appreciably. These capacitances are, to a large extent, 
determined by the electrical properties of the wire insulation (if any) 
and the material and shape of the supporting coil former. The completed 
choke will thus inevitably require a certain amount of trimming by trial 
and error. 

A quick and simple choke construction may be carried out at follows. 
Since the length of wire required will be less than the physical half-wave 
length of the operating frequency, a piece of wire of adequate gauge to 
carry the supply current may be cut to this length and wound on a 
prepared former. The resultant quarter wave resonance will thus be found 
to be somewhat lower than required. Next, shorten the length of the 
choke, in discrete steps, by removing part or complete turns. At the 
beginning and throughout each step of this process the resulting resonance 
can be conveniently checked with a grid dip meter until the required fre-
quency is obtained. The lengths of wire unwound from the coil former 
when reducing the turns, should be cut at each step to avoid erroneous 
results, and the coil should rest on an insulating support of low dielectric 
constant when making absorption checks. It is important to remember 
that the inductances of both end connections of the choke wire, used 
for connecting the choke into circuit, form part of the total inductance 
of the choke. 

Any inductor of this type will show several resonance points, usually 
in a harmonic relationship, and the one lowest in frequency is the re-
quired quarter wave resonance. A well designed oscillator will operate 
correctly if these quarter-wave chokes are within ~ 20 % of the operating 
frequency. 

If malfunctioning of an oscillator fitted with quarter wave chokes wound 
to this tolerance is observed, the fault is likely to be in some other part of 
the oscillator circuit, rather than in the chokes themselves. 

The correct functioning of these chokes can finally be verified during 
operation, by passing a neon probe along their surface and parallel 
to their axis. A change of ionization, corresponding to a quarter wave 
voltage distribution, should be visible in the neon probe. 

5.6.2 SELF DECOUPLING SYSTEMS 

Filtering chokes do not perform any of the basic functions in an oscillator 
circuit. Their inherent stray reactances may, however, be responsible 
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Fig. 5.36. Various types of filtering chokes that are normally used in their R/4 mode. 
(a) A 27 MHz filament choke for 140 A filament current of self supporting construction. 
(b) A 27 MHz choke on a threaded Paxolin former. (c) A 40 MHz self supporting 
enamelled wire choke. (d) A broadband 27 MHz choke with a high length to diameter 
ratio. (e) A 40 MHz choke wound on a Teflon former. 

for faulty operation of the oscillator. It is, therefore, good practice to 
avoid their use wherever possible. 

In many instances these chokes can be omitted and their function 
assumed by the natural r.f. voltage gradient along the circuit elements, 
giving better oscillator performance, more effective decoupling, and a 
more elegant circuit layout. 

Using this method, supply or bias leads can be dressed to follow the 
contours of coils, cavities, lines or flat sheet inductors or be fed through 
metallic pipes or channels. The leads must, however, be terminated at a 
point that has, as a function of its position in the oscillatory circuit, 
a minimum r.f. voltage with respect to the nominal r.f. earth reference. 
Often the same r.f. path can be shared by several leads; for example, 
filament and bias cables. Figure 5.37 shows the essential details for such 

a layout. 

86 



a 

b 

Fig. 5.37. (a). Total self decoupling of anode supply line in induction heating generator 
with separate load circuit. At the point of emergence from the oscillatory circuit the 
h.t.line is free of radio frequency and no further decoupling elements are necessary. 
(b) Inductor designed as feedback for a low frequency induction heater using the self 
decoupling method. The Fibreglass covered grid lead is fed through the centre of the 
inductor thus avoiding the use of separate grid chokes. 
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To avoid resonance effects between feedlines and the corresponding r.f. 
conductor, the feedlines should be screened cables, or fed through copper 
pipes dressed along the r.f. conductor. If the latter is of suitable dimen-
sion and shape, perhaps itself a pipe or other hollow conductor, the 
supply can be fed through its hollow centre. In addition, decoupling 
capacitors may be required at the point of entrance or emergence (or 
both) of the supply lines. This precaution becomes particularly important 
if the resonance of supply line — r.f. conductor is close to the operating 
frequency. 

In the applications described in Chapter 8, extensive use has been 
made of such decoupling methods, simplifying the circuits considerably 
as well as materially contributing to their troublefree performance. 

Since, in Fig. 5.38, the work coil must be interchangeable at the points 
x, x', the h.t. lead cannot be made to follow the remainder of the tank 
inductor path represented by L„,. Self-decoupling is therefore used up 
to the point x, whence the residual decoupling is effected by a choke. 
The dimensioning and the operational influence of this choke is however 
much less critical since the r.f. swing across it is small and the choke 
itself is well removed from the anode, where its stray reactances could 
otherwise exert disturbing influences. 

A laboratory example of the use of "self decoupling" for the filament 
and grid bias leads on a 27 MHz, 25 kW Colpitts oscillator with grounded 
anode is shown in Fig. 5.39. Both cables follow the contour of the main 
circuit inductor and emerge from their tubular screening below the level 
of the earth plate. At this point they are completely free of r.f. energy 
although the r.f. swing between cathode and anode is some 7 kV in this 
oscillator. 

Fig. 5.38. Schematic of generator circuit where the work coil is a part of the tank coil. 
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Fig. 5.39. Self decoupling on a 27 MHz, 25 kW Colpitts oscillator. 
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5.7 Supply Line Filtering 

5.7.1 CAPACITIVE FILTERING 

All supply and metering leads associated with an r.f. generator must be 
kept free from radio frequency energy to prevent damage to other cir-
cuits, the loss of fundamental power, and the generation of spurious 
feedback paths. To achieve this, filtering circuits are normally incorpor-
ated. Filter circuits, in their simplest form, need be no more than a low 
reactance path at radio frequencies across the leads in question or a 
similar path to the nominal earth potential of the generator, i.e. the 
chassis or cabinet. Both the inductive and capacitive series reactance of 
the component used must be as low as practicable. 

Though many types of capacitor can serve this purpose, the structural 
and electrical advantages that can be gained by the use of feedthrough 
capacitors cannot be over-stressed. Their large connecting flanges of 
extremely low inductance make an effective earth connection when mount-
ed on metal panels and partitions. Their central bolt will further reduce 
lead inductance as it is unnecessary for separate wiring to be fed through 
channels or cut-outs in partitioning. 

Fig. 5.40. Two types of feedthrough capacitor mounted on panels. 

90 



The screening effect of feedthrough capacitors can be so thorough 
that all the r.f. currents in a particular location will flow on the `live' side 
of the partition only, and the reactive load may be shared unevenly 
between the `inside' and `outside' halves of the capacitor. In this case a 
capacitor of higher nominal current rating, or higher capacitance to 
reduce the reactive r.f. potential drop, may then be required. 

At lower frequencies where larger capacitances than those obtainable 
in feedthrough types are required, the paralleling of ordinary capacitors 
with feedthrough ones will help with the prevention of higher frequency 
parasitic oscillations or the suppression of higher order harmonics. 

5.7.2, COMPOSITE FILTERS 

Although in many cases the provision of capacitive filtering alone may 
be adequate, it is good practice to use a combination of both inductive 
and capacitive filtering elements in the form of inverted L or ~ filters. 
Where the protection of sensitive auxiliary equipment or the suppression 
of low level radiation is important, several such filters may be used at 
critical points along the supply lines. The effectiveness of each will, 

Fig. 5.41. Example of double filtering network in the h.t. supply of a generator. Chi , z, s are 
~./4 chokes or other suitable inductors. Ci , z,3,4 are feedthrough capacitors mounted on 
partitioning panels. The negative supply line is also filtered and connected near the tube 
cathode. 

however, depend entirely on the true relation of its `cold' side to the 
nominal earth potential points. Figure 5.41 shows an example of this 
filtering technique applied between the r.f. generator and its power 
supply. 
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5.8 Parasitic Suppression Circuits 

In the few cases where the parasitic oscillations cannot be eliminated 
by changes in layout or the use of other components, parasitic suppressor 
circuits will have to be employed as a last resort. Their main function 
is to provide a high impedance path in series with, or a low impedance 
one in parallel to, other circuit elements at the parasitic frequency. 
In some instances the insertion of a purely resistive element near one of 
the tube electrodes may be sufficient. If the resultant fundamental power 
losses are unacceptable, this resistor may be shunted by a suitable 
inductor, which must have a low reactance at the operating frequency 
but much higher inductance at the parasitic frequency. In other cases, 
insertion of a low impedance path, relative to the higher parasitic fre-
quencies, in the form of a capacitor between two of the tube electrodes, 
may be adequate. It follows, however, that such methods can be used 
only where the fundamental and parasitic frequencies are sufficiently far 
apart, so that excessive fundamental frequency changes, changes of 
drive conditions and resistive losses are avoided. 

5.g.1 RESISTIVE AND CAPACITIVE STOPPERS 

For the suppression of more violent parasitic oscillations, or those that 
occur in the neighbourhood of the fundamental, heavily damped tuned 
circuits are commonly used. Depending on their position in the circuit 
these can be either series or parallel tuned (Fig. 5.42). The tuned circuits 
should have a C/L ratio as low as practicable and be suitably damped 
to give a broadband effect. 

Fig. 5.42. The diagrams show simple RC suppressors used when fundamental and parasitic 
frequencies are well separated. The resistive component need often be no more than a 
nickel alloy strip with a d.c. resistive value of a fraction of an ohm and therefore con-
sume only little fundamental power. 
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5.g.2 TUNED CIRCUITS 

The necessary damping can be achieved by paralleling the antiparasitic 
circuit inductor with a resistor, or by making the inductor from resistive 
material. For very high frequencies this damping effect can sometimes 
be provided by suitable choice or shaping of the inductor surface. A 
matt surface rather than a polished surface, or a threaded rod instead of a 
straight rod, may provide sufficient surface resistance. 

Fig. 5.43. Series and parallel tuned suppressor circuits. 

Either of the two suppressor circuits shown in Fig. 5.43 can be equally 
effective, whether mounted in the grid or the anode circuit of the tube. 
In the first case fundamental power losses will, however, be less and the 
circuits may be assembled from components with a lower resistive and 
reactive rating. The C/L combination, as low a ratio as possible, should 
resonate at the parasitic frequency. 

5.8.3 CURRENT OBSTACLES 

A further method of parasitic suppression, suitable for cavity or line 
type circuits, is the insertion of r.f. current obstacles at right angles to 
the probable flow of the parasitic currents. The advantage of this method 
is that it can be used up to frequencies of several 100 MHz, when there is 
little difference in the frequencies of the fundamental and the parasitic 
mode, without noticeably reducing fundamental power. 
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Fig. 5.44 shows a toroid cavity (or line) in which the fundamental 
current flows in a radial pattern as indicated by the arrows. The para-
sitic mode has a circumferential current path (— • — • —) that can be broken 
by radially disposed vanes without interfering with the radial mode cur-
rents. Narrow slots, parallel to the fundamental current flow, can have 
the same effect, but their use is not always practicable since they may 
cause radiation as well as a weakening of the structure. 

Fig. 5.44. Toroid cavity. 

