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Design of a Low-Input-Voltage Converter
for Thermoelectric Generator

John M. Damaschke

Abstract—tow-grade exhaust heat is used to provide a reliable have not been reported yet [3], [4]. The design of the conver-
and independent power source for instrumentation circuitry sjon circuit is a major task and the main contribution of this
by means of a thermoelectric generator (TEG). A design of a \qrk The TEG provides a very low voltage at a high current.

self-starting dc—dc converter is developed and optimized for very- Thi f blv | int | ist f
low-input voltages (below 300 mV) in order to allow operation at IS causes, even lor a reasonably low internal resistance o

temperature differences of 20°C and less. A prototype is built, the converter, a very large relative voltage drop and, therefore,
and the results are experimentally verified. a very low efficiency. Also, the power consumed by the

Index Terms—DC—DC power conversion, losses, low power, cqpverter itself for regullating and switching.is much more
low V0|tage’ power generatioﬂ7 Se|f-starting’ thermoelectric gen- Cr|t|Cal because Of the I|tt|e tOtal pOWer a.Va.||ab|e. BeSIdeS,
erator, voltage control. to provide reliable and maintenance-free operation, the circuit
needs to be self starting. This is a challenge when dealing with
supply voltages below 300 mV. Moreover, it is desirable to
base the converter on standard available circuitry to minimize

LECTRONIC instrumentation is used to monitor anghe effort of the manufacturing, especially when produced in
control a variety of processes. It plays an important rolgw quantities. Hence, standard converter design cannot be
in a chemical enterprise, as well as in many other placgged in this case.
Usually, the circuit is supplied with power from a standard The purpose of this work is to develop a circuit which
outlet or by a battery. In many cases, it is, however, nehn easily be built, is reliable and self starting, and converts
feasible to run a cable from the power source to the locatigie above-mentioned input power fax7” = 20 °C to a
of application because of the rough environment prevailing #abilized 5-V level with as high an efficiency as possible.
such plants, especially for small, low-power applications likehe problems arising hereby are discussed in detail in Section
sensors. Therefore, an independent and reliable power soyrcgnd, from that, the used devices are deducted, and the
is needed. One solution is to use a thermoelectric genergigiel twin converter is introduced to achieve the required
(TEG) to convert low-grade heat energy into electricity whicBerformance. In Section IlI, the final circuit is presented. A
powers the application or charges a battery backup. Typicalptototype of the circuit has been built, and Section IV shows

exhaust heat from already available sources can be used, @k obtained measurements and discusses the results.
from engines or warm pipes. Yet, the temperature difference

from this kind of sources may be very low, e.g.,D. For this
temperature difference, a high-performance bismuth telluride
thermoelectric module provides an open-circuit voltage in thelt is understood that all dc—dc converters are based on
order of 300 mV at an internal resistance of about 130.in  switching a current through an inductor. The main considera-
order to get a sufficient voltage output to power the applicatiotion in the design consists in deciding which kind of switching
a large array of high-performance TEG’s would be neededevice to use.

With a single high-performance module costing an averageMost converters employ high-power MOSFET’s as switch-
of several hundreds of dollars, this option often becom#ésy devices. Their very low on resistance and their zero gate
economically unviable. To reduce costs, especially for loveurrent lead to very low losses. Unfortunately, a rather high
power applications, a single cell could be used where tlgate voltage is needed for switching them and, therefore, they
output power is transformed to the 5-V level. cannot be used in a self-starting design.

The theory of dc—dc converters is well known [1], [2], and Bipolar junction transistors (BJT's) need a voltage of about
their design is still the subject of many journal publication€).7 V for switching them on. In addition, they typically have
However, designs for very low voltages, as in this application, considerable collector-emitter voltage drop. This leads to a

very poor efficiency. One could mount them upside down to

Paper IPCSD 97-31, presented at the 1996 IEEE Applied Power Electror@diminate the voltage drop, but this would yield a high base

Conference and Exposition, San Jose, CA, March 3-7, and approved &jrrent which increases losses. Therefore, this kind of device
publication in the IEEE RANSACTIONS ON INDUSTRY APPLICATIONS by the . | luded f fficient desi

Industrial Power Converter Committee of the IEEE Industry Application@ also excluae . rom ar? emcien e5|gn._ ) .

