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Abstract—Thermoelectric generators (TEGs) provide a unique
way for harvesting thermal energy. These devices are compact,
durable, inexpensive, and scalable. Unfortunately, the conversion
efficiency of TEGs is low. This requires careful design of energy
harvesting systems including the interface circuitry between the
TEG module and the load, with the purpose of minimizing power
losses. In this paper, it is analytically shown that the traditional
approach for estimating the internal resistance of TEGs may result
in a significant loss of harvested power. This drawback comes from
ignoring the dependence of the electrical behavior of TEGs on their
thermal behavior. Accordingly, a systematic method for accurately
determining the TEG input resistance is presented. Next, through a
case study on automotive TEGs, it is shown that compared to prior
art, more than 11% of power losses in the interface circuitry that
lies between the TEG and the electrical load can be saved by the
proposed modeling technique. In addition, it is demonstrated that
the traditional approach would have resulted in a deviation from
the target regulated voltage by as much as 59%.

I. INTRODUCTION

Energy harvesting has gained significant attention due to the
ever increasing demand for energy. Harvested energies are usually
renewable energies (such as solar, wind, etc.) or otherwise wasted
energies (like heat) [1]. Abundance and availability at no cost
make harvesting of the electrical energy out of those sources
quite attractive. One of such energy sources is heat, which can be
converted into electricity by means of thermoelectric generators
(TEGs). TEGs work based on the Seebeck effect, which converts
a temperature gradient into a voltage.

TEGs have unique capabilities, which have made them a
preferable choice compared to conventional energy sources (such
as batteries) and other energy harvesting methods (such as solar
cells). TEGs are: 1) Silent: TEGs have no moving part and are
made of semiconductor materials and hence, generate no noise
[2]. 2) Very durable: TEGs are reported to work for up to 30
years [2], which makes them ideal for remote or difficult-to-
reach locations and the outer space. For space missions beyond
Mars, TEGs are the only means of energy harvesting, since
the sunlight intensity drops significantly [3]. 3) Compact and
lightweight: Each TEG can be manufactured to be as small
as 0.bmm x 0.5mm x 100um [4]. 4) Inexpensive: The cost
of deploying TEGs compared to large generators or batteries
(considering the replacement cost) is quite low [5]. 5) Scalable:
TEG modules can be simply connected together to increase the
amount of harvested energy [2].

Despite the aforesaid appealing characteristics, TEGs suffer
from low conversion efficiency, which is imposed by two main
factors. First, the Carnot cycle efficiency, which sets a theoretical
upper bound on the conversion efficiency of thermal energy to
work, can be quite low. Specifically, this efficiency is defined
as Ncarnot = AT /Ty, where T}, is the temperature of the hot
side and AT is the temperature difference between hot and cold
sides. Clearly, when AT is small, the conversion efficiency is
quite low. For instance, 30K temperature difference in the room
temperature (300K) can provide up to 10% efficiency. The second
limiting factor is the efficiency of the thermoelectric effect. The
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overall TEG efficiency can be formulated as [2]

AT T+ 2Ty 1 "

Tn /14 ZTopg + To/Th

where Z is the TEG figure of merit and T,,, = (T}, + T¢.)/2.
State-of-the-art TEGs have Z7T,,, value of 2.1 for T,,,, = 300K
(27°C) [4]. For the same temperature difference used above, the
efficiency of this TEG is equal to only 2.8%, which is 72%
lower than that of an ideal Carnot cycle. Evidently, the efficiency
of TEGs is quite low. Low efficiency limits the usage of TEGs
to low-power applications. Note that usually the overall energy
of the source is rather low. For instance, you may consider the
heat generated from the human body. This factor also limits the
amount of harvested energy. Devices with power consumption of
100mW or less are ideal targets to be powered by thermoelectric
generators, whereas devices with higher power consumption
require larger temperature gradient in order to be powered by
TEGs.

The process of converting the temperature difference to usable
electrical energy involves two steps. First, TEGs convert the
temperature difference into an electrical voltage which is usually
not suitable for the load and needs to be regulated. Next, this
voltage is converted by an interface circuit to a regulated voltage
required by the load or the energy storage element. This process is
shown in Fig. 1. Note that in order to extract the maximum power
from the generator and transfer it to the load, the interface circuit

input resistance ( ;ﬁ;&ace) must be matched to the TEG internal

resistance (R%!"EG - This step is necessary to avoid losses in an
already-low harvested energy. .

In the prior art (such as [1], [3], [6], [7]), R}'5o was set
to be equal to the electrical resistance of the thermoelectric
module (Rr ). In this paper, we first develop an electro-thermal
model of TEGs. Using this model, an analytical methodology for
determining R7";, is presented. Next, we show that the electrical
resistance of a TEG can differ from its internal resistance by more
than 50%. This difference comes from ignoring the dependence of
the electrical behavior of TEG on its thermal behavior. Through a
case study on automotive TEGs, we show that compared to prior
art, more than 11% of power losses in the interface circuitry
that lies between the TEG and the electrical load can be saved
by the proposed modeling technique. In addition, Also, it is
demonstrated that the load mismatch can cause the planned output
voltage across the load to deviate as much as 59%.
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Fig. 1. High-level structure of a TEG harvesting system

1603



The remainder of this paper is organized as follows. Section II
describes prior work. Next, Section III presents an electro-thermal
model for TEGs and derive a methodology for determining their
input resistances. Section IV presents simulation results including
a case study on automotive TEGs (ATEGs). Finally, Section V
concludes the paper.

II. PREVIOUS WORK

Research on thermoelectric generators is mainly divided into
two parts. First, the manufacturing and assembly techniques in
order to maximize TEG’s figure of merit. Second, designing the
interface circuit for maximally transferring the generated power
to the load. The focus of this paper is on the latter part.

Much work has been conducted on designing interface cir-
cuits. Even though the electro-thermal model