The same suppression system may, of course, also be used to eliminate 
the intercomponent resonances existing between the units of a composite 
tank circuit capacitor or between the latter and the generator tube 
(Fig. 5.45). 

~~~~~ 
c, 
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Fig. 5.45. Antiparasitic obstacles in a conventional LC circuit. L represents a half turn 
strip inductor and C1 and CZ two capacitors forming the total circuit capacitance or 
one tank circuit capacitance plus tube capacitance. I~ is the path of the fundamental cir-
culating current and !p that of the probable parasitic current. Since the two current 
paths are at right angles to each other, vanes may be mounted, as shown in the sketch, 
parallel to the fundamental current path thus forming an effective obstacle against the 
generation of parasitic oscillations. 
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5.9 Earthing Points 

Earthing points are, as already defined in Ch. 5.1.1 on basic oscillator 
circuits, those points on r.f. generators that are deliberately made to be 
of the same r.f. voltage as the surrounding structure. Reasons have been 
given in Ch. 5.1 why the common electrode is usually preferred for this 
function. 

The choice and construction of the earth point can critically influence 
the performance of a generator. The word `point' is, strictly speaking, 
a misnomer because any practical construction will have a finite dimen-
sion that, however small, will still produce an r.f. potential gradient 
when r.f. currents flow through it. Operationally satisfactory earthing 
connections can, however, be made if the necessary structural compon-
ents are of the lowest possible inductance and parallel capacitive paths 
from other parts of the circuit are kept to a minimum. 

At lower frequencies, for example, where the common electrode is 
often the cathode, all other connections with the same nominal r.f. 
voltage, can be brought back to this point. A plate or sub-chassis, no 
larger than necessary to accommodate the essential components, of low 
inductance, good conductivity and well spaced from the main chassis or 
cabinet structure, can be a suitable connecting point (Fig. 5.46). It will 
also be of negligible dimensions with respect to the wavelength of higher 
order or parasitic oscillations. Even under such near ideal conditions, 
the components placed on this sub-chassis should preferably be positioned 
so that the current paths, associated with their various circuit functions, 
will not intersect. 

This sub-chassis can then be bonded to the main structure or enclosure 
with a single low inductance strap, all other supports being made from 
low-loss insulating material. This arrangement reduces the risk of 
returning stray r.f. currents from any part of the main enclosure to the 
feedback circuit. 

r 

i 

Fig. 5.46. Schematic diagrmn of oscillator where all connections at nominal earth 
potential are returned to a small sub-chassis. 
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At higher frequencies, where cavity or line type circuits are used, 
the earthing point problem is somewhat simpler since most of these cir-
cuits are self-screening. Provided that such a circuit is correctly design-
ed and adjusted, its operation will not be affected by making the earthing 
connections to any point on its outer skin. 

Loads with large reactive changes during the processing cycle are 
common in industrial heating. At the higher frequencies the reactive 
changes may cause standing waves on the feedline between the generator 
and load position. The effective earthing of the load (operating position) 
is therefore important to prevent possible injury to the operator or 
malfunctioning of the circuit. These risks will be reduced if the bonding 
connection between the generator and load position is of very low in-
ductance compared to the remaining structure. Earthing points on load 
cables or at the work position are treated more fully in the next chapter 
under the heading "Load earthing points". 

5.10 Grid Biasing Circuits 

5.10.1 RESISTORS 

Industrial generators, the majority of which operate under self oscillating 
class C conditions, require a negative grid bias to hold the tube at the 
desired operating point on its characteristic. Asimple bias source can be 
provided by the insertion of a resistor between the grid circuit and the 
cathode of the tube. Since this resistor is outside the radio frequency 
functions of the oscillator circuit, any component, of a suitable ohmic 
value and power rating, can be used. For higher powers, substantial 
savings can be achieved by a careful choice of this component and the 
method of disposal of its dissipated energy. 

Air blown resistors of large surface area, often in the shape of resistance 
mats, are frequently used. If a cooling water supply is available, a worth-
while space saving can be made by using water- or oil- and-water-cooled 
resistors. A very economic solution is, for example, the use of commer-
cially produced immersion heater elements. These are made in a wide 
range of operating voltages and dissipations and are readily available. 
The correct ohmic value and dissipation capability can be obtained by 
suitable series parallel arrangements of the individual units. 

The electrical characteristics of all our new ceramic triodes are such 
that the off load grid current and, therefore, grid dissipation are compa-
tible with the recommended full load operating conditions and the grid 
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dissipation limits. However, certain applications may require that a limit 
is set on the maximum grid current. One method of limiting the maximum 
grid current is to construct the grid resistor, partly or wholly, of in-
candescent lamps. In most lamps the resistance of the filament increases 
with increasing temperature and limits the flow of current. By suitable 
choice of lamp ratings a reduction of the maximum grid current of about 
20 % can be achieved. For optimum regulation the lamps should show 
the largest possible brightness variation over the range of oscillator 
loading changes. The lamp rating should be chosen so that only about 
80 % of it is used at the highest dissipation likely to occur. 

S.lO.2 REGULATOR TUBES 

For applications where an accurately controllable grid current is required, 
a tube may be used as grid resistor (Fig. 5.47). Such a regulator tube 
will have a purely d.c. function and be connected with its cathode 
toward the grid circuit and its anode to the cathode of the oscillator tube. 
Its internal resistance, equivalent to the grid resistor value, can then be set 
by the application of an appropriate d.c. voltage between grid and 
cathode. 

generator 
tube 

Fig. 5.47. Circuit of tube controlled grid resistor. R1 is in parallel with the control tube 
and should have a value several times that required for normal operation. Its purpose is to 
provide agrid-cathode path for the oscillator tube in case of control circuit failure. 
The r.,f: section of the circuit is not shown. 

5.11 Grid Switching Circuits 

Switching operations, required for process timing or safety reasons, are 
normally carried out by circuit breakers on the mains side of the anode 
power supply. They can also be carried out applying a negative bias 
to the grid of the generator tube in excess of the operational grid swing. 
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General view of the oscillator circuit of a 240 kW, 300 kHz laboratory model induction 
heater (see also Ch. 8.1). The tank coil, and the grid coil with its flexible braid con-
nections are clearly shown. 
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The YD1212 of the 240 kW induction heater is shown mounted on Perspex side panels. The 
thermometer wiCh which the rise in temperature of the anode cooling water is read can 

be seen attached to one of the water feed pipes. 
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A grid switching action is many times faster than the conventional 
circuit breaker. The switching takes place within a few cycles of the 
operating frequency and will, therefore, allow more accurate process 
timing as well as preventing damage to costly load coils or handling 
equipment in the event of an r.f. flashover at the load position. With 
grid switching, the mains circuit breakers are used only for the initial 
switching on or re-setting operations and the wear on these components 
is greatly reduced. 

To make grid switching an economic and reliable proposition it is 
essential that the grid characteristic of the generator tube permits the 
use of a cheap biasing circuit. The non-emissive K grids are ideal for 
this purpose. The complete absence of grid emission permits the use of 
relatively low current supplies for these biasing purposes, as, of course, no 
grid emission currents will have to be counteracted. 

A circuit suitable for the grid switching of an oscillator is given in 
Fig. 5.48, and an oscilloscope trace showing the decaying r.f. amplitude 
obtained when switching a 400 kHz oscillator is given in Fig. 5.49. 

Fig. 5.48. Basic grid switching circuit. 

v,~. 
=10kV 

Fig. 5.49. Oscillogram of decaying r. f. anode swing of a 400 kHz oscillator after applic-
ation of switching bias. The frmdamental amplitude has decayed to an insignificant value 
within 30 Ics. 
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During normal operation switch S, which could for example be a 
thyratron, is closed and the tube grid current will flow through Rg. 
In this condition power supply P will have to feed the limiting resistor 
RL and the ballast resistor RB. When S is opened, the full voltage supplied 
by P will appear at the grid of the tube since the grid is non-emissive. 
With a biasing potential slightly in excess of the peak drive swing, the 
grid and anode currents of the generator tube will cease and the power 
supply P will have to feed only its ballast resistor RB. The value of R9 -~ 
RL should not exceed that of R9 max given in the published tube data. 

When using grid switching systems the regulation characteristics of 
the anode power supply must be taken into account and the rating 
of d.c. and r.f. components must be compatible with the no-load voltage. 
Power supplies with good regulation are therefore more suitable for this 
purpose. 

5.12 Arc Suppression Circuit 

To prevent damage to the work material, or the welding electrodes if 
an arc is struck, the incorporation of an arc suppression circuit is worth-
while. 

A suitable circuit is given in Fig. 5.50. The voltage developed across 
R1 is applied to the working electrodes C,,, through a X1/4 filtering choke. 
It also holds the thyratron Th in the non-conducting state. When an arc 
pierces the work material, an additional resistance Rp appears in parallel 
with R,, reducing the voltage and causing the thyratron to conduct. The 
consequent voltage changes on R3 can then be used to activate a grid 
switching bias supply that will render the generator tube inoperative. 

Fig. 5.50. Schematic diagram of arc suppression circuit. 
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6. Load Coupling Circuits 

6.1 Requirements 

Load coupling circuits, whether used for inductive or dielectric heating, 
serve three purposes. 

1. To make the r.f. energy generated by the oscillator available at the 
position of the work material. 

2. To provide a match between the electrical properties of the load 
material and the impedance of the generator tube. 

3. To provide a physical match between the generator components and 
mechanical handling arrangements for the load material. 

6.1.1 POWER FORMULAE 

The power requirements for both groups of applications may in the first 
instance (disregarding incidental electric and thermal losses) be calculated 
with the help of the standard calorimetric formula, where the power re-
required for a certain process is given by 

(Tz —Tl)x mx Sx 4.2 
I'w =  ~ (5) 

t 

where 
P„, =required power (W) 
Tl =temperature of work material at start of process (°C) 
TZ =temperature of work material to be attained at completion of 

process(°C) 
m mass of work material in grammes (g) 
S specific heat of work material (cal/g.degC) 
t processing time in seconds (s). 

It will be found that the value calculated will be much closer to the 
actual requirements in the case of dielectric heating. In these applications 
the thermal losses incurred in terms of heating time, radiation due to 
elevated temperatures and ultimate required temperatures are much 
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smaller than for induction heating. For dielectric heating the derived 
load power figure may have to be increased by about 10 %, but an 
increase of some 30 % may be necessary for induction heating. Load 
circuit coupling losses must, of course, in both cases be added to this 
figure. 

Having derived the power requirements, it remains to relate these to 
the work material properties and the appropriate magnetic (induction 
heating) or electric (dielectric heating) fields. The formulae for both 
applications then give an immediate appreciation of the processing 
requirements in electrical terms, when changes of work material proper-
ties due to temperature changes are ignored in the first instance. 

Thus it can be deduced that 

Induction Heating Dielectric Heating 

P„,=Hoz• ,u•f•K (6A) P}„=Ez•~c•s' •_f•tanS (6B) 

where 

P„, =power absorbed by a unit volume of work material 

and 

Ha peak magnetising force 
E peak r.f. field strength 
,u permeability of work material 
s' =capacitance per unit volume 
f operating frequency 
tan 8 loss factor of work material. 
K = a factor depending on the material used and containing the 

resistivity P and penetration depth ~. 

When the material properties are given and the operating frequency 
has been chosen, the chief operating factors influencing the circuit design 
are the magnetising force Ho (induction) and the field strength E 
(dielectric). 

6.1.2 CIRCUIT LAYOUT 

Load coupling circuits, like any other circuit, are assembled from in-
ductive and capacitive elements. The circuit reactances (real and stray) 
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will produce a number of resonances that may, by coupling into the 
tank circuit and feedback system, cause fault conditions in the oscillator. 
These faults can show in the form of accentuated harmonics, parasitic 
ringing or downright parasitic oscillations. 

Fundamental and stray C/L ratios of load coupling circuits should, 
therefore, be kept as low in comparison with the tank circuit C/L ratio 
as the loaded Q and application will allow. The effect of stray capacitive 
coupling paths between the loading circuit and the remainder of the 
generator can be cancelled, if necessary, by the insertion of Faraday 
screens. To avoid stray coupling paths, particularly in the feedback 
system of the generator, the load circuit earthing point will have to be 
carefully chosen and preferably made near the load position and referred 
to the external structure of the generator. For greater distances, some 
form of transmission line can be used and, in such cases, the earth return 
should be to the line-outer. Lines of higher characteristic impedance 
(Zo > 50 SZ) are more suitable for this purpose as their inherent Q is 
lower and is less likely to cause oscillator moding through resonant line 
effects under fault conditions. 

6.2 Inductive Loads 

To relate the general induction heating formula to the electrical constants 
of the load circuit, Ho must be expressed in ampere turns and the for-
mula elements converted to definite work-piece dimensions and material 
properties. The necessary ampere-turns to dissipate a given power are: 

nI= 
Pw 8x, lw X 109

Dow d„, 

where 
Pw =required work power (kW) 
bw =penetration depth (cm) 
1,,, =length of work-piece (cm) 
~„, =resistivity (µS2•cm) 
dw =diameter of work-piece (cm). 

The load can thus be seen as the secondary of a transformer. As the 
primary will have to be of a different diameter (generally larger) a 
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coupling factor is introduced. This can, with any degree of accuracy, 
only be given for regular shapes when work coil and load are completely 
meshed and will, for all practical purposes, be 

d3
k= D3 , 

where 
d =diameter of work-piece 
D =diameter of load coil. 

Optimum coupling, irrespective of the size of the work-piece, can, more-