Society. This work was supported in part by Dr. J. Bornemann of the The self-starting requirement of the circuit certainly de-

University of Victoria. Manuscript released for publication May 7, 1997. mands a norma"y on device. This is obvious, as no output
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Fig. 1. Block diagram of the complete circuit. The voltages during regular
operation are given in parentheses. Hﬁ H R o D

300 mV. On the other hand, normally on devices have very
high on resistances, typically at least{8 This limits the
maximum achievable power output to less than 10 mW at
best. With the internal resistance of the used TEG of abouf
130 12, the theoretically available power is 173 mW. In
order to get close to this value at all, the resistance of the
switching device has to be much lower than the TEG’s internal
resistance.

Considering all factors, it becomes apparent that the re-
quirements cannot be achieved in one single circuit. Thig. 2. Gate voltage (lower line, 1 V/div) and drain current (upper line, 50
gave rise to the twin design consisting of two converters, thyg\/div) of transistorT'l in the starter circuit. The timebase is set to 0.5
main circuit and thestarter circuit For the starter circuit, a ™4V

normally on device with as low an on resistance as possible JFETT1 and th ; ind : |
was chosen, i.e., the N-channel FET JFET J105 ith —= ©" and the transformer induces a negative voltage at

3. In the main circuit, the on resistance is the limitin he secondary winding of the transformer. Thus, the capacitor

factor for the overall efficiency of the conversion. The high= 3 Is charg_ed o a negative _voltage, where the pn-fransition
performance high-power MOSFET SMP 60N06-18, which hé)g the transistor acts as a diode. As the current through the
an on resistance not exceeding 182 nftypically 1’4 ) primary winding approaches saturation, the voltage across the

and a fairly low gate charge, was chosen. During the initiﬁ[aCondary decreases, hence, leading to a drop in the gate

phase, the MOSFET is switched off, and the main circuit I\éoltage of the transistdi’l. The transistor starts turning the

dysfunctional. All the energy is pumped into the starter circui‘l:,urrent through the transformer off which leads to a positive

which provides enough energy to the switching circuit tgoltage 3‘ the secondar_y, a_no! t_he negative voltage at the gate
initialize the main circuit. As soon as this circuit is operationan T quickly drops. This diminishes the current through the

the much lower on resistance of the MOSFET basically Shc;ﬁinsformer and leads to a further drop in the gate voltage,

circuits the input of the starter circuit, and the energy almogpd SO forth. This way['l is totally turngd off very 9“"*'%
exclusively flows into the main circuit. eading to zero current through the primary winding of the

transformer and, thus, to zero voltage across the secondary
winding. This smaller negative voltage at the gatddfleads
lll. CIRCUIT DESIGN to an increase in the current through the primary winding
Fig. 1 shows the block diagram of the complete circuRf the transformer and, thus, through the coupling of the
which consists of themain circuit the starter circuit the transformer, to a further increase in the gate voltage. The

switching circuit and thesupply circuit transistor is turned on very quickly and remains conducting

« The starter circuit provides voltage at the beginning f4ntil the current approaches saturation again. This yields the

initialize the conversion. waveform as shown in Fig. 2. One can see the very short off

« The main circuit contains the main converter whiclsY¢cl€ of the transistor and the high voltage induced during that
provides the output voltage with high efficiency. time interval. The resistaRk1 ensures that’3 is discharged at

« The switching circuit switches the main circuit and, ithe beginning. Since the switching circuit requires a positive

this way, regulates the outpui. supply voltage, the voltage across the capacitor could not be

« The supply circuit generates the 8.5 V for the switchinpsed as the output. Instead, a third winding was added. The

circuit from the 5-V output. urn ratio is critical for the proper functioning of the circuit.

In the following, the operation of the circuits will be outIinedIt is found that the input voltage, at which the circuit starts

. ) e . o oscillating, is a linear function of the turn ratio between the
in detail. The complete circuit diagram is shown in Fig. 4. _ o
first and the second winding of the transformer, as long as

