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Abstract

A single-mug induction heater was designed, simulated, and
constructed using common electronic components and DC power
supplies. The heater creates an alternating magnetic field in the
vicinity of the target mug, which is transformed into thermal en-
ergy by eddy currents in a high-permeability material placed inside
the mug. The heater utilizes a dual-resonant load design, allowing
for high currents to flow through the heating coil, with low power
consumption during operation.
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1 Introduction

Induction heating was first developed in the early 1900s using spark gap
oscillators, and by 1922 dedicated motor generators made medium power
heating possible. The development of power semiconductors in the 1960s,
however, made induction heating a practical industrial technology [1].
Induction heating is now well-established, used for industrial fabrication,
domestic cooking, etc. More modern resonant topologies, spurred by the
development of efficient gate drive schemes, have attracted interest for
their improved efficiency over hard-switched topologies [2], [3].

We chose to build an induction heater for our final project. Our circuit
consisted roughly of the following parts:

e a variable-frequency square-wave oscillator, based on a 7555,

e a gate drive circuit, consisting of two LM311 comparators & two
push-pull followers built with junction transistors,

e a full-bridge of FETSs, switched using a gate drive transformer, and

e a series-parallel LC circuit as a load, one of the inductors being the
work coil itself.

+12V DC +32V DC
{555 311 . Gate Drive .
Oscillator Comparators g Pt S Transformer Rl it ’ LE e

Figure 1: Block-diagram of the different sub-systems present in our heater
design.

We used a dual LC coil for efficiency reasons: to effectively heat metal,
large currents (many tens of amps) must flow through the work coil. Using
the circuit we did reduce the current that must flow in the full-bridge for
such operation.



The project turned out to be successful! The result of a late-stage test
is given in figure 2.

Figure 2: A mug of soon-to-be-tea, heated to around 70 °C.

2 Control Circuit Design

The design of the control circuitry was relatively straightforward. Most
of it was derived directly or almost directly from prior work (i.e., the
oscillator design used was one we had built earlier).

2.1 Oscillator

The core oscillator is based on a 7555 running in astable mode. Our circuit
is given in figure 3.



Figure 3: A 7555 timer-based oscillator with adjustable duty cycle.

We designed the oscillator to run at a xed duty cycle of 50%, but
with variable frequency to permit tuning for di erent loads (as we tested
several).

2.2 Gate Signal Generation

The square wave signal exiting the 7555 had a slow slew rate relative
to its period, though it was at the right frequency. We cleaned up the
signal by using two daisy-chained LM311 comparators, as seen in gure
4. These snap between the two levels of the square wave. Using two in
series generated two square waves 28t of phase, which we fed into
two push-pull followers to reduce their source impedance in preparation
for driving the full bridge.



Figure 4: Two LM311s, along with followers.

2.3 Gate Drive Transformer

To drive a full bridge of 4 transistors using e ectively a single drive signal,
we employed a gate drive transformer (or GDT). A GDT is used to apply
a drive signal directly between the gate and source (or base and emitter)
of a switching transistor for whom, notably, the source is not necessarily
ground-referenced. A small example (to be discussed) is given in gure
19, and the circuit we used is given in gure 5 in the next section.

The concept illustrated in gure 19 is as follows: Q1's emitter is not at
ground, but sitting at the negative rail. In order to switch it on conven-
tionally, a proper voltage above the negative rail would have to be applied
to its base, which can be very di cult with low-voltage drive circuit com-
ponents { especially if the negative rail is several hundred volts below
ground! Thus, Q1 is driven through a transformer. This has two bene ts:
one, Q1's base is always at the correct voltage relative to its emitter; two,
the drive circuit has some measure of isolation from the power transistors
it controls, improving both safety and often noise characteristics.

The design of this transformer is somewhat exacting: to provide ne-
grained control and prevent ringing, it should have exceedingly low leakage
inductance. Our design process is described in section 5.2.



3 FRull Bridge & Resonant Load Design

The actual power electronics for this project are deceptively simple.

3.1 Full Bridge

The full bridge is quite standard; its schematic (along with the gate drive
schema employed) is given in gure 5. Note the phasing on the drive
transformer: for a given input signal, the two transistors on one of the
bridge's diagonals will turn on simultaneously, as is necessary for proper
operation. In addition to its other advantages, the use of a GDT to
drive this bridge prevents \shoot-through," in which both transistors on
one side of the bridge turn on at the same time and short the power rails
together. There is no possible input signal to the GDT which would cause
this to happen.