over, be achieved if the length to diameter ratio of both load and load 
coupling coil can be kept at a constant ratio 

Iwo Iw
-- — — — 1.5 
D d 

with the additional dimensions of 
lw~ =length of work coil 
lW =length of work-piece. 

Having established the necessary ampere-turns, or the current through 
the load coil, it will be useful to find the resultant inductive value so that 
coupling methods to the tank circuit maybe considered. Results of accept-
able accuracy can be obtained with the help of the following formula for 
cylindrical coils and alength-to-diameter ratio of greater than one. 

Ae LC — AcL 
L = 0.013 xnz x 

l 
(~,H), 

where 
n =the number of turns on the load coil 
Ae L~ = cross-sectional area of load coil (cmz) 
A FL = cross-sectional area of load (cmz) 
l =length of load coil (cm) 

Formula (7) contains two further factors that influence the practical 
load coil design and the choice of operating frequency 
1) volume resistivity ~ 
2) penetration depth ~ 
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Both of these factors have a pronounced effect on the efficiency of the 
load coupling arrangement. 

Fig. 6.1 gives d as a function of frequency for some of the more fre-
quently used materials. 
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Fig. 6.1. The la west frequency f m ~~ at which the effrciency is not unnecessarily low, as a 
function of the diameter d of the work-piece, for graphite (graph), iron (Fe), copper 
(Cu) and brass (MJ, at room temperature (dotted lines) and at 800-1000 °C (fully 
drawn lines). For cold iron it has been taken that L~~ = 100. 
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a 

The load coil efficiency can be expressed by 

1 
~lcc — Dz 

~2 1 /  °i
1 -F- 

d2 
• C 1 -~ 6.25x21 ~/ 

\ // f~.~z 

where 
D =diameter of load coil (cm) 
d = dian-eter of work-piece (cmj 
SZ =penetration depth in work-piece (cm) 
O1 =volume resistivity of work material (~,52•cm) 
PZ =volume resistivity of load coil material (~.S2.cm) 
,u,. =relative permeability 

and S is related to o and µr by 

8 = 5.03 ~  
P  

(cm) 
~rJ 

Several practical conclusions can be drawn from the above formulae. 
a. The generator efficiency will be higher if the work coil-to-work-piece 

diameter ratio is made as small as processing conditions will allow. 
b. To keep 82/d2 small, the processing frequency should be chosen so 

high that the penetration depth will not exceed one eighth of the work-
piece diameter. A minimum frequency, necessary for efficient opera-
tion, can therefore be established and is given by 

f~,t„ = 16 X 102  
~w 

(Hz), 
~~r 
d2 

where 
O W =resistivity of work-piece (~.S2.cm) 
d =work-piece diameter in cm. 

c. The power requirements given in equation (5) and (7) determine if the 
material passes through the Curie point during the process. This 
results in a change of ,ur and must be considered when calculating the 
load coupling. Similarly, when loosely packed scrap metal is melted, 
its change of volume must be taken into account, since this influences 
the effective value of ,u. 
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Fig. 6.2 gives the efficiency ~ as a function of D/d at different values. 
Frequencies above f m;,, give no noticeable increase of efficiency. Higher 
frequencies can be used where they offer the possibility of simplified 
generator construction. 

d. The factor vP~/,u,P2 suggests that higher efficiency will be obtained 
if the resistivity of the coupling coil material is as low as possible. 
For this reason alone it is necessary to use artificially cooled coupling 
coils. 

With the operating conditions and dimensions of the load coil establish-
ed, it remains to couple it to the generator circuit. Depending on the 
requirements, several methods are possible. 

80 
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Fig. 6.2. Efficiency ~ of the work coil as a function of D/d (D = diameter of the work 
coil, d = diameter of the work-piece) for various materials, at 0 °C (dotted lines) and 
at 800-1000 °C (fully drawn IinesJ. For cold iron a curve has been plotted for ,u~ = 10. 
The frequency isfmin• 
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6.2.1 DIRECT COUPLING 

In some applications the tube operating conditions, in conjunction with 
the loaded Q (C/L/ratio) of the tank circuit, can be made so that the 
resulting circulating current and the total number of turns on the tank 
circuit coil give the necessary ampere-turns. This enables the tank circuit 
coil to act directly as a load coil (Fig. 6.3). Although such a system can 
be very efficient, since r.f. losses in intermediate coupling elements are 
avoided, it is less flexible and more suited to single-purpose equipment 
where the work position is not too far away from the generator. 

Fig. 6.3. Schematic of directly coupled induction heater where the whole of the tank 
circuit inductor forms the load coil. The current through this coil I~ = I f x QL where 
I f is the r.m.s. value of the fundamental tube current. 

In a modification to the above direct coupling system, only part of the 
total tank circuit inductor is used to provide the necessary ampere-turn 
product (Fig. 6.4). This permits a greater flexibility as work coils of 
different shape can readily be interchanged. Variations of the inductance 
from coil to coil should, however, not be so great as to affect the C/L 
ratio and operating frequency of the generator adversely. 

I~ 

Fig. 6.4. Directly-coupled induction heater with a work coil that constitutes only part 
of the main tank circuit inductor. 
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Parallel connection of the load coil (Fig. 6.5) may be used as a form 
of direct coupling when, for instance, other considerations require a tank 
circuit of extremely high loaded Q. The current through the load coil is 
then a part of the total tank circuit current. The division of the current 
between tank circuit and the load coil is inversely proportional to their 
respective reactive values. 

Fig. 6.5. Diagram of parallel connected load coil Lw will generally be of a greater in-
ductance than LT and may be made interchangeable. The usefcrl load coil current 
Iw I~ IT will depend on the ratio of the inductive va/ues of LT and Lw. 

6.2.2 UNTUNED TRANSFORMER COUPLING 

Where the work position is remote from the r.f. power source, trans-
formers are frequently used to maintain matching between the tube and 
its tank circuit secondary (Figs 6.6 and 6.7). In these cases, the coupling 
from work to work coil is one transformer, and a further transformation 
to the tank circuit is also required. This second transformer can also be 
used for power control in the work-piece by varying its coupling to the 
main tank inductor. 

Fig. 6.6. Transformer-coupled work coil. Optimum results will be obtained if the load 
coupling inductor Lc is as near as possible to the effective inductance value of Lw, i.e. 
when the work-piece is inserted. 
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Fig. 6.7. Schematic diagram and sketcle of single turn "wrap around" load coupling coil. 

The required flux linkage between LT and L~ will be determined by the 
ampere-turns of both these inductors, bearing in mind that the ampere-
turns of L T are given by both the tube operating condition and the 
C/L ratio or loaded Q of the tank circuit. 

To achieve an efficient power transfer with such untuned transformers 
it will, in most cases, be necessary to keep the coupling factor large. This 
means that a close mesh between LT and L~, in terms of their respective 
diameters and mutual immersion, must be achieved. Although the coup-
ling factor can, in some cases, be improved by the use of ferrite core 
materials, the closeness of the mesh is limited by the voltage breakdown 
characteristics of the material. Depending on the nature of the load 
material the inductors Lw and L~ may range from a turn loops to multi-
turn coils. 

6.2.3 TUNED TRANSFORMERS 

To provide even greater flexibility of application at the output terminals 
of a generator, as well as avoiding some of the voltage breakdown pro-
blems mentioned above, a capacitive tuning element can be introduced 
(Fig. 6.8). This will, by bringing the load coupling circuit resonance 
close to the operating frequency, increase the flux linkage, or conversely, 
allow greater physical distances between the tank and load coupling coil. 

]239692 

Fig. 6.8. Tuned load coupling transformer. 
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An increase in the operational safety and the flexibility of the applica-
tion is achieved if Lc ~- LW are tuned close to the operating frequency 
by the capacitors CC1, C~Z. A step change of this tuning capacitance can 
also bring the load circuit back to resonance when work coils of different 
inductive values are used. Tapping points on L~ can also be used for this 
purpose. For optimum performance L~ should have the same inductive 
value as Lw with the load inserted; it may, of course, be of different 
physical dimensions, determined by the size and shape of the tank cir-
cuit coil LT. 

6.2.4 CURRENT CONCENTRATORS 

When work-pieces are of irregular cross-section, or have a diameter so 
small that a normally shaped coupling coil would give inefficient coupling, 
further transformers are inserted. These normally consist of single-turn 
windings whose inside surface is shaped to either fit the work-piece, or 
to produce the desired localised heating patterns. Because of the increased 
magnetic flux that is achieved they are commonly termed `current con-
centrators' (Fig. 6.9). These auxiliary transformers may be used with 
any of the previously described coupling systems. 

]25969] 

Fig. 6.9. Current concentrator. 

6.2.5 WORK COILS AND HEATING PATTERNS 

An induction heating generator will be only as good as the "work coil", 
i.e. the inductor that forms the ultimate link to the work-piece. Special 
work coils have to be designed for the more intricately shaped work-pieces 
or to achieve specific heat patterns (Figs 6.10, 6.11 and 6.12). 
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Fig. 6.10. (a). Straight cylindrical work-piece with defined temperature gradient along 
its axis. 
(bJ. Conical work-piece with work coil to give even heating. The cone of'the work coil is 
of a lesser angle than that of the work-piece since there is less muss and also because of 
the reduced diameter less coupling on the r.f: side. The divergence of the two cones will 
also depend on the wall thickness of the work-piece. 
(c). Work coil designed to heat the end sections only. 
(d). "Pancake" coil for the even heating of ffat discs or similar objects. A radial tempera-
ture gradient may be introduced by making the spiral slightly dome-shaped or conical. 

load material 

~~ ~ 
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]:59695 

Fig. 6.11. Schematic diagram of individual load positions with series connected work 
coils fed from a common generator. Such a system is particularly suitable for continuous 
production lines involving small work-pieces. 

ferrite concentrators 

water cooled 
copper pipe 

individual work pieces 
on transport system 

Fig. 6.12. Ferrite current concentrators. Sufficient cooling of the ferrite concentrator is 
ensured if it is in good thermal contact with the water cooled r. f. conductor of the load coil. 
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G.2.6 LOAD EARTHING POINTS ON INDUCTION HEATERS 

Fig. 6.13 shows the preferred earthing points on an induction heater with 
a separate tuned load coupling circuit. 
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Fig. 6.13. Example of correct location of earthing points in an induction heater. 

Cathode (filament) and feedback return are connected at a single point 
on asub-chassis which itself is connected to the main structure by a single 
connector of low inductance. To avoid the creation of capacitive parasitic 
feedback paths, the stray capacitance CS between sub-chassis and main 
structure is kept to a minimum. The load circuit earthing point can then 
be made independently on any part of the main structure from either of 
the points A, B or C. 

fi.2.7 POWER CONTROL 

Where the power transferred to the load must be varied during processing 
or, for example, work-pieces of different shapes are to be processed in 
succession at the same load position, various methods of r.f. power con-
trol can be used. The main distinction is made between those involving 
some mechanical movement to produce the desired electrical effect and 
pure electrical systems. The latter group of systems is, of course, much 
quicker in action and therefore more suited to automated process control. 

114 



A 2 k W generator for soldering hardened material on to saw blades, using tube type 

TBS/2500 (by courtesy of Himmelwerk A.C., Tubingen, Western Germany). The inductor 

arrangement is shown enlarged. 
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Electro-mechanical Systems 

1. Mechanical adjustment of h.t. 
supply voltage by variable trans-
former or series reactor in the 
primary of the supply transformer. 
2. Change of magnetic coupling 
between tank and load circuit by 
physical movement of one or 
other; or both, inductors. 
3. Similar change of magnetic 
cowling through relative move-
ment of other transformer type 
coupling elements. 

Electrical Systems 

1. Phase cutting with thyristors 
in the primary of the h.t. supply 
transformer 

2. Phase cutting with grid con-
trolled rectifiers in the secondary 
of the h.t. supply transformer. 

3. Grid pulsing of the r.f. oscilla-
tor tube through thyristors, thy-
ratrons or pulse amplifier tubes. 

The resultant power output can, at these low frequencies, be monitored 
with reasonable accuracy and economy with the aid of rectifier type volt 
and ampere meters, the latter being coupled to one lead of the load coil 
through a current transformer. Other suitable instruments are the electro-
static voltmeter, hot wire and thermocouple current indicators. 

6.3 Dielectric Loads 

The second of the two analogous heating formulae given in Ch. 6.1.1 
has, as its chief factor, the voltage of the applied high frequency field 
that must appear across a dielectric material if a certain power is to be 
dissipated in the material. For practical use this expression may be 
rewritten as follows: 

Vr.m.s. 

= V•Pw • Xc •tan b-1

where 
Vr. m.s. 

Pw

Xc

= the r.m.s. value of the r.f. voltage applied across the faces of 
the work-piece (V) 

= The power to be dissipated in the work-piece as calculated 
from the standard calorimetric formula (W) 

= The reactive value of the capacitance of the work-piece cal-
culated from its physical dimensions and electrical properties 
with the help of the standard plate capacitor formula (4) 

tan d =The loss factor of the work material at the operating frequency. 
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It should be noted that most materials have a loss factor that rises with 
temperature and may eventually go through a peak. 

Loss factors for likely dielectric heating materials will range between 
the first and third decimal of tan 8, and their dielectric constants be-
tween 1 and 5. The voltages required across the work-piece will range from 
several hundred to a few thousand volts. A limit to these voltages is, 
however, set by the electric strength of the work material beyond which 
internal breakdown will occur. If more power is to be dissipated in the 
work an increase of processing frequency often becomes necessary. The 
required voltages occur at the tube anode or the tank circuit capacitor 
and the load coupling circuit is required to make these available at the 
load position. A secondary requirement of the load coupling circuit is to 
provide a match between tube and load material. Depending on the 
application, a step up or reduction of the generated voltage may be 
required. The step up can be achieved with a transformer system whilst 
the reduction of generated potential need often be no more than a capa-
citive potential divider, where the lower section is formed by the load 
material capacitance itself. 

The main divergence of requirements is between those circuits that are 
used for bulk material heating such as pre-heating or process drying, and 
others that are used for plastic welding. In the first group, an air-gap or 
other low-loss dielectric gap is used, on at least one side, between the load 
position electrode and the material, to ensure even heating and to allow 