o the resistance of the secondary winding does not become
A. The Starter Circuit too large.
The starter circuit is similar to those used in heart pace-The starter circuit only supplies the switching circuit with
makers, e.g., [5]. At the beginning, there is no charge on tpewer until the main circuit starts working. Hence, the output
capacitorCs (see Fig. 4). The current through the normallypeed not be regulated.
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generates the modified sawtooth voltage, as shown in Fig. 5.
The resistorsR2 and R3 provide an almost fixed voltage
- V+ at the positive input. Let us assume that the capacitor
; C6 is initially discharged. This means that the output of the
< comparator is open. Now;6 is charged up through the pull-
=N /‘w._.-«'\‘. up resistorR5 and the feedback resistdt4. Note that the
pull-up resistorR5 is chosen much larger than the feedback
resistorR4. So, when the voltage V across the capacit@r6
reaches V', the output of the comparator switches to ground,
andC6 discharges very quickly through the small resisiar.
Hence, the comparator switches to ground only for a very
short period of time during which the output voltage becomes
zero. Then, the output becomes open again, and the voltage at
the output is determined by the voltage \6f the capacitor
C6 and the voltage dividef?4 and R5, i.e., approximately
V~. The resistord?6 and R7 also represent a voltage divider
.. which causes the voltage at the positive input of comparator
" B to be slightly lower than the output voltage of comparator
Y. Due to the capacito€’7, this is true even when the output
of comparatorA is zero volts, resulting in a slightly negative
B. The Main Circuit voltage of about-150 mV at the positive input of comparator

B for a very short time interval. This leads to the asymmetric

The main circuit in Fig. 4 is a modified boost converter (Seﬂwape of the sawtooth voltage, as seen in Fig. 5. However
[1]). In order to achieve a high efficiency, a very—low—lnpuh has to be ensured that the input voltage at the converter

resistance is essential. The electric path through the primagy. o . drop below-300 mV, since it otherwise could be
winding and the MOSFET 2 was made as short as possibledamaged 7

The paths on the stripboard were reinforced by wire. The Comparator3 now compares this voltage with the output

primary winding consists of three turns on a toroidal body. S%Itage Vour of the main circuit. Whenever the sawtooth

\_?vrl]r_es with r? d_mmefte(; of 0.9 mbm were connedctﬁd (|jn Para"(ﬂoltage is lower than the output voltaggur, the voltage at
IS way, t e_w;;ut In .ucr:agce elcamehpzlﬂ), ?g@; EI ¢ 'nEUt the gate of the MOSFET2 is connected to ground, otherwise
resistance, witti"2 switched on, less than 1 AISo, the 4 +Vsw. This way, the duty cycle dc of the main converter

03V O.f the TEG Wi}fhhits 13?'? internﬁl reséistange led tr? s changed. A high output voltage yields a smaller dc, which,
saturation current of the col Of more than 2 A. F_|g. 3 SNOWZs we can see from (1), leads to a lower output. The opposite
the gate voltage and the drain current of the main circuit.

The first desian did . h q - happens for a low output voltage. In particular, zero output
rhe first design did not incorporate the second trans for voltage leads to a dc which is given by the shortest possible
This resulted in a voltage of approximately 0.7 V across t

diod | ¢ h derabl time. Now we see why it is important that the sawtooth
lode 2. At an output voltage of 5 V, thus, a considera %Itage goes below zero for a very short time interval. In this

phortlon Ofdthl\jogzv;r was dabhsorbed 'rlj the d_lodo_le. Hen ay, it is always ensured thdt2 is at least switched off for a
F € secon -[T3_ and the secondary winding Were i m time, thus avoiding a short circuit at the converter
introduced. Whenevér2 is switched off, the transformer turns;

) . o . ~input. In this design, the minimum off time is 2s. With the
on73. This practically eliminates the voltage across the d'°d85cillating frequency of the sawtooth generation of 12.8 kHz,

thus significantly increasing the maximum achievable Outpliic is equivalent to a maximum dc of 97.5%. Depending on
power.

Fig. 3. Gate voltage (lower line, 2 V/div) and drain current (upper line,
A/div) of transistorZ'2 in the main circuit. The timebase is %Gs/div.

) the load, the input voltage will vary between approximately
Itis commonly known (see €g. [1]) that the output VOItagS.S—O.lS V, thus requiring a duty cycle between 94%—-97%. We

of a boost converter can be estimated by can see from Fig. 5 that this leads to a very small difference

Vin (1) in the output voltage.

1—dc The transistorg’4 and 7’5 finally are used to speed up the

where the duty cycle dc is the ratio of the on time of théwitching of the output of the converter, without lowering the

MOSFET to the period length. Equation (1) has its limits ofalue of the pull-down resistak8. This would lead to higher

validity, especially for dc close to 1. Theoretically, a dc of j0sses.

yields an infinite output voltage according to (1). Physically, Altogether, the circuit draws a current of less than 1 mA,

however, it leads to a short circuit at the input, i.e., zero outp@f, in terms of power, consumes about 8 mW when operated

It is the task of the switching circuit to control dc so that that @ voltageVsy of 8.5 V.

output voltageVour is regulated to 5 V.

