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Maximum Power Point Tracking Controller for Thermoelectric
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An analog maximum power point tracking (MPPT) circuit for a thermoelectric
generator (TEG) is proposed. We show that the peak point of the voltage
conversion gain of a boost DC-DC converter with an input voltage source
having an internal resistor is the maximum power point of the TEG. The key
characteristic of the proposed MPPT controller is that the duty ratio of the
input clock pulse to the boost DC-DC converter shifts toward the maximum
power point of the TEG by seeking the peak gain point of the boost DC-DC
converters. The proposed MPPT technique provides a simple and useful
analog MPPT solution, without employing digital microcontroller units.
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INTRODUCTION

A thermoelectric generator (TEG) is a solid-state
energy converter that generates electric power from
the temperature difference between two hot and
cold sides. Systems for energy recovery from waste
heat using TEGs have recently attracted attention
in areas where a considerable amount of thermal
energy is wasted, such as in vehicle applications.'™
The voltage generated in the TEG changes dynam-
ically over a wide range as a function of tempera-
ture. Figure 1 shows the voltage—current (V-I)
characteristic of a bismuth telluride (BiyTes) ther-
moelectric module. As shown in Fig. 2, the equiva-
lent circuit of a TEG can be modeled as a voltage
source (Vg), which is proportional to the Seebeck
coefficient and the temperature difference, with an
internal resistance of Rg.* For maximum energy
utilization, maximum power point tracking (MPPT)
should be implemented to shift the operating point
of a TEG toward its optimal position.

Several MPPT methods such as the perturbation
and observation method, incremental conductance
method, ripple correlation control method, fuzzy logic
models, and neural network-based models have been
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proposed for implementation in photovoltaic appli-
cations.” ! However, these methods are not opti-
mized for the power—current characteristics of TEGs.

A technique with seamless mode transfer MPPT!2
and an MPPT scheme for a thermoelectric battery
storage system® have been proposed for vehicular
applications of a TEG. A practical MPPT power
conditioner comprising a buck-boost converter, an
internal power supply, and a microcontroller for the
TEG was developed to reduce the mismatch power
loss and enhance the load matching ability of
the TEG system.® These methods provide smooth
transition between operating modes; however, they
require a microcontroller unit to calculate the
instantaneous power and peak power points.

Recently, a digital coreless MPPT tracking tech-
nique that samplesthe half Vglevel to provide a useful
analog MPPT solution, without the measurement of
the input/output power or algorithmic calculation to
obtain the operating points, was presented. However,
the switching circuit used in the periodic half Vg
sampling block, which is located between the output
terminal of the TEG and the input port of the boost
converter, increases the effective internal resistance
of the TEG, resulting in transfer power loss.

The electrical circuit model of the TEG is a volt-
age source, Vg, with an internal resistance Rg that
can be calculated by Vg/lIgc,*'® where Igc is the
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Fig. 1. Measured V-/ characteristics of a Bi,Tez thermoelectric
module. The key indicates temperature difference in degrees Celsius.
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Fig. 2. (a) Equivalent model and (b) maximum power transfer con-
dition of a TEG.

short-circuit current. The maximum power transfer
condition is that Rg is equal to a load resistance R,
as illustrated in Fig. 2b.

The corresponding ideal maximum output power
P,.. is calculated as'®13

VZ  (Rslsc)’
Pmax|MPPT = 4—1%55 = 4 (1)

Despite changes in the temperature and the load
resistance, the MPPT scheme tracks the maximum
power point of the TEG.

While current flows in the TEG, the electrical
power (Watts) as a result of Joule heating creates a
temperature drop across the interface between the
two plates. This diminishes the temperature differ-
ence (AT) across the thermoelectric material and
attenuates the Seebeck voltage In this case, the
maximum power point is not simply at half the
open-circuit voltage of the TEG.'*

In this paper, we propose an analog MPPT circuit
for a TEG with peak gain control of boost DC-DC
converters. The key characteristic of the proposed
MPPT controller is that the duty ratio of the input
clock pulse to the boost DC-DC converter shifts
toward the maximum power point of the TEG by

TEG Boost Converter LOAD
Biig a'a o\ i l
|
|
_": - } Ry

|
|
|
T - ____ T

PWM Comparator | | Sampling

Block Block Block
Boost Feedback

Fig. 3. Block diagram of the proposed MPPT circuit using a boost
converter.

seeking the peak gain point of the boost DC-DC
converters.