the free passage of the material on a conveyor belt or other loading 
mechanism. These dielectric gaps will then act as series capacitors, 
causing a potential division whose value will be determined by the res-
pective dielectric constants of the gap and load material. This means 
therefore that they require a much higher load position voltage than the 
processing conditions of the material alone would suggest. 

In the second group one finds "contact processes", i.e. those applica-
tions where a direct contact between work electrode and material is 
required, as in plastic welding. Since the voltages needed for this type of 
work are only up to about 1000 volts, capacitive potential divider sys-
tems, between the r.f. power source and the work position, may be used 
for the necessary reduction. 

A few of the more common load circuits of both systems are outlined 
in the following sub-sections. 
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6.3.1 DIRECTLY-COUPLED SYSTEMS 

The three examples shown in Figs. 6.14, 6.15 and 6.16 are all directly-
coupled systems and will, provided that connecting leads are of low 
inductance, show a good processing time-power transfer characteristic, 
since the work material capacitance, and the series capacitance, are in 
parallel with the tank circuit capacitor. They are thus an integral part of 
the frequency controlling components and will, because of dielectric 
changes in the load material during the process, cause a shift of the opera-
ting frequency that may under certain conditions be unacceptable. Up to 
a point, the resulting frequency shift can, however, be limited by making 

Fig. 6.14. Example of directly coupled dielectric heater where Vo is sufficiently large to 
equal Vw -}- V9q p. The oscillator circuit shown is a Colpitts type, but other systems could 
be used. 

Fig. 6.15. The same directly coupled circuit as shown in Fig. 6.14 but adupted for plastic 
welding by using a separate and possibly variable capacitor CS in series with the welding 
electrodes. 

Fig. 6.16. Schematic of auto-transformer circuit that can be used where Vcs ~- VW must 

be greater than Va. The transformer section LT1 T LTZ could, for very high frequencies, 
also take the form of a line. 
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the tank circuit capacitor large in comparison to that of the loading sys-
tem or by using a series capacitance that is small in comparison to that 
of the work material. A compromise between the available r.f. potential 
and the acceptable frequency shift may have to be found. Directly-coupled 
systems are also likely to radiate all the harmonic frequencies generated 
by the tube because no frequency filtering takes place between the tube 
and the load. This situation is aggravated in welding machines where 
screening of the working electrodes is virtually impossible and the welding 
electrodes act as effective aerials, especially at higher frequencies. 

A 7 kW plastic welder using tube type YD1160 (by courtesy of Rosefair EZectronics, 
Watford, England) . 

1l9 



6.3.2 INDIRECTLY-COUPLED SYSTEMS 

Indirectly-coupled systems (Figs 6.17 to 6.20), using either capacitive 
probes or transformer coupling, afford a greater flexibility in several 
ways. A wider choice of the frequency controlling tank circuits is possible, 
larger distances between generator and load may be bridged, r.f. voltages 
may readily be stepped up or down, and filtering networks may be intro-
duced to eliminate unwanted frequencies. By making the coupling factor 
between generator and load relatively small, the fundamental frequency 
shift may be reduced, albeit at a cost of the relationship between power 
transfer and processing time. Unless automatic retuning is used, indirectly-
coupled systems will have a "tuning" characteristic in their power transfer. 
This characteristic makes the use of generators with a greater peak power 
capability necessary if the work is to be accomplished in a time com-
parable to that achieved with adirectly-coupled load. (Faraday screens 
may have to be inserted between inductive coupling elements to minimize 
harmonic power transfer.) The effect of the "tuning characteristic" is 
sometimes used to influence the process sequence (see Fig. 6.18). 

Fig. 6.17. Example of simple transformer-coupled load. For maximum power transfer 
the load circuit Lc/Cyy should be tuned near the operating frequency of LT/CT at the peak 
of the processing cycle. The power transfer may also be varied by adjusting the coupling 
between LT and Lc. F is the Faraday screen, preventing capacitive coupling between 
oscillator and load circuit. 

Fig. 6.18. Transformer-coupled load circuit containing a series capacitor Cs that may be 
used for power control purposes or the retuning of the load when the work material 
characteristics change during the process. 
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Fig. 6.19. Coaxial link coupling of cavity type generator to work coupling circuit. The 
frequency stability of such circuits can be very good and the load CN, can be re-matched 
by the capacitor Cs thus keeping the load circuit Lw—Cs—Cw in tune over the greater 
part of the processing cycle. Since mismatches x•ill occur, the coaxial link sltou/d prefer-
ably be o/'the airspaced type to avoid irreparable voltage breakdowns. F is again the 
Faraday screen. 

Fig. 6.20. Schematic of coaxial line generator with coaxial output and capacitive probe 
coupling. The tank circuit CT LT is formed by a capacitively loaded R/4 line which itself 
is a step-up auto-transformer. Cc is a variable capacitive probe. Lw and CK. are the 
Inductive and capacitive components of the series-tuned load circuit. 

6.3.3 INTEGRATED COUPLING SYSTEMS 

The generator-load coupling systems described in the previous subsec-
tions have all, whether coil-capacitor, cavity or line tank circuits are used, 
a fundamental quarter wave operational mode. The shortcomings that 
have been noted for these circuits can be largely overcome if integrated 
generator-load coupling circuits are used. As opposed to direct systems, 
generator and load circuit are still two separate entities, but joined in 
such a way that they form one resonant circuit and therefore have unity 
coupling, resulting in a much improved power transfer-processing time 
relationship. 
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The most practical form for this type of circuit appears to be a half-
wave line that is capacitively shortened at one end by the tube and 
generator tank capacitance, and at the other end by the loading capaci-
tance (Fig. 6.21). A transformation from generator tube to load can thus 
be arranged by suitably apportioning the end loading capacitances. As 
it is only their ratio, and not their absolute value, that determines the 
transformation ratio, an appreciable loading capacitance may be placed 
in parallel at both ends to improve the overall frequency stability. 

~, ~. 

Fig. 6.21. Schematic and r. f. voltage distribution of a half-wave line generator load 
circuit, assuming an upward transformation from tube to load. Va is the r. f. swing across 
tube and tank capacitor CT, and V~ the voltage required across work material plus air gap. 
V~, is the actual material processing potential. 

Yet a further advantage is the improved oscillatory stability (freedom 
from parasitic oscillations) that is due largely to the "floating" zero 
voltage point on the half-wave line. A change in load capacitance will 
cause a relatively small change of operating frequency, transformation 
ratio and displacement of the zero voltage point, but will still allow the 
load to appear as a pure resistance to the tube. (A fuller description of 
this system and calculating methods for the circuit constants can be 
found in Ch. 8 `Applications'.) 
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Such an integrated system, with its excellent oscillatory stability and 
work efficiency, can also be used for plastic welding (Fig. 6.22). The 
layout of the generator remains substantially unchanged except that the 
material in the load position is replaced by a capacitive probe that feeds 
the r.f. energy through a coaxial duct to the welding press. 

1I~ 
Cw 
(welding press) 

1I591~6 

Fig. 6.22. Diagram of half-wave line load section used for plastic welding. The voltage 
across CL, and CL itself can be made large. Cw represented by the capacitive coupling 
probe, can be relatively small thus causing little change of the effective line and loading 
capacitance. Consequently, the resulting changes of operating frequency are quite small. 
As in the case oFthe dielectric heater, the load will always look purely resistive to the tube. 

6.3.4 LOAD POSITION CAPACITORS 

The majority of load position electrodes are in the form of single flat 
capacitor plates with the load material inserted between them (Fig. 6.23). 
The number of possible configurations of practical value is certainly much 
smaller than, for example, the diversity of load coil shapes used in 
induction heating. A modification to the flat plate system is usually 
necessary only for larger bulk loads where higher powers are used or an 
even voltage distribution in the material is difficult to achieve. 
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Fig. 6.23. Sketch of simple ffat plate loading capacitor (a) with air gap on one side of 
load material and (b) with air gap on both sides, the load material being supported by 
u loss free carrier, perhaps a moving belt. To ensure even heating the load capacitor 
plates should always extend well beyond the dimensions of the load material. Such a 

construction will be adequate for most types of plastic pre-heaters and process dryers. if 

the thickness of the low-loss carrier is negligible, G in (a) equals G' ~- G" in (b). 
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When a more even heat distribution over a large area is required, 
balanced applicator electrodes may be used (Fig. 6.24). The load material 
rests on a third plate at ground potential. The load coupling circuit con-
struction is simplified and the loading tray or belt can be made from 
conducting materials. 

'~. /~ 

199999 

Fig. 6.24. Balanced applicator electrodes. 

Another large load area system giving good results is the distributed or 
stray field capacitor method (Fig. 6.25). Each electrode is made up from 
a number of rods lying parallel to each other in the same plane. All the 
odd numbered rods are connected to one side of the generator output 
and all even numbered rods to the other. Interconnections, within the 
groups of rods, may have to be duplicated to keep the inductance within 
the electrodes low. 
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Fig. 6.25. Stray field capacitor system with large area load rmderrreatlr. 



Similar applicators may be used for edge gluing of wood since, with 
the stray field method, the two dielectrics, wood and glue, can be made 
to appear as parallel capacitors. With glues of a sufficiently high loss 
factor, setting will be much faster, as the thermal losses in the wood are 
very low. 

For wood shaping, contact electrodes of suitable outline are used so 
that only the essential pressure need be applied to the work. To avoid 
voltage breakdowns and overcome uneven heating due to variations in 
the timber, glow-loss barrier material of high dielectric strength and high 
compression strength can be inserted and will, for mass production runs, 
probably be an integral part of one of the electrodes. 

Composite dielectric loads containing dielectrics of different charac-
teristics are shown in Fig. 6.26. In Fig. 6.26(a) the two materials are in 
series and, because tan b of the glue is larger than that of the wood, a 
smaller voltage drop V~ will appear across the glue with the result that 
both materials will heat at approximately the same rate. As only the glue 
need be heated to make a satisfactory joint, the power dissipated in the 
wood, due to VU, is largely wasted. The arrangement shown in (b) places 
both materials under the same r.f. voltage so that the one with the higher 
loss factor, in this case the glue, will heat much faster. 

b 

Fig. 6.26. Composite dielectric loads. 
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Wood shaping electrodes with a barrier dielectric are illustrated in 
F'ig. 6.27. El is the pressure electrode, EZ the supporting electrode, w the 
material to be processed and B the barrier dielectric of high mechanical 
strength. By choosing a barrier material of suitable dielectric constant in 
relation to that of the work-piece, the total r.f. voltage E, — Ez may be 
kept somewhat lower, thus easing some of the load circuit problems. 

Fig. 6.27. Wood shaping electrodes. 

6.3.5 WELDING ELECTRODES 

Welding electrodes, though appearing in a great variety of shapes, are 
always contact electrodes. As well as applying the r.f. potential they exert 
pressure on the work material to obtain a satisfactory weld. The contact 
electrodes can also be used to cool the outer surface of the work material. 
A well engineered press system, exerting even pressure, is at least as 
important in a welding installation as a good r.f. power source (see Fig. 
6.28). Barrier materials, in the form of low-loss sheets, are inserted be-
tween the work material and the opposing plane electrode. This gives a 
better r.f. field distribution, minimises the risk of flashes and prevents 
heat conduction away from the welding material. 

i 1 1 1 ,P 
  ~W  a 

Fig. 6.28. Sectional view of press head. 

126 



In Fig. 6.28, P is the pressure electrode, M the welding electrode with 
the appropriate pattern, W the work material consisting of two or more 
layers of plastic sheet, B the barrier material such as Fibreglass, poly-
propylene, or Pertinax sheet, and S the supporting electrode. The polarity 
of P and S is not of great importance; either could be earthed or even 
the sequence of M, W and B reversed. Sections of the welding electrode 
can be fitted with cutting edges, so that welding and trimming can be 
achieved in one operation. 

An HF welding press (10 ton pressure) fed from a 40 kW, 27.12 MHz generator using 
2 tubes TBL12/25 (by courtesy of Herfurth GmbH, Hamburg, Western GermanyJ. 
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6.3.6 EARTHING POINTS ON DIELECTRIC HEATERS 

To avoid unnecessary mismatches and the appearance of radio frequency 
energy on nominally earthed parts of the installation, certain precautions 
in the choice of feeder connection and earthing points are necessary. 
Earth returns of the feedline or load position are, as shown in Fig. 6.29, 
for preference returned to their own independent connecting point and 
only from there returned to the generator casing. 

For greater distances some form of transmission line will probably be 
used and, in this case, the return will be to the outer of the line. Lines of 
higher characteristic impedance (Zo > 50 S2) are more suitable for this 
since their inherent Q will be lower and less likely to cause oscillator 
moding through resonant line effects. 

In a and c the load circuit is independent of the tank circuit, the only 
linkage being through magnetic coupling. A Faraday screen may be 
inserted, if necessary. In b and d the load circuit is returned to the inside 
of the cavity and therefore shares part of its return path with the tank 
circuit. Since this return point of the coupling loop cannot be maintained 
at the equivalent of the external earth potential under all conditions, r.f 
currents may flow between these points and cause an r.f. voltage to appear 
on the outside of the cavity that could easily upset the correct operation 
of the oscillator. 

Screening partitions between conventional coil-capacitor type tank cir-
cuits as shown in e and f can produce the same effects. 

Capacitive load coupling probes into similar tank circuits are simpler 
in construction but can be successfully used only at relatively high fre-
quencies and high source voltages if their capacitance and dimensions 
are to be kept small in comparison to the remainder of the circuit. To 
avoid secondary resonance effects, a coaxial connection between the capa-
citive loading probe and the load position is essential. 

Examples of practical load circuits of both separate and integral type 
construction are given in Chapter 8 `Applications'. 

6.3.7 POWER CONTROL OF DIELECTRIC HEATERS 

Control over the power dissipated in the load in dielectric heaters can 