Vour =

C. The Switching (Regulating) Circuit D. The Supply Circuit

The switching/regulating circuit as shown in Fig. 4 uses It has been mentioned before that the on resistance of the
only one low-power dual CMOS comparator. Comparator MOSFET 7°2 is crucial for high efficiency. This resistance
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Fig. 4. Circuit diagram of the complete circuit. The voltages during regular operation are given in parentheses. The values of the devices are given as
follows: starter circuit—=R1 = 1 MQ, C1 = 1 mF,C2 = 470 uF, C3 = 1 nF, D1 = 1N4148,7'1 = J105; main circuit-€4 = 2.2 mF,C5 =1

mF, D2 = 1N4001,72 = T3 = SMP 60N06-18; switching circuitR2 = 350 K2, R3 = 1 MQ, R4 = 1.8 K2, R5 = 32 K2, R6 = 270 K2, R7 =

1 MQ, R8 =22K2, C6 =10 nF,C7 =1 nF, T4 = BC313, T5 = BC182,IC1 = TLC372CP; supply circuit-R9 = 1 MQ, R10 = 182 K2,

C8 = 100 uF, C9 = 47 pF, L1 = 1.7 mH, D3 = 1N4148,1C2 = MAX630.

becomes smaller for a higher gate-source voltage, i.e., a
higher operating voltage of the switching circuit. On the other: : i : : : i
hand, this also leads to a higher power consumption of thé : :
switching circuit which, in terms of the output power, can : : : i :
be considered as losses. For this particular design, it hager=ri i fpmmmr=— 2 lpcer=rtT
proven most efficient to use a switching voltage of 8.5 V by :
employing a third converter. Since the power consumption of : : : : :
the switching circuit is small, the efficiency of this conversion : :
is not so critical. In addition, the switching circuit requires a
constant output voltage in order for the regulation to work. : E :
Hence, the MAX630 integrated circuit was used to generate
regulated voltage of 8.5 V out of the output of the main circuit. ; i
This integrated circuit contains an oscillator, a comparator, g : H
reference voltage, and a MOSFET. Fig. 4 shows the circuit :
diagram of the supply circuit. The output voltage is divided : : :
by the resistorsk9 and R10 and compared to the 1.31-V ! ; ¢ T
internal reference voltage. Whenever the voltage is too low; : i i & 1 1 f
the oscillator switches the MOSFET periodically on and off : N ——
until the desired voltage of, in this case, 8.5 V is reached. TR@. 5. Diagram of the modified sawtooth voltage generated by the switching
capacitorC9 sets the oscillator frequency to 37.5 kHz. Due t Im’g;szhiesyzgfs'f dﬁfows the output of comparatdr (1 V/dWv), and the
the high on resistance of the onboard MOSFET of abdut &
higher efficiency can be reached when using a large inductance o o
L1. Also, the maximum peak current must not be exceedef!ly about 8 mW for the switching circuit, it has proven more
On the other hand, the inductance must be small enough€fficient in this case to power the supply circuit directly from
be able to generate the 8.5 V from as low an input voltage {§ -V output. In this way, the supply circuit consumed a
possible. Good results are achieved far = 1.7 mH. total power of 3 mW.

This circuit could be powered from the 5-V output of the
main circuit or from its own 8.5-V output. The lower operating IV. REsuLTs
voltage lowers the efficiency of the conversion, but also theFig. 6 shows the results obtained from the circuit when
power consumption of the converter. Since the circuit providesnnected to the TEG as a power supply f&f" = 20 °C.

e

oy

e
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V. CONCLUSION

A new dc—dc converter circuit has been introduced. It
offers a excellent performance in the low-voltage, low-power
region. Results are shown when the converter is connected
to a bismuth telluride thermoelectric module operating at a
temperature difference of 20C. This combination provides
a reasonably stable output voltage of 5 V for up to 131-mwW
output load. This is 76% of the maximum available power
and an excellent result for these low power levels. Another
striking feature of the circuit is the self-starting capability,
which makes the circuit practically maintenance free. Further-
more, the exclusive use of standard available devices makes
the manufacturing very easy and economical, even in small
numbers. Overall, the combination with the TEG shows a new
kind of stable, economical and reliable off-line power source
for low-power instrumentation and certainly will find many
applications.

Poyr
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Fig. 6. Normalized output powePo1/100 mW, efficiencyn, normalized
output voltageVouT/5 V, and normalized output curredt /40 mA of
the converter as a function of the load resistance.
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