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Many microwave applicator systems experiencing thermal runaway can be stabilized by mismatching 
and/or detuning the system. The stability of the system is discussed qualitatively and a conservative 
guide for adjusting microwave applicators for enhanced stability is described. 

INTRODUCTION 

A microwave heating system for maintaining a load at a specific temperature can be difficult to operate when 
the load's complex permittivity E or permeability /I varies greatly with temperature changes. In the absence of 
moderately sophisticated control systems, many of these systems experience thermal runaway [l]. However, the 
dependence of E and /I on temperature can be turned into an advantage for controlling the temperature of the 
load and avoiding thermal runaway. 

Consider a simple microwave heating system composed of a resonant single-mode microwave applicator 
driven by a source with fixed frequency fs. The resonant structure can be an explicit cavity or it can be an 
implicit cavity consisting of waveguide bounded by a short and a matching section. A constant source output 
power Ps is intended to  maintain the load at  a constant temperature. The power reflected from the applicator 
is absorbed elsewhere (e.g., a load attached to a circulator) and is not returned to the applicator. 

In the steady state, microwave power absorbed by the load is balanced by heat loss. The load is not 
going through chemical or phase changes, and a representative load temperature T describes the temperature 
distribution in the load. This means there are no random hot spots due to uncontrolled variations of the 
load composition. However, repeatable non-uniform temperature distributions due to the load and applicator 
geometry may exist. Heat transport in the load is sufficiently rapid so that there are only small deviations from 
the one-parameter family of steady-state temperature distributions (the one parameter is the representative load 
temperature T). In particular, these deviations do not significantly affect the field pattern in the applicator. 

THERMAL STABILITY OF THE SYSTEM 

A change in the load temperature causes a change in the applicator's resonant frequency f and quality 
factor Q. This can lead to resonance-like behavior for power Pa absorbed by the load. The solid curve in figure 1 
is an example. As the load temperature increases, the absorbed power peaks at a point of best match. At this 
point the applicator's resonant frequency f and quality factor Q are closest to the source frequency fs and the 
external quality factor Qe [2], respectively. 

The load dissipates its heat energy via a combination of radiation, convection and conduction. The dotted 
curve in figure 1 is an example of the load's heat loss rate, Pt, as a function of the load temperature T .  In the 
steady state the load absorbs microwave power Pa(T) to balance the load's heat loss rate Pt(T). 
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Figure 1. Microwave power absorbed, Pa, and ther- 
mal power dissipated, Pt, by the load as a function 
of temperature. Fixed point A is stable while fixed 
point B is unstable. 

Figure 2. Same system with the source power reduced 
to  match the load to the source at &xed point -4. The 
system is mathematically stable but the tolerance for 
temperature fluctuations is small. 
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There are two fixed points in figure 1. Point A demonstrates the appropriate use of a resonant appIicator 
to stabilize the system. The power P,(TA) absorbed by the load maintains the load a t  temperature TA. If for 
some reason the load temperature T is greater than TA by some small difference AT then the power P,(T) 
absorbed by the load is not sufficient to balance the heat losses Pt(T) at the higher temperature, causing the 
load temperature T to drop. Similarly, if T < TA then P,(T) > Pt(T), causing T to increase. The system is 
stable. 

Fixed point B, on the other hand, is an unstable fixed point. If T < TB then P,(T) < Pt(T), causing 
the load temperature T to decline further. The load temperature continues falling until it reaches near room 
temperature. If T > TB then P,(T) > Pt(T) and the temperature will rise further. The load temperature 
continues to rise until point A is reached. 

Reducing the source power P, leads to the matched condition shown in figure 2. As in figure 1, point A is 
stable while point B is unstable. While this makes the most efficient use of the source power Pb, the temperature 
restoring strength of the system, d(P, -Pt)/dT, is reduced, potentially leading to larger temperature fluctuations. 
Furthermore, the range of stability is significantly smaller. A relatively modest temperature fluctuation below TA 
puts the system below TB, which may make the system unstable in practice. 

ENHANCING THERMAL STABILITY 

A microwave applicator system can be made stable with only modest understanding of the load’s behavior 
at various temperatures. The system should be tuned and matched for the low end of the temperature range, Tl. 
The temperature range Tl < T < T h  may be due to temperature fluctuations or it may be a deliberate variation 
of operating conditions. Increasing deviation of the load temperature T from Ti decreases the power absorbed 
by the load, providing a restoration mechanism for the load temperature. 

Figure 3 shows the resonant frequency and quality factor of 3 separate microwave applicators versus load 
temperature. The three temperatures in the figure are the low temperature Tl, the nominal temperature To and 
the high temperature TA. Case (a) shows a load whose ?Re (e) increases (decreases) with temperature, causing 
the resonant frequency f of the applicator to decrease (increase). The applicator is tuned and matched at 
low temperature Tl. When the load temperature is nominal the resonant frequency of the cavity is lower than 
the source frequency, so the cavity is detuned. Case (b) shows a load whose 5rn ( E )  increases (decreases) with 
temperature, causing the quality factor Q to decrease (increase). Again, the applicator is tuned and matched 
at the low temperature TI,  but this time Q < Qe at the nominal load temperature. The cavity is undercoupled. 
Case (c) is a combination of the first two cases, illustrating that the cavity can be both detuned and mismatched 
to achieve the desired stability. 

This tuning and matching scheme is conservative because it does not include the increase of Pt with tem- 
perature, which tends to make systems more stable. This scheme can also work when chemical or phase changes 
occur in the load. The principal restriction is that a single temperature-like parameter must describe the load’s 
thermodynamic and chemical state, and variation of this single parameter changes the applicator’s f and Q. 

CONCLUSION 

The thermal stability of a resonant microwave ap- 
plicator containing temperature dependent materials 
can be established by mismatching and/or detuning 
the cavity. 
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Figure 3. Resonant frequency f and quality factor Q 
versus load temperature for three separate applica- 
tors. To provide stability, the applicators are tuned 
and matched near the low load temperature TI. Thus 
at the nominal load temperature To the cavity is de- 
tuned and/or mismatched . 