be achieved by similar methods to those described for induction heaters. 
The use of variable capacitors in coupling or loading circuits offers a 
further method of control. At the higher frequencies used for dielectric 
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Fig. 6.29. Correct (a, c, e) and incorrect (b, d, /) load circuit and earth return connec-
tions on cavity type generators with inductive coupling. 

heating, the physical sizes and construction of the capacitors make the 
use of electromechanical control methods possible. 

Servo systems can be used that adjust the load coupling or the load 
tuning capacitors in accordance with a predetermined reference signal 
such as the tube anode current or the frequency shift of the oscillator. 
The limitations on the use of such control systems are set by the operating 
time of their mechanical components. They can, therefore, be used 
successfully only for processes of relatively long duration where the 
necessary periods of adjustment or re-setting are measured in tenths of 
seconds. 

Within economically acceptable limits instantaneous load power indi-
cations can, at these higher frequencies, be given only through reference 
to the d.c. input conditions of the tube. An anode current meter may, for 
example, be calibrated in kW load power, the calibration points being 
established with a set of dummy load measurements (see chapter 7.5.1). 
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7. Test Instruments and Methods 

From the large number of electronic measuring and testing aids available 
many can be found that will in some ways be useful during the design, 
construction and final measurements of an industrial generator. Others 
will have to be adapted to the specific problems of the industrial heating 
field; and the methods of their use may vary with the application. 

The requirements for checking the correct operation of all the oscilla-
tory functions are, however, simple and can be met with a few well chosen 
items. 

Before discussing the instruments proper, we must consider power 
levels required at various stages of testing. Initially it will be helpful if the 
oscillator under test is operated from an infinitely variable supply at 
reduced anode voltage. It will then be possible to detect the onset of the 
fault conditions and perhaps "hold" these for some time for closer investi-
gation at an input level that is safe for the tubes and components. The 
majority of power supplies for industrial use are unsmoothed, and the 
use of variable-input transformers is therefore preferred. Other methods 
of regulation, such as phase cutting, where the supply waveform is spiky 
at low input levels, and peak-to-mean ratios are high, are useful only in 
special cases. 

Where fault conditions do not occur until a relatively high supply volt-
age has been reached, the use of phase cutting supply systems or the 
omission of a phase from a multiphase supply can be used to simulate 
high-voltage operation with a reasonable safety margin. Parasitic circuits, 
if present, will respond to the peak voltage but the parasitic power will 
be much less. A steady and well-defined display of the investigated high 
frequency can be obtained if the time base of the oscilloscope is locked 
to asub-multiple of the supply waveform. To examine high frequency 
waveforms within the supply waveform envelope, a time base expansion 
facility is necessary. 

The identification of active parasitic circuits is often simplified at low 
voltage operation if the fundamental oscillations are deliberately sup-
pressed, allowing the parasitic circuits to become predominant. Sup-
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pression of the fundamental oscillation will depend on the type of genera-
tor and the following methods are offered as a guide: 
a. removal of the feedback coil 
b. change of value of the feedback coil 
c. insertion of screen between feedback and tank coils 
d. r.f. grid/filament short 
e. damping of tank circuit using a resistive overload. 
Ensure that any parasitic voltages or currents do not exceed the tube or 
component ratings. 

7.1 Grid Dip Meters 

Grid dip meters are variable oscillators, usually constructed with the tank 
circuit inductor outside the case housing the remainder of the compo-
nents. The case and coil are shaped to enable them to be placed in the 
proximity of components or circuits requiring measurement. The coupling 
is usually inductive. The component or circuit under investigation will 
then absorb a part of the radio frequency energy generated by the grid 
dip oscillator. This absorption will be maximum when the grid dip oscilla-
tor is at resonance with the circuit under test and part of the generated 
energy is dissipated by its resistive component. 

The damping thus imposed on the grid dip oscillator circuit can then 
be monitored with a moving coil meter, registering the change of grid 
current in the oscillator tube. At the same time the corresponding fre-
quency is read from a dial coupled to the built-in variable capacitor. 

Grid dip meters are essentially °yes-or-no' indicators, since their cali-
bration will change slightly with their coupling into the test object. 
However, after some practice in their use, other rough quantitative infor-
mation on the investigated circuit can be deduced. The amount of absorp-
tion indicated can serve as a guide to the circuit quality, and, by substitu-
tion, component values may be determined. 

Despite its inherent crudeness such an instrument fulfils many of the 
functions of a Q meter, and the results obtained are often more meaning-
ful as, for such checks, the circuit under test does not have to be disturbed. 
The majority of commercially available grid dip meters can also be used 
as tuned-circuit diode wavemeters when the anode supply to the oscilla-
tor tube is switched off. 

A good instrument covers all frequencies from 100 kHz to 1000 MHz 
with two or three probes and a range of plug-in coils for each probe. 
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Higher sensitivity can be obtained if the changes in grid current are 
registered through a d.c. bridge or a simple differential amplifier. The 
more sophisticated grid dip oscillator is designed so that the natural 
changes of grid current, caused by the varying C/L ratio within any range, 
are small and smooth; no `self dips' i.e. absorption symptoms due to en-
closure or component resonances of the instrument itself should occur 
at the higher frequencies. 

When investigating a circuit or group of components for resonances, 
some judgement must be exercised to distinguish between harmless ones 
and those that present potential parasitic danger sources. 

Every conductor, component or group of components will have at least 
one and probably several inherent resonances but it is their relative 
electrical position in the oscillatory circuit, rather than their mere pre-
sence, that determines their effect on the operation of the oscillator. The 
more dangerous points are those that have a higher r.f. voltage during 
normal operation. Probably the most dangerous resonances are those 
that are coupled, either capacitively or inductively, to both the input and 
the output of the oscillator tube. These reflected resonances may often 

Fig. 7.l. A grid dip meter showing the plug-in coils and their stowage position (by cour-
tesy oj'Edison Electronics Division, McGraw-Edison Company, Grenier Field, Manches-
ter, N.H. 03/03). 
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be discovered with the help of a grid dip meter by searching other parts 
of the circuit, remote from their origin. 
A physical re-positioning of one of the offending circuits or the replace-
ment of a component with one of equal value but different stray reactances 
will always prove a more acceptable solution than the insertion of para-
sitic suppressor circuits that may introduce yet further stray resonances. 

7.2 Neon Probes 

Neon (or other inert gas) lamps of almost any rating may be used for 
the detection of radio frequency energy and, as their luminosity changes 
with the intensity of the applied field, rough comparisons of field strength 
and distribution can be made (Fig. 7.2). 

anode, 
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Fig. 7.2. Diagram of probe. 

If relatively low energy levels are to be detected the ionization threshold 
of several tens of volts of the indicator lamp must be overcome. For this 
purpose, ,mains priming' is used, that is, the ionization is initiated by the 
application of a 50 Hz mains voltage to the terminals of the lamp. A 
50 kSZ-200 kS2 resistor in series with one of the leads will limit the current 
through the lamp. Priming keeps the level of the ionization low so that 
indications of weak r.f. fields are not swamped. With suitable indicators, 
energy levels as low as 5 mW/cm2 can be detected. 
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When using our neon indicator 4662, shown in Fig. 7.3, further useful 
information can be deduced from the correct interpretation of the ioniza-
tion phenomena. From several kHz to about 5 MHz the ionization pro-
duces an orange glow similar to the ,priming' glow but varying in inten-
sity. Above 5 MHz and well into the microwave region a pale blue glow 
is superimposed. If during the investigation of a low frequency oscillator, 
say 500 kHz, a dinstinct pale blue glow is present, or appears under certain 
operating conditions of the generator, the presence of parasitic oscillations 
or exceedingly strong harmonics of a higher order is indicated. The loca-
tion of their greatest field strength can then be found and methods for 
their suppression considered. 

Fig. 7.3. Neon tube shown separately and connected to its wander probe. 

Conversely the incidence of a weak orange glow, if produced by a high 
frequency generator, can indicate that this equipment is not operating 
at the correct frequency or that squegging is taking place. 

Neon probes may also be used for checking the fundamental r.f. 
voltage distribution along inductors, capacitors and filtering chokes as 
welt as the effectiveness of screening. 

134 



7.5 kW, 27 MHz generator used ,for profile drying of paper (by courtesy of Intertherm, 
London, England). 
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7.3 Waveform Monitors 

Fault conditions on r.f. power generators may often be precipitated by 
excessive distortion of the fundamental waveform or parasitic oscillations. 
As the latter may be present in a latent form or only under certain opera-
ting conditions, when otherwise no signs of malfunctioning are evident, 
a visual display of the waveform may help in a quick diagnosis. 

If a meaningful picture of the waveform is to be obtained the moni-
toring point should be at one of the generator tube electrodes. The anode 
is the preferred monitoring point since it is here that the r.f. energy 
— fundamental, harmonic or parasitic — is generated. Other points in the 
circuit are less suitable for this purpose because of intervening component 
reactances. The tank and load circuits in particular tend to mask any 
irregularities in the waveform because of their filtering action. 

Oscilloscopes with a substantially flat response up to 100 MHz are 
recommended but a simple display unit with the deflection plates directly 
accessible and without the added complications of amplifiers can also be 
used. The r.f. swing at the chosen measuring point is usually several times 
the value required for full screen deflection, and potential dividers have 
to be used. 

Carefully constructed potential dividers reduce the risk of introducing 
irregularities into the response of the display system. The common 
earthing point of generator and display unit is important and, since the 
display unit is usually external to the generator, it should be on its outer 
screening but close to the oscillator tube position. A suitable divider may 
be constructed from appropriately dimensioned capacitors with low-
inductanceterminals (the effect of terminal inductances can be compensated 
by parallel resistors). 

In extreme cases, where physical connection to the generator anode is 
not practicable, the top end of the divider can take the form of a capacitive 
aerial. Some care is then necessary in spacing this aerial from the r.f. 
voltage source, since too great a distance will act as a low capacity-high-
pass filter which will discriminate in favour of the higher frequencies and 
present the waveform much worse than it really is. 

The diagnosis of incipient or existing fault conditions will depend on 
the correct interpretation of the displayed trace. Discrimination must be 
made between those irregularities, that may although undesirable, merely 
indicate the presence of low-level harmonics or component ringing and 
others that may lead to disastrous fault conditions. 

136 



Fig. 7.4. Capacitive divider in position. The monitoring Zeads are shown inside the white 
circle in the lower lefk hand corner. 

Oscillation will usually remain unimpaired if the waveform distortion 
consists of no more than perhaps. a 10 %ripple, attributable to harmonics 
or component ringing. However, the amplitude ratio of this ripple with 
respect to the fundamental must remain substantially constant and the 
ripple waveform itself must be reasonably smooth under changing 
operating conditions. 
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Fig. 7.5. Oscillogram of 400 kHz waveform. The slight ripple on the waveform is due to 
component ringing. Since its amplitude is less than 5 % of that of the fundamental it can 
be ignored. 

Changes that can be deliberately introduced during a test include 
variations of drive, loading, and the introduction of a varying reactive 
component into the load circuit. Harmonic distortions of the display can 
then be distinguished from others by their relative position to the fun-
damental. If their position remains constant on a changing fundamental, 
caused by a deliberate change of fundamental frequency, their origin is 
of a harmonic nature and therefore less critical. A change of relative 
position between fundamental and ripple on the other hand indicates 
component ringing or the presence of parasitic oscillations. In the latter 
case it will then often be found that this ripple may change its amplitude 
and waveform, the rate of change, spikiness and amplitude being a good 
indication of the severity of the parasitic danger. 

A further symptom of parasitic oscillation is the presence of high fre-
quency "bubbles" on an otherwise satisfactory fundamental waveform. 
These "bubbles" are formed by the high-frequency envelope of a few 
cycles of the parasitic oscillation, triggered when the fundamental r.f. 
swing on grid and anode passes through critical points (Fig. 7.6). These 
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points are conducive to the generation of such parasitic oscillations, and 
occur more frequently on the positive slope. It should be noted that the 
danger of parasitic oscillation is usually greater outside the design opera-
ting conditions, i.e. under extremely heavy overloads. 

a 

b 

Fig. 7.6. Tracings of parasitic high frequency envelopes on a fundamental waveform. 

The likelihood of damage to the tube or circuit components is greater 
if these oscillations appear near the positive peak of the fundamental 
anode waveform as shown in Fig. 7.6(b). This is because their amplitude, 
and this may assume a multiple of that of the fundamental, if added to 
the fundamental, brings the total amplitude well above the tube and com-
ponent ratings. 

Even if such high frequency bursts are harmonically related to the 
fundamental, their elimination is necessary since they indicate the pre-
sence of a parasitic feedback path and may, under varying operating 
conditions, grow to dangerous proportions. 

In all cases, the prevention of parasitic oscillations by repositioning or 
substituting components is the recommended method rather than fitting 
parasitic suppressors to reduce their effect. 
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7.4 Panoramic Receivers 

A panoramic receiver, used in conjunction with a communications recei-
ver or signal generator, can be an invaluable help during the final testing 
stages of radio frequency heaters, particularly those that are intended to 
operate within a specific frequency band whilst being subjected to reactive 
changes in the load (Fig. 7.7). Frequency drift during operation, side-
bands, moding and some types of parasitic oscillation can be readily 
observed. 
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Fig. 7.7. Schematic diagram of panoramic receiver installation. Either (a) or (b) will 
form a testing set-up, suitable for the frequency checks outlined in the text. 

The audio output of the communications receiver can also indicate any 
identical modulation or squegging that may be present. 

Instruments, such as are available as companion sets for the moderately 
priced communication receivers, are adequate so long as their display 
scale covers a deviation of about ~ 500 kHz from the centre frequency. 
Facilities for varying the sweep width will be an advantage but need not 
extend below ~ 50 kHz. The resolution, adequate for industrial purposes, 
need not be higher than 5 kHz. 
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7.5 Power Measurements 

An industrial r.f. heating equipment may be divided into two parts, the 
generator and the loading arrangement. The latter may take the form of, 
say, an inductive hardening equipment or perhaps a press for plastic 
sheet welding. In any case, a series of power and efficiency measurements 
is desirable (at least during the development and production of the equip-
ment) and this section gives some information of the best methods to 
use. 

7.5.1 METHODS OF POWER MEASUREMENT 

In practice it may be necessary to measure power dissipation in the range 
of 2 kW-250 kW at frequencies from a few hundred kHz to about 200 MHz. 
Various proprietary measuring devices are available but most of these 
have some limitation which may make then unsuitable for the work in 
hand. It has been found that the most suitable form of load is a water 
cooled resistor, calculation of power dissipation being by a measurement 
of water flow and temperature rise. 

The type of resistor and its method of connection to the generator will 
depend upon the frequency concerned. At the lower frequencies, normally 
used for induction heating, a simple method of measurement is to couple 
a steel can to the generator by means of a work coil and to water cool 
the can. This method has been used to measure load powers exceeding 
230 kW. At the higher frequencies a 50 S2 carbon resistor can be capaci-
tively coupled to the generator by a coaxial cable, the resistor being water 
cooled. 

In dielectric heaters other methods may be used for measuring power at 
the work position. A lost-free container can be inserted between the elec-
trodes. This is filled with a known quantity of water and heated by the 
r.f. field for a given time and the temperature rise of the water measured. 
Alternatively, for higher powers, a closed container can be used and a 
measured flow of water passed through it. The water flow and temperature 
rise will give the load power. 

The load power can be calculated from the formula 

PL — 0.070 Q x4T (kW), 

where PL is the load power in kW, Q is the water flow in litres per minute 
and dT is the temperature rise in degrees centigrade. 
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For most practical purposes a temperature rise of about 20 degC is 
reasonable. With thermometers calibrated to 0.1 degree this will allow 
accurate measurements, but the water flow must be not so low that hot 
spots, which may damage the resistor or cause steam formation, can 
appear. 

Loadpower may also be measured by raising the water to boiling point 
and converting it to steam. The latent heat of evaporation of water may 
be taken as 2260 J/g and so the load power is given by 

m X 2.25 
PL = , 

t 

where PL is the load power (in kW), m is the mass (in grammes) of 
water converted to steam and t is the time (in seconds). Care should be 
taken to see that any condensed steam does not fall back into the boiling 
water otherwise the results will be inaccurate. 

One practical measurement method is to fill a sponge with water and 
to heat it until steam is generated. It is then quickly weighed and replaced 
in the oscillator. After a convenient time, say 60 seconds, it is reweighed 
and the amount of water converted to steam calculated. 

7.5.2 EFFICIENCY ANALYSIS 

To ensure that the maximum r.f. power is available for the load the tube 
anode efficiency must first be checked. If this is low then the output 
power will be lower than necessary. A thermometer should be positioned 
in the water outlet pipe close to the tube and the temperature taken with 
the filament switched on and the water flow adjusted to a convenient 
value. The required water flow is given in the published tube data. The 
generator should then be operated under the expected running conditions 
and the temperature rise checked. At this point it should be remembered 
that the water is being heated not only by the anode dissipation but by 
power lost in the grid and filament. The grid power can be calculated 
in the usual way, where 

Pg = 0.9 XI9 mean X Vg ok• 

This figure should be subtracted from that previously obtained and this 
will give the anode dissipation Pq. Anode efficiency ~o is given by: 

Pin 
— Pa 

X 100 0 
~a = o), 

Pi n 
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where P;,, = VQ x Ip. 

Figures for anode efficiency are given in the published tube data. 
Similar techniques can be used for measuring circuit losses of various 

kinds, and thus a complete generator can be analysed to check that the 
losses are reasonable. 

One precaution should be mentioned. Where a thermometer must be 
placed in an r.f. field, aspirit-filled type should be used. If only mercury-
filled varieties are available, they should be electrically screened. 
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7 k W generator (frequency 200-800 kHz) using tube type TB W6/14 (by courtesy of 
Fritz Hollinger Elektronik GmbH, Freiburg, Western Germany). 
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8. Applications 

In this chapter, details are given of the design of an r.f. induction heater 
and a dielectric heater. Both designs are based on the information given 
in Ch. 5 and Ch. 6 and both use one of the new range of ceramic en-
velope industrial triodes. 

It is intended that this chapter will be supplemented by up-to-date 
application notes as they become available, thus keeping the r.f. heating 
engineer in touch with the latest developments. 

Certain application notes are already available and will be forwarded 
on request. 

8.1 Induction Heating Generator 

8.1.1 DESIGN CONSIDERATIONS 

Experience of high power industrial heating generators has shown that 
instability in the generator can often be attributed to parasitic resonances. 
The presence of parasitic oscillations has tended to be accepted both in 
normal operation and in fault conditions and the use of anti-parasitic 
devices which are palliatives has become widespread. By careful circuit 
design and construction such parasitic oscillations can be avoided under 
all operating conditions including severe overloads. 

Instability in generators can usually be attributed to one or more of 
the following: 

1. resonance of the h.t. feed choke with its associated capacitances 
2. blocking capacitors inadequate, i.e. they cause large voltage drops if 

their self inductance is too high or their effective capacitance is too 
low 

3. resonance of the grid feed choke and blocking capacitor and by-pass 
capacitor 

4. resonance of filament capacitors and chokes 
5. inductive interconnections between components, including the tube 
6. chassis currents giving rise to unwanted coupling. 
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The LC filtering arrangements for the supply lines to the tube can cause 
parasitic circuits to be set up by virtue of their own self resonances. These 
are caused by their physical size and disposition relative to other com-
ponents. Damping circuits and parasitic stoppers can also contribute to 
instability as they are further sources of unwanted circuit resonances. If 
the normal LC arrangement can be dispensed with, these problems can 
be avoided and component costs reduced. 

Although the frequency of operation is only of the order of hundreds 
of kHz, to reduce unwanted coupling, undesirable phase shift effects and 
r.f. voltage drop, it is necessary that intercomponent connections be kept 
as short and of as low inductance as possible. The result of this careful 
design is the elimination, at source, of any potential parasitic resonances 
due to lead inductance. 

Chassis currents can cause undesirable feedback effects and should be 
avoided as far as possible for the following reasons: 
1, unwanted coupling due to more than one current following a common 

path 
2. unwanted coupling to components on or near the chassis or screening 
3. power loss in the chassis. 

These effects have been avoided in the present design by using only 
one common earth return to the oscillator. 

The use, and the disadvantage, of the usual filter system in the anode 
d.c. supply has been avoided by passing the supply cable down the inside 
of the copper tube forming the anode inductor. 

An oscillator (Fig. 8.1), designed on these principles, was constructed 
to show the performance of the ceramic envelope industrial triode tubes 
type YD1172, YD1182 and YD1192 in such a generator. 

8.1.2 TANK CIRCUIT CALCULATIONS 

To calculate the tank circuit components the following figures for normal 
operation are required: 

YDl l72 YD1182 YD1192 

VQ 6.0 7.5 8.0 (kV) 
Va (pk) 5.4 6.8 7.1 (kV) 
VQ (r.m.s.) 3.82 4.8 5.03 (kV) 
Pain 16.25 32.4 63.0 (kW) 
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To minimise frequency drift and to ensure reasonable stability without 
excessive circuit loss a loaded circuit Q of approximately 50 is desirable. 

If X~ is the tank circuit capacitance reactance, then: 

Va(r.m.s.)2
XC 

QL xPout ' 

so for each tube: 

X~ — 

YD1172 

3.822 x 106

YD1181 

4.82 x 106

YD1192 

5.032 x 106

SOx16.2x103 SOx32.4x103 SOx63x103 (~) 

= 18.0 14.2 8.03 (S~) 

Therefore, C at 400 kHz 

= 22.2 28.2 50 (nF) 
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To operate the three tubes without changing the tank circuit inductance, 
and accepting a lower QL for the highest power tube (YD1192), the tank 
coil inductance was fixed at 6.5 ~.H. The capacitance values were then 
chosen as follows: 

YD1172 YD1182 YD1192 

24 24 32 (nF) 
giving QL values of: 

58 46 34 

The capacitors had to be selected from a standard range and, to keep 
the volume low and interconnections as short as possible and to meet 
the ratings required, capacitors type T.C.C. HLC4150 of 4 nF each were 
chosen to build up the required tank capacitance. It was felt that the 
resulting small change of frequency from the design frequency of 400 kHz 
was not important and that the circuit losses when the YD1192 was used 
would be reduced because of the lower relative circulating current. 

8.1.3 CONSTRUCTION 

The oscillator was assembled inside an aluminium cabinet 1.0 m high 
x 1.4 m long x 1.1 m deep (Fig. 8.2). The filament transformer and grid 

Fig. 8.2. General view of the equipment. The work coil and load are not visible as they are 
mounted outside on the right-hand panel. 
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resistor were mounted underneath. The work coil was also mounted out-
side the cabinet as it would be in practice (Fig. 8.3). The framework and 
panels were designed to fit together with well butting joints tightly bolted 
to minimise losses due to any induced currents. 

Fig. 8.3. View showing work coil and water cooled Zoad can with mica insulation to 
prevent shorting of the coil. The ,flow meters and thermometers used in some of the 
measurements are also shown. 
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The tank coil was formed from three 13 mm diameter copper tubes 
brazed together side by side at 150 mm intervals (Fig. 8.4). The coil 
internal diameter was 480 mm and the total length was 355 mm made 
up by evenly spacing 3.75 turns of the three tube assembly. The coil 
was secured in position with Paxolin clamps. 

Fig. 8.4. A detailed internal view showing typical positions of grid, tank and coupling 
coils. 

The earthy end of the tank coil was clamped to a copper plate 305 mm 
x 

690 mm 
x 

2 mm thick carrying the tank capacitors. The other end was 
clamped to a low inductance copper strap connecting the live ends of the 
tank capacitors and one end of the anode blocking capacitor together. 
The maximum tank circulating current (425 A) requires that the coil be 
cooled. Water for this purpose was passed along one outer tube and back 
through the other, both input and output being at the earthy end of the 
coil. The centre tube carries the d.c. supply cable to the anode. The cable, 
fed in at the earthy end of the coil, emerged at the live end and was 
dressed so as to lie across the blocking capacitor and thence to the tube 
anode. 

The copper strap connecting the live ends of the tank capacitors to the 
tank coil was also cooled by the tank coil cooling water by means of a 
pipe soldered to the strap. This assists the cooling of the capacitors. 

The tank capacitors were mounted closely together on the copper plate 
connected to the earthy end of the tank coil. The plate was supported 
50 mm above the chassis by insulators and bonded to it at the tube end 
(Figs. 8.2 and 8.6). 
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27.12 MHz generator supplying 10 kW at the electrodes, using tube type YD1173 
(by courtesy of Korting Radio Werke GmbH, Grassau, Western GermanyJ. 
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Considerations of tube-to-circuit connection suggested that the tube be 
mounted anode upward. This gives short anode and cathode connections 
and has the advantage of keeping the anode, with its high potential, clear 
of the cabinet (Figs. 8.5 and Fig. 8.6). Special measures must then be 
taken, however, to protect the equipment against water spilled during tube 
replacement. 

Fig. 8.5. The YD1172 mounted in the cabinet. 
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Fig. 8.6. The YD1182 mounted in the cabinet. The earthing bolt connecting the tank 
capacitor plate to the chassis is visible at the bo[tom centre. 

The grid coil, consisting of 7 turns of 190 mm internal diameter, was 
constructed from a single tube of 6 mm diameter copper with the con-
nectionfrom the grid terminal to the grid resistor running down the centre 
of the tube. The coil, 90 mm long, was wound on a simple insulating 
framework mounted so that it could be moved relative to the tank coil 
to vary the drive. The ends of the coil terminate in copper braid to provide 
the flexibility required to make drive adjustments. The requirement for a 
separate grid choke was thereby eliminated. The dimensions and coupling 
position were determined by experiment to provide adequate adjustment 
of drive for all three tube types. 
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Fig. 8.7. View of a 240 kW induction heater, constructed on simi/ar principles as the 
60 kW equipment described in the text. 

A single blocking capacitor of 10 nF, T.C.C. type 1052, was used for 
the YD1172 and YD1182. Because of the higher anode potential and 
increased r.f. current of the YD1192 a bank of three higher voltage capa-
citors was used for this tube, mounted vertically one above the other. 

The coupling coil (Fig. 8.4) was manufactured from two 13 mm copper 
tubes spot brazed together at 150 mm intervals to form a double tube. 
It consisted of 4 turns of 380 mm internal diameter spaced to give a total 
length of 200 mm. Cooling water was passed along one tube and back 
through the other. The coil was mounted on a simple Paxolin slide 
attached to the tank coil to enable the coupling between the tank circuit 
and load to be adjusted. 

A bank of 4 nF capacitors, similar to those used in the tank circuit, 
and variable in number, was provided to complete the series connection 
between the coupling coil and the work coil. By varying the number of 
capacitors and the relative position of the coupling and tank coils an 
optimum power match could be achieved. 

The work coil was made from a single, water cooled, 10 mm copper 
tube. It consisted of 12 turns closely spaced with an internal diameter 
of 120 mm (Fig. 8.3). 
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It was required that the test load should simulate a typical eddy current 
heated work piece and that the load power should be measured at the 