CONFIGURATION OF THE PROPOSED
MPPT CIRCUIT

Figure 3 shows a block diagram of the proposed
MPPT circuit composed of a boost DC-DC converter
and a feedback circuit including sampling, compar-
ator, and pulse width modulation (PWM) blocks. We
consider the booster converter in the MPPT circuit,
having a nonideal input voltage source with inter-
nal resistance Rg and load resistance R1,. Under the
steady-state condition of the boost DC-DC con-
verter, the average value or DC components of the
inductor voltage waveform must be zero. Further,
the average current that flows through an ideal
capacitor must be zero, because the inductor current
is supposed to have the same value at the beginning
and at the end of the commutation cycle. We obtain
the conversion gain and inductor current of the
nonideal boost converter'® as

Vioan 1 1

- (2)
Vs (1-D) (1+ 1 D)ZR )
Vs 1
I (3)
" (1-DyRy (1+ o)

The conversion gain obtained from Eq. 2 is plotted
in Fig. 4 for various values of Rg/R;, as a function of
the duty ratio, D. In the ideal case of a boost converter
with Rp, = 0, the voltage conversion ratio tends to
infinity as D approaches 100%. However, the maxi-
mum conversion gain of the nonideal booster con-
verter is limited by the value of the ratio Rg/Ry.*”

The duty cycle at the peak conversion point, D, .,
is calculated by differentiating Eq. 1 with respect to
D, which yields the following relationship:

Rs

Dmax =1- }?_L (4)
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Fig. 4. Output voltage versus duty cycle for a boost converter with
an input voltage source having internal resistance Rs with output
load R.."®

By substituting Eq. 4 into Eq. 2, we obtain the
peak conversion gain as

1 Ry
wox 2V ES ®

The output power at the duty ratio of the maxi-
mum conversion gain, D,,.,, can be determined as

=~ - Pmax . (6)
D 4RS |MPPT

Vioap
Vs

2
— VLOAD

Pout |Dmax - RL

Equation 6 shows that the output power of the
nonideal boost converter at D,,., as the operating
point is identical to the maximum output power of
the thermoelectric module, which indicates that the
duty ratio D,,.x is the operating point of the boost
DC-DC converter for MPPT. Therefore, we can
transfer the maximum power of the TEG to the load
by tracking the duty ratio of the peak gain point of
the nonideal boost DC-DC converter.

Figure 5 shows the proposed MPPT circuit with a
feedback loop comprising the sampling, comparator,
and PWM circuits. Signals Vg1, Vso, and Viarcy are
the timing control signals for sampling and com-
paring the sampled load voltage. The comparator
compares the sampled output voltage for every six
clock pulses. The timing diagram of the proposed
circuit is shown in Fig. 5c. The sampling period and
the duration for comparison, T¢yce, can be varied
depending on the transient response of the boost
converter.

If the duty cycle of the input PWM pulse does
not reach the D,., point, the comparator output
becomes high because Vg is greater than Vg,. On
the other hand, if the duty cycle of the input PWM
pulse passes the D, point, the comparator output
becomes low. The duty cycle is modulated by the
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Fig. 5. Proposed MPPT circuit with feedback circuit comprising
sampling, comparator, and PWM circuits. (a) Schematic diagram

of the MPPT circuit. (b) Schematic diagram of the PWM block.
(c) Timing diagram of operation pulse signal of comparators.
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PWM block, which comprises an up/down counter
and a delay line as shown in Fig. 5b. When the
comparator output is high, the duty cycle increases
by one step. Conversely, when the comparator out-
put is low, the duty cycle decreases by one step. The
comparator output may toggle at the maximum
operating point, which could cause the duty cycle to
vary around the value of D, .. It is essential to set
the incremental value for one step increase in the
duty cycle for operation of the proposed circuit
within the tolerance margin at the peak voltage
conversion point. Figure 6 shows the configuration
of the proposed MPPT circuit with a Schmitt trigger
comparator to prevent toggling of the duty cycle
near the maximum power point. When the sampled
output voltage is less than the input voltage window
of the Schmitt trigger for two consecutive clock
pulses, it holds the duty cycle of the PWM signal
steady by disabling the counting operation of the up/
down counter. Once the up/down counter operation
is disabled, the duty ratio remains constant until
the sampled voltage exceeds the input voltage win-
dow of the Schmitt trigger.