(@) (b)

Figure 5. The gate drive scheme (a), and full-bridge (b).

3.2 Resonant Load

We used a combination series-parallel circuit as our load on the full bridge.
The load schematic is given in gure 6. As indicated, the inductor in the



parallel LC section is used as the work coil. This load design was inspired
by [4] and [5].

Figure 6: The resonant load used for the bridge.

The load behaves as a bandpass and bandstop Iter in series. The
oscillator is tuned to the resonant frequency of the parallel LC circuit,
which presents its maximum impedance at that frequency. Thus, any
current drawn at the fundamental is due to losses in the circuit (hopefully
mostly resistive loss in the workpiece). The series LC circuit, tuned to a
signi cantly, higher frequency, serves two purposes: it blocks many of the
higher-order harmonics of the drive signal, reducing excess current draw
away from the fundamental, and its relatively high resonant frequency
helps recirculate reactive currents back into the power rails. Current and
voltage waveforms of the load in operation may be found in section 6.1.

Originally, we tuned both LC circuits to the same frequency, which
caused two problems: a great deal of the series resonant current never
returned to the rails, resulting in a large current draw, and the inductor
required for proper operation was prohibitively large. This is a notable
case where a terri cally ugly waveform is actually a good goal!



4 Simulation Results

Simulation was used extensively in our design process, both to verify re-
sults and to prototype new ideas. LTspice was used as our simulation
platform, with device-speci ¢ models - often created by the device manu-
facturer when available. In general the simulation outputs agree with our
practical results and observations.

Starting in the low voltage section of the circuit, the simulation output
matches nicely with our observed results in physical measurements.

Figure 7: One-sided comparator and bu er voltages.

The LM311's output is represented by the red trace, while the output
of the push-pull buer is seen in yellow, with some distortion caused
by it's load - the gate drive transformer. The GDT was also modeled in
simulation, along with a simple model of the real component's inductances
and coupling characteristics.

Lieak = Lwina (1 K 2)

This expression was used to determine the coupling coe cieri{ of
the gate drive transformer for simulation, whereL ing IS the inductance
of each winding on the transformer, and. .« is the leakage inductance
between windings [6]. Leakage inductance was found by measuring the
inductance of a winding, with one or more of the other windings shorted
together. The coupling coe cient of the transformer was determined to
be 0.9994, very nearly ideal.



Figure 8: Single-sided bridge voltages.

Figure 8 illustrates the various voltage signals surrounding the bridge,
and especially, the utility of the GDT. M4's source (red trace) and gate
(yellow trace) can be seen switching as desired. M2's source (green trace)
can be seen switching the output of the bridge, and it's gate (blue trace)
can be seen switching the FET with respect to it's source, all thanks to
the GDT.

Figure 9: Current through the parallel component of the load.

Figure 9 shows the (nearly) zero-volt switching technique used. The
series LC components were tuned to have double the resonant frequency
of the parallel LC components, resulting in the current waveform shown
here in the green trace.
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Figure 10: Current through the series and parallel resonant components
of the load.

The vastly di erent peak currents owing through the series and par-
allel components of the LC load illustrates the device's ability to maintain
a strong alternating magnetic eld in the heating area, without pulling
an excessive amount of current from the DC supply. These current val-
ues were tweaked to match experimental results by adjusting the parallel
resistance in the LC tank, since the actual resistance in the tank could
not be readily measured. While operating at 10VDC the insertion of the
workpiece into the heating coil resulted in a roughly 6A decrease in peak
current, which interestingly corresponds to a 36m increase in parallel
resistance.

5 Construction

To construct this circuit, we opted to use as many components which were
already in the lab as possible, for speed and cost reasons. This led to the
choice of IRF540 FETs for the full bridge, the 1QF resonant capacitors,
and the 7555 and LM311s for the control circuitry.

Despite this mindset and the plentiful assortment of components avail-
able in the lab, the large-signal nature of our project required us to special-
order several parts (described in the following sections).
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5.1 Control Circuitry

Figure 11: The oscillator and gate drive circuitry.

The construction of the control circuitry was straightforward, as all the
parts needed were available in the lab. The circuitry used is shown in
gure 11. Bare brass wire was used to connect components to save time
on stripping and permit more scope probing locations.
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