same time. To this end a closed can made from 1.5 mm steel sheet was 
used as the load, provision being made to pass cooling water through the 
can and to measure both the rate of flow and the temperature rise. The 
can was tightly coupled to the work coil and the power dissipated in the 
can by induced eddy currents was transferred to the cooling water. The 
can measured 150 mm high X 115 mm diameter (Fig. 8.3). 

8.1.4 MEASUREMENTS 

The water flow was arranged in three separate circuits enabling the 
sources of power loss to be separately determined, namely: anode loss, 
load power, and the tank coil, coupling coil and work coil losses taken 
together as a single unit. Thus anode dissipation, load power and circuit 
losses can all be calculated independently (allowance being made for 
drive power and filament heating in the temperature rise of the anode 
cooling water). 

The water flow rates were as follows: 

YD1172 YD1182 YD1192 

Anode 7.15 7.15 14.3 (1/min) 
Load 7.15 14.3 19.0 approx. (1/min) 
Coils 2.4 7.15 3.6 (1/min) 

For most tests the water flow was chosen to simplify the calculation of 
power dissipation. (The coil water flow for the YD1182 could be halved.) 

In each water circuit a single thermometer was placed in the outlet side 
and was used to measure initial and final temperatures, the former being 
checked before and after heating. Test results are shown in Table 8.1. 

Losses unaccounted for (P1eSs) include cabinet and radiation losses 
and these are given by: 

gloss = pout — pload — pcct — pdrive• 
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Therefore 

Ptoss 

YD1172 YD1182 YD1192 

0.245 1.21 1.64 1.04 (kW) 

These figures as a percentage of Pot,t are: 

1.5 3.8 5.0 1.7 (%) 

Note: Since the figure for P,oss is obtained by subtraction of relatively 
large measured or calculated powers from the input, small errors in these 
measurements produce greater errors in the figure obtained for P,oss• 

Table 8.1. Results obtained when the operating conditions were set for the three tubes 
from the published data. 

YD1172 YD1182 YD1192 

VQ 6.0 7.0 7.5 8.0 kV 
Iq 3.4 5.72 5.4 10.0 A 

Is uoaaea) 0.91 1.46 1.41 2.3 A 
Ig (ofe toad) ].36 2.4 2.23 3.5 A 
R9 500 375 450 300 SI 

I 9 (max. pubL) 1.5 2.4 2.4 3.5 A 
P Uoad) 13.5 25.5 25.8 53.5 kW 
Po 4.15 8.45 7.85 18.4 kW 
P ~°°t) 1.83 3.5 3.8 5.0 kW 
P ont) 16.25 31.6 32.65 61.6 kW 
~a 79.5 79.0 80.5 77.0 

yl (toad) 66.0 63.0 63.5 67.0 

yI (trans) 85.0 83.0 82.0 87.0 
*P 

<grid resistor> 0.414 0.80 0.894 1.32 kW 
*P9 0.303 0.592 0.52 0.74 kW 

*I' (drive) 0.717 1.392 1.414 2.06 kW 
T (anode seat) 149 149 149 149 °C 

T  (grid seat) 170 149 149 170 °C 

T  <cathode seat) 191 185 185 185 °C 

T  (rttament soap 204 170 170 195 °C 

* Calculated. 
Seal temperature measurements were made without any air cooling. 
Final approximate temperature. 
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Switched overload and off-load switching tests on the oscillator were 
satisfactory; no parasitic oscillations were evident. The oscillator was 
overloaded to the point where I9 was reduced to 0.1 A and 0.9 A for 
the YD1172 and YD1182 respectively. Power supply limitations pre-
vented an overload test on the YD1192. 

With the YD1192 in circuit the grid coil became warm. For a final 
design a larger diameter tubing (8 mm) would alleviate this problem. 

Tests were carried out with pieces of mild steel block and tube and the 
time required to heat such samples to red heat was consistent with the 
expected load power, having regard to the mass of the individual test 
pieces. 

With the YD1182 in circuit the effect of earthing the load circuit was 
examined. Each of the points A, B and C in Fig. 8.1 was earthed in turn 
to the cabinet by a low inductance copper strap, but no change in opera-
tion could be detected. 

8.1.5 SUMMARY 

An improved form of high power induction heater, operating at 400 kHz, 
has been designed without chokes and anti-parasitic devices. The r.f. cir-
cuit elements are used to feed the d.c. potentials to the generator tube 
terminals. High load efficiencies and complete freedom from parasitic 
oscillations have been obtained even at severe overloads. 

The oscillator has operated satisfactorily at output powers up to 60 kW 
with three of the new range of ceramic envelope industrial triodes, namely 
the YD 1172, YD 1182 and YD 1192. 

Table 8.2 shows the results that were obtained from a similarly con-
structed induction heater rated at 240 kW, using the YD1202 and the 
YD1212. (See Fig. 8.7). 

8.2 Dielectric Heater Using Half-Wave Line at 30 MHz 

A general purpose dielectric heater operating at 30 MHz and suitable for 
the pre-heating of plastics or process drying is now described. The circuit 
is so arranged that the nominal power level would be 15 kW when fitted 
with the YD 1172 or 30 kW with the YD 1182. 

For a given frequency the required heating losses in a dielectric load 
material are proportional to the square of the applied r.f. voltage. It was 
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therefore decided to make the half-wave line transformation from tube 
to load at a ratio compatible with the highest possible voltage at the load 
position without giving undue rise to corona or ionization discharges. 
Allowing for variations in normal ambient conditions such as air tem-
perature, humidity and contamination, r.f. peak voltages of about 12 to 
14 kV were considered practicable. 

8.2.1 DESIGN CONSIDERATIONS 

The operating conditions of the two tubes on which the further circuit 
design is based are as follows: 

YD1172 YD1182 

Va 6 7 (kV) 
Ia 3.4 5.72 (A) 
— V9 460 564 (V) 
~-- V9 340 436 (V) 
Ig (on load) 0.92 1.5 (A) 
I9 (off load) 1.35 2.2 (A) 
R9_ r 500 375 (S2) 
Pa 4.2 8.6 (kW) 
Po„~ 16.2 31.44 (kW) 
Pioaa 13.5 27 (kW) 

~a 79.4 78.5 (%) 
The resultant instantaneous values for the peak anode swing are 

YD 1172 YD 1182 

va(Pk) 5.4 6.4 (kV) 

and therefore, if the tank circuit is to be connected between grid and 
anode, 

v9—a(0k) 6.2 7.4 (kV) 

With a generator designed for both tube types, and hence for two diffe-
rent sets of operating conditions, the tank circuit capacitor must be so 
dimensioned that the resultant QL values will sustain stable oscillations 
under industrial conditions with the larger tube (lower anode impedance) 
and cause no excessive circuit losses with the smaller one (higher anode 
impedance), that is, QL should lie between 25 and 50. 
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From the above tube data a transformation ratio of 2 : 1 can be seen 
to be satisfactory and since this, together with the load position capaci-
tance, will determine the generator tank capacitance, an assessment must 
be made to establish whether the resultant loaded Q will satisfy the above 
conditions. 

If the noted load powers are to be dissipated in a dielectric load, a 
specific load volume must be considered. The design example load was 
formed by a number of cylindrical pellets of wood-loaded urea formal-
dehyde, each having a diameter of 5 cm, a height of 3.5 cm and weighing 
75 g. 

The material has, at room temperatures, a dielectric constant (s'/~) 
of 5.1, a loss factor (tan 8) of 0.05, and a specific heat (S) of 0.4. 

Assuming, in the first instance, no changes of these figures during the 
process, the weight of load (m) which could be raised in temperature by 
100 degC with 13.5 kW (YD1172) in 15 seconds, can be derived from 
the equation 

Pload 
t 

(Tz —Tl )xmxSx4.2 

Therefore, 

P,oad x r 13 500 x 15 
m 

(Tl —TZ)xSx4.2 100 x0.4 x4.2 
— 1210 g. 

As soon as heating starts, the dielectric constant and, to a much larger 
extent, the loss factor will increase (the latter to about double). The 
processing conditions can therefore only apply during the power peak 
of the processing cycle. It is this figure that is the generator rating. 

Further calculations were based on the changed loss factor and, as-
suming that there will also be some thermal losses, showed that 1000 g 
(or 14 test pellets) represent a reasonable test load for the YD1172. For 
the YD1182 this would be doubled. The capacitive area occupied by these 
pellets will then be 275 cm2 and the resultant load capacitance given by 

Cw =35pF 

and 

X~ = 150 S2. 
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For the increased loss factor the potential difference V across the load 
will be given by 

,/ ~Pioaa xX~ 
V=  V C tan b 

= v(13 500 x 150 x 10) (V) 

= 4.5 kVr,,,,,s, or 6.3 kVpk
By capacitive division the necessary air gap above the load material 
will then be 7.5 mm. 

Although load plates made to the above dimensions would be adequate, 
other practical considerations suggested that their area should be much 
larger than the calculated values. 

1. if the load plates are no larger than the dimensions of the load material, 
the latter will be subject to the capacitive edge effects of the load plates, 
and uneven heating will result. 

2. Larger area load plates will allow the accommodation of a wider range 
of load shapes in a general purpose dielectric heater. 

3. The total resultant load position capacitance can thus be made con-
siderably larger and thereby used to swamp some of the capacitive 
changes that take place in the load material during processing. An 
improved frequency stability of the generator will result. 

For these reasons a load plate size of 50 >: 50 cm = 2500 cm2 was 
considered adequate for a large range of possible pre-heating and process 
drying applications. The opposing capacitive plate, for reasons similar to 
those above, must be adjustable. A mean plate spacing of 5 cm was 
assumed in the calculations of the load position capacitance, making this 
capacitance 44 pF. This is sufficiently low to permit the addition of a 
set of differential capacitive plates that will partly compensate for any 
capacitive changes caused by different settings of the dielectric gap. 

The final load position capacitance was accordingly made 

CL = 50 pF. 

When calculating the generator end-capacitance, allowance was made 
for the fact that capacitors, comparable in their dimensions to the in-
ductive path length of the circuit in which they are mounted, will show 
a significant voltage decay along their surface in the direction of the r.f. 
current flow, with the consequence that their effective contribution to the 
circuit capacitance is smaller than their calculated value would suggest. 
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This effect will increase with increasing capacitance, since, for a given 
dielectric and frequency, both the physical size as well as the r.f. currents 
causing the potential decay along the surface will increase, and the 
inherent inductive component will constitute a larger proportion of the 
total circuit inductance. 

If, then, a line transformer is to be constructed with a transformation 
ratio larger than one, the ratio of the end-loading capacitances must be 
larger than the theoretical calculation suggests, so that instead of 

C~ cos BL
T =  (see Ch. 5.2.10) 

CL cos B~ 

the empirical relation 

C~ 
T' _  

CL

more accurately satisfies practical requirements. In the above expressions 
T and T' are the transformation ratio, C~ and CL the end-loading capa-
citances and cos 61 and cos 92 the corresponding lengths of the short-
ened line measured in radians. 

With the stated requirement that 

T'=2:1 

the end-loading capacitances need to have a ratio of 

C~/CL = 4. 

Therefore 

C~ = 200 pF. 

This value includes the Ca_ 9 (24 pF) of the YD1172 and will be only 
slightly larger (208 pF) for the YD1182 for which the Ca _ 9 is 32 pF. 

The resultant Q~ values for the two operating conditions will then be 

Qc = 

YD 1172 YD 1182 

47 38 

Both are acceptable for industrial operation. (These figures ignore the 
distributed line capacitance which is very small compared with the 
loading capacitance.) 
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8.2.2 LINE DIMENSIONS 

All further line dimensions are mainly determined by the electrical require-
ments as well as physical size of the end-loading capacitances, including 
the fact that their major dimensions, in order to exert the maximum 
capacitive effect on the line, should be at right angles to the line axis. 
As the load plate is 50 x 50 cm and one of the end-faces of the line-outer 
conductor forms the opposing capacitive area, the line-outer was given 
a cross-sectional area of 70 x 70 cm, allowing for an adequate voltage 
gap to the edge of the load plate. 

The dimensions of the line-inner conductor are then such that the con-
ductor is subject to an amount of undesirable losses, but these are still 
acceptable for most applications. One of the aims of the present design 
is the construction of a circuit with minimum losses. The natural line 
impedance was 77 S2 and was chosen as a compromise between line length 
and losses. For this the ratio of line-outer diameter (D) to line-inner dia-
meter (d) is 

D/d = 3.6. 

This results in a line-inner cross-section of 19.5 x 19.5 cm. The line length 
was then calculated by treating the generator section of the line and load 
section of the line as separate quarter-wave resonators and the following 
values were found 

Length of generator section 
Length of load section 
Half-wave length 

ZG = 40 cm 
1L = 130 cm 

1~~2 = 170 cm. 

Some modification of these figures was necessary to account for the 
physical size of the end-loading capacitances. The load-position capacitive 
plate is equivalent in its inductive value to about 20 cm of the calculated 
line length, reducing lL to 110 cm. To an even larger extent this argument 
applies to the generator end capacitance of 200 pF, because this value 
must be accommodated within the given line cross-section whilst main-
taining an industrially safe dielectric spacing of 3.5 cm. The available 
capacitive area at the generator end-face of the line is thus only 63 x 63 
cm, resulting in a capacitance of 97 pF. The remainder was made up by 
extending the capacitive area, with the same dielectric spacing, parallel 
to all four sides of the line outer, by 25 cm and adding the CQ _ 9 of the 
smaller tube. The capacitance thus obtained would be 118 pF, but is 
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reduced to the necessary 103 pF through the loss of area caused by a 
ventilation grille. 

The inductive contribution to the line length of this box-shaped capaci-
tive extension, together with a 10 cm taper between the latter and the 
77 S2 line-inner, is approximately equivalent to 60 % of the previously 
calculated generator line length of 40 cm so that the total overall line 
length is: 

Load line section: 130 cm 
Equivalent inductive length of 
load plate: —20 cm 
Calculated generator line section: 40 cm 
Taper: 10 cm 
Capacitive box depth: 25 cm 
Equivalent inductive length of 
taper and capacitive box: —25 cm 
Total length of ~/2 line-inner: 160 cm 

An undesirable result of the abrupt dimensional changes from the 77 S~ 
line-inner to the capacitive box, as well as the relatively great length of 
the box in comparison with the originally calculated generator section 
line length, is the creation of a secondary resonance. However, since its 
origin is known, measures to render this resonance ineffective so far as 
the oscillator functions of the tube are concerned, are fairly simple. 

8.2.3 OSCILLATOR CIRCUIT 

For the oscillatory functions, only the generator section of the half-wave 
line need be considered. With the anode connected to the line-outer and 
the grid to the line-inner, as shown in Fig. 8.8, the effective tank circuit 
appears between grid and anode, and the basic configuration fora com-
mon grid oscillator is established. 

The necessary `drive circuit' reactance between grid and cathode is 
furnished by a tuned circuit of relatively high C/L ratio assisting in the 
suppression of higher frequency modes or harmonics. The resonance 
frequency of this circuit is, moreover, set about 40 % below that of the 
tank circuit to make the feedback conditions less dependent on the fre-
quency changes that may occur in the tank circuit, especially with varying 
settings of the dielectric gap at the load position. For the nominal tank 
circuit frequency of 30 MHz this drive circuit was tuned to 18 MHz. 
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Fig. 8.8. Basic circuit of a hall=wave line dielectric heater, not to scale. The components 
are as follows: RL, resistance of load material; C~v, capacitance of load material ; C~, load 
position capacitor, SO pF,• C~, generator tank circuit capacitor, 200 pF,• Cl , drive circuit 
loading capacitor, 140 pF,• C3, feedback capacitor, 2 to 20 pF; C4, grid blocking capac-
itor, 2.5 mF (p.t. fe. sandwich); C5, anode blocking capacitor, 1.5 nF (p.t. fe. sandwich); 
Lj, 77 S2 line section; Lo, line-outer case; L f , drive circuit inductor. The components LZ
and CZ are for absorbir:g a secondary mode at 140 MHz and are described in the text. 

Although this setting is in no way critical, care was taken to avoid any 
of the sub-harmonics of the oscillator as these might increase the har-
monic content in the anode waveform. 

The feedback system for a common grid-tuned anode-tuned cathode 
circuit is provided by the addition of external cathode-anode capacitance, 
the amount being governed by the feedback ratio of the tube. The ap-
propriate values of capacitance for the two tubes operated under the 
conditions given in Ch. 8.2.1, are then, 

Cfeedback 

YD1172 YD1182 

5.7 9.4 (pF) 

Because of the r.f. voltage losses that are to be expected in the feed-
back structure, these values will in practice be somewhat higher, and are 
adjusted with the help of a variable capacitive component. Practical useful 
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limits of this capacitive variation lie between —20 % and -x-50 % of the 
design value. This precaution, if necessary, also caters for operating con-
ditions other than those specified. 

In addition to the basic half-wave circuit, Fig. 8.8 also shows the ap-
proximate r.f. potential distribution at the fundamental frequency as well 
as the high frequency mode generated by the tank circuit capacitive box. 
The resonance of this latter mode was found to be at 140 MHz and was 
rendered harmless by the insertion of an absorption circuit at one of its 
voltage maxima. 

8.2.4 CIRCUIT LAYOUT 

The practical layout of the half-wave dielectric heater follows essentially 
the outlines suggested by the basic circuit of Fig. 8.8 and is shown in 
more detail in Fig. 8.9 where blocking capacitors, feed lines etc. are 
included. 

The line-outer, which is also the main supporting structure, forms a 
prismatic box of 70 x 70 x 195 cm; the extra height contains the motorized 
load matching mechanism. The structure is shown in Fig. 8.10. 

The tube anode blocking capacitor, a p.t.f.e. sandwich with 1.5 nF 
capacitance, is mounted at the bottom end-face of the line-outer. The 
tube, being supported at this level by its mounting flange, protrudes with 
the bulk of its anode structure and cooling system below the line box. 
Since the outer surface of the anode is thus outside the r.f. field of the line, 
the water hose coil need be dimensioned to cope only with the d.c. supply 
voltage drop. A further capacitive plate of the same dimensions as the 
blocking capacitor is electrically connected with, and placed parallel to, 
the blocking capacitor so that the dielectric spacing between anode and 
grid level will be 3.5 cm. 

The line-inner, consisting of the tank circuit capacitor box and the 77 S2. 
line section and loading plate, is supported by the bottom face of the 
tank capacitor box, at the level of the grid ring of the tube, by four poly-
propylene pillars (Fig. 8.11). Its lateral positioning is determined by two 
10 cm diameter polypropylene tubes between two opposing vertical panels 
of the line-outer, 25 cm from the top end of the line. These supporting 
tubes serve at the same time as air intake ducts for the fan that is mounted 
inside the line-inner and used to provide the necessary forced air cooling 
for the tube header. 
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Fig. 8.9. Sectional sketch of half-wave dielectric heater (not to scale). Components are 
as follows: (1) tube (2) line-outer (3) 77 S2 line-inner (4) generator tank capacitor box 
(5) Zower load capacitive plate (6) upper load capacitive plate (7) differential capacitor 
plates (8) motor and gears for load setting (9) copper foil straps (10) air ducts (11) coax-
ial blower (12) 140 MHz mode suppressor circuit (13) anode blocking capacitor 
(14) grid blocking capacitor (IS) feedback capacitor (16) drive circuit loading capac-
itors (17J collets for feedback adjustment (18) drive circuit inductor and filament 
supply (19) grid bias lead (20) bias and filament decoupling (21) filament decoupling 
capacitor (22) h. t. filtering choke (23) h.t. filtering capacitor (24) feed-through tube. 
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Fig. 8.10. Overall view of 30 MHz half-wave line dielectric heater, with the front panels 
of the line-outer and the tank circuit capacitor box removed. 
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Fig. 8.11. Tank circuit capacitor box, containing the grid-filament circuit. The large p.t .fe. 
sandwich capacitor at the bottom of the box is the grid blocking capacitor. The grid 
bias lead is connected at the rear left-hand corner and is dressed along the inside of the 
box for decoupling purposes. 

Fig. 8.12. Grid-cathode circuit inductor with filament connectors. 
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The inside of the tank circuit capacitor box contains the grid-filament 
circuit and is connected through the grid blocking capacitor and a finger 
strip connector to the grid of the tube. Fig. 8.12 shows a 1 ~ turn coil of 
17 cm diameter which serves the dual purpose of drive circuit inductor 
and filament supply leads. It is manufactured from two 55 cm copper 
bars, of cross section 5 x 25 mm, wound in parallel and interleaved with 
0.5 mm thick p.t.f.e. strip. At the lower end it is joined with short pieces 
of flexible copper braid to the respective filament connectors (Fig. 8.13) 
and decoupled with a 2 nF capacitor. One of the upper limbs of this coil 
is fixed to the centre of the top of the tank circuit capacitor box and the 
other with a feedthrough capacitor to the inside of the lower part of the 
77 S2 line-inner section. The lower filament connector (r.f. cathode) is 
fitted with a triangular plate, similar to that of the grid connector, but 
off-set by 60°, and carries on its upper surface three collets holding the 
Ca_ r feedback capacitor. Between the underside of this plate and the grid 
blocking p.t.f.e. sandwich capacitor, there are three ceramic capacitors 
serving as grid-cathode circuit loading capacitances with a total value of 
140 pF. Into the collets on the cathode connector are fitted three 6.5 mm 
rods which protrude downwards through gaps in the grid blocking capa-
citor and carry aring-shaped electrode facing the anode blocking capaci-
tor, thereby forming the adjustable feedback capacitor. 

Fig. 8.13. Grid-cathode circuit and feedback assembly. T{rree ceramic capacitors (total 
140 pFJ are grouped round the tube header and connected between .filament (cathode) 
and grid plates. The three adjustable rods, holding the feedback ring, can be seen pro-
truding.from the collets on the frlament (cathode) plate. 
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Near the zero voltage point on the 77 S2 line-inner, a brass tube with 
a 3 cm diameter is fitted between the line-inner and the line-outer. This 
can be seen in Fig. 8.14 and it fulfils several functions: firstly, it serves as 
a d.c. earth connection to the line-inner; secondly, it carries one limb of 
the tube filament current; finally, it screens from r.f. the other filament 
limb as well as the grid bias lead and the mains supply leads to the blower 
motor (mounted inside the line-inner). At first sight, it might appear that 

Fig. 8.14. Generator section of Zine, and tank capacitor box. The 140 MHz mode ab-
sorption circuit can be seen at the top le/t, and the tube between the line-inner and outer 
can be seen at the bottom right. The tube carries supply cables for the filament, the grid 
bias, and mains for the coaxial air blower. Part of the blower is visible at the top, inside 
the line-inner. 
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this brass tube would tie the line-inner to the line-outer so far as their 
respective r.f. functions are concerned, and thereby split the half-wave 
line into two quarter-wave circuits, losing the advantage of the floating 
zero voltage point. This is not so, however, since the diameter of this 
tube is very much smaller than that of the line-inner and will therefore 
represent a relatively high impedance in parallel with the much lower 
one of the 77 S2 line-inner. Its resultant effect on the position of the zero 
voltage point, the operational frequency and the transformation ratio is 
negligible. 

The load position (Fig. 8.15) differs little from that found in a con-
ventional dielectric heater. It consists of a horizontal 50 

x 

50 cm loading 
plate at the top end of the line-inner together with the opposing capacitive 
plate connected with copper foil straps to the line-outer. Two smaller 

Fig. 8.15. Load section of the half-wave line with the load position capacitor. The dif-
ferential capacitive plates can be seen to be preset, adjustable in relation to the main 
variable plate. The horizontal polypropylene tubes can also be seen. 
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capacitive plates connected to this opposing plate but facing the under-
side of the load plate act as a differential capacitor, minimising the fre-
quency shift when the dielectric gap is adjusted with the aid of the motor 
and gear train located above. 

The acceptor circuit, suppressing the 140 MHz mode referred to earlier 
in the text and shown in Fig. 8.8, consists of a 22 cm x 4 mm threaded 
rod fixed at one end to one side of the line-outer and carrying on its other 
end a capacitive disc. This disc has a diameter of 6 cm for the YD1172 
and 8 cm for the YD1182, and faces the line-inner at a distance of 4 cm. 
Its vertical position is 110 cm from the bottom of the line. This position 
was determined by the location of the most accessible voltage maximum 
of the 140 MHz mode. 

8.2.5 PERFORMAAICE 

With the differential capacitor plates fitted at the load position, the 
dielectric gap set to 5 cm and no load inserted, the operational frequency 
( fa) was found to be 31.4 MHz. Changes in this frequency with varying 
dielectric gap, both with and without differential plates, are shown in 
Fig. 8.16, where it can be seen that the stabilisation of frequency with the 
help of the differential plates is considerable. They were therefore used 
in all the measurements noted. 

Power measurements, made with the conditions given in Ch. 8.2.1, 
were, in the first instance, made with the help of a 50 S2 matched and 
water-cooled load. The energy transfer from the half-wave line to the 
load cable was effected by the insertion of a capacitive probe between 

f o
IMHzI 

34 

32 

30 

28  
0 

normal working range 

2 4 6 8 10 
load plate spacing Icml 

Fig. 8.16. Variation of operating frequency with spacing of the load capacitor (a) 
without compensation (b) with compensation by dil`erential plates. 
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the lower and the upper load plates. The results obtained are shown in 
Table 8.3. 

The overloaded and unloaded conditions shown in the above columns 
were measured without further adjustments to the drive circuit and show 
satisfactory tube and circuit performance. The `normal load' results were 
used to calculate the approximate circuit losses (P~) as follows: 

YD 1172 YD 1182 

PoU~ _ 16.30 31.25 (kW) 
—Pa~~~e = — 0.78 — 1.16 (kW) 
—Pload — —14.50 —28.50 (kW) 
P~ 1.02 1.59 (kW) 

These give the corresponding circuit transfer efficiency figures (~~) below. 

(YD1172) ~~ = 94 % (YD1182) yip = 97 

For practical operation, the design example material of woodloaded 
urea formaldehyde pellets was used. Press moulding technology requires 
that the temperature of this type of material should rise by a minimum 
of 100 degC in less than 45 s of preheating. Table 8.4 gives sets of figures 
for the start and finish of the process. 

To check both the operational stability of the oscillator and the func-
tioning of the 140 MHz-mode suppression, switching tests were carried 
out under of3-load, full-load and overload conditions. There were no 
parasitic or moding symptoms. For the given dimensions and mounting 
position the suppressor circuit has an operational bandwidth of about 
20 MHz at the 140 MHz mode. Since this mode also has a voltage 
minimum at the load position and is therefore little changed by capacitive 
changes at this point, these figures show that the 140 MHz suppression 
is adequate. 

Throughout these tests the r.f. potential distribution along the half-
wave line was monitored with a neon probe and conformed under all 
conditions to the half-wave pattern. 

Because the generator circuit and load circuit are integral and self 
screening, no appreciable radiation was expected. To confirm this, a de-
tector probe fitted with a 4662 neon indicator was passed over the outer 
skin of the line box and the supply leads. Such a device will normally 
register radiation intensities of the order of 5 mW/cm2 and as no ionisa-
tion could be observed, the intensity of any residual radiation is below this 
level. 
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Table 8.3. Performance of YD1172 and YDl l82 in half-wave dielectric heater into 
matched load. 

YD1172 YD1182 

normal 
load 

over-
load 

off 
load 

normal 
load 

over-
load 

off 
load 

Vo 6 6 6 7 7 7 kV 
Ia 3.4 4.7 0.54 5.7 7 0.8 A 
I9 0.95 0.67 1.36 1.32 1.1 1.85 A 
R9 500 500 500 375 375 375 

PG 4.1 8.8 8.75 15.1 kW 

~a 80 69 78 69 
P (load; 14.5 17 28.5 30 kW 

~)iload) 71 60 71 61 

Table 8.4. Performance of prototype dielectric heater with practical test load. 

Weight of material 
Processing time 

YD1172 YD1182 

kg 
s 

1 
15 

2 
IS 

start finish start finish 

V~ 6 5.8 6 5.6 kV 
Ia ~ 2.8 3.6 5.2 6.1 A 
I9 1.1 0.91 1.28 1.1 A 
Temperature 22 124 22 125 oC

Ja 31.0 30.7 31.6 31.0 MHz 

Maximum deviation 
of f o during process j -300 -600 ~ kHz 

Although the off-load currents noted in Table 8.3 may seem large for 
a `minimum loss' design the following circumstances must be taken into 
account. The circuit losses of the half-wave line generator can, in a first 
approximation, be assumed to be double that of a corresponding quarter-
wave line generator in the off-load condition. This is because the coupling 
of the load circuit to the quarter-wave line generator is very much reduced 
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by the action of removing the load, eliminating most of the losses in the 
secondary circuit. Under full load conditions, however, and assuming a 
correct match of the separate load circuit into aquarter-wave generator, 
both systems will dissipate the same amount of circuit losses. The higher 
off-load current apparent with ahalf--wave circuit does not therefore 
reduce the transfer efficiency under full-load conditions. 

8.2.6 SUMMARY 

The advantages of the half-wave line over more conventional circuits can 
be summarised as follow 

1. The construction of a half-wave generator-load circuit is extremely 
simple as it differs very little in its physical layout from the theoretical 
circuit diagram. 

2. High r.f. potentials may be obtained by line transformation without 
the introduction of additional reactances that normally cause parasitic 
oscillations. 

3. The load will appear resistive because unity coupling is maintained 
throughout the processing cycle, and a favourable `load power/pro-
cessing time' relationship is maintained. 

The ceramic coaxial construction of the new industrial triodes, 
YDll72 and YDll82, facilitates their electrical integration into this 
form of half-wave line generator. 
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Philips A.G. 

Edenstrasse 20 

Tel. 051/44 22 1 I 

CH-8027 ZUERICH 
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Turkey 

Turk Philips Ticaret A,S. 

EMET Department 

Gumdssuyu Cad. 78-80 

Tel. 45.32.50 

Beyoglu, ISTANBUL 

Torring[on Place 

Tel. 01-580 6633 

LONDON WCIE 7HD 

United States 
Amperex Electronic Corp. 
Electron Tubes Div. 
Tel. 516 WE 1-6200 

HICKSVILLE N.Y. 

Sem. and Microcircuits Div. 

Te1.401-762-9000 

SLATERSVILLE R.I. 02876 

Electronic Components Div. 

Tel. 516-234-7000 

HAUPPAGE N.Y. 

Uruguay 

Luzilectron S.A. 

Rondeau 1567, piso 5 
Tel. 9 43 21 

MONTEVIDEO 

Venezuela 
C.A. Philips Venezolana 

Elcoma Department 

Colinas de Bello Monte 

Tel. 72.01.51 

CARACAS 
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