SIMULATION RESULTS AND DISCUSSION

Figure 7 shows the calculated and SPICE simu-
lated voltage conversion ratio when the value of
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Fig. 6. Configuration of the proposed MPPT circuit with a Schmitt
trigger comparator to prevent switching of the comparator output
near the peak power point.
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Fig. 7. Calculated ideal and simulated voltage conversion ratios for
Rs/R, equal to 0.05 and 0.01.

Rg/Ry, is 0.05 and 0.01. The ideal peak conversion
gain and the duty ratio of the nonideal booster
converter are approximately 5.0 at duty of 90% and
2.2 at duty of 77.6% when Rg/R;, is 0.01 and 0.05,
respectively. The simulated duty ratio at the peak
point is approximately 73.5% and 88.6%, and the
maximum difference between the simulated duty
ratio and the ideal duty ratio is approximately 5%.
The parasitic resistances of the NMOS transistor
and the diode switch in the boost converter cause an
additional reduction in the conversion gain. This
reduction in the conversion gain is not accounted for
in the equation for the conversion gain and the
inductor current of the nonideal boost converter.
Figure 8 shows SPICE simulated voltage wave-
forms of the proposed MPPT circuit (Vy), PWM, and
comparator output signals when the load resistance
is abruptly changed from 5.2 Q to 26 Q with Vg fixed
at 12 V. The simulated maximum output load volt-
age is approximately 26.5 V and 50.2 V when the
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Fig. 8. Simulated voltage waveforms of the PWM output signal, V,
and comparator output signal on abrupt change in R_ from 5.2 Q to
26 Q with Vs fixed at 12 V.

load resistance is 5.2 Q and 26 Q, respectively. The
simulation results show that Vi, tracks the peak
conversion gain point when Ry, is abruptly changed
from 5.2 Q to 26 Q. The simulation results show
that the duty ratio of the clock pulse shifts toward
the maximum power point within 1.0 ms at start-
up, taking approximately 5 ms when the load
resistance is abruptly changed from 5.2 Q to 26 Q.
The clock frequency of the boost converter was
50 kHz during the simulation.

A TEG with a boost-cascaded-with-buck converter
configuration is commonly used for the constant-
voltage Dbattery charging mode applicable in a
thermoelectric battery storage system for use in
vehicles.®'%13 The scope of this study is limited to
showing that a nonideal boost converter model is
applicable to the MPPT for a TEG. If a constant-
voltage charging method is required, we can modify
the proposed circuit to the TEG with a boost-cascaded-
with-buck converter configuration as shown in Fig. 9.

We have shown that the proposed MPPT tech-
nique with peak gain control of boost DC-DC con-
verters provides a useful analog MPPT solution
without employing digital signal processor (DSP) or
microcontroller units to calculate the peak power
point using iterative methods.

CONCLUSIONS

We propose an analog MPPT circuit for a TEG
using peak gain control of boost DC-DC converters.
The key characteristic of the proposed MPPT con-
troller is that the duty ratio of the input clock pulse of
the boost DC-DC converter shifts toward the maxi-
mum power point of the TEG by seeking the peak
gain point of the boost DC-DC converters. Further,
we have shown that the peak gain point of the boost
DC-DC converter with an input voltage source hav-
ing internal resistance R, is the maximum power
point of the TEG employing boost DC—DC converters.
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Fig. 9. Configuration of the proposed MPPT circuit with a boost-
cascaded-with-buck converter.

The advantage of this method is that the analog
tracking method does not employ a DSP or micro-
controller unit to calculate the peak power point by
iterative methods. The simulation results show that
the proposed analog MPPT circuit is a potential
solution for enhancing the performance of TEGs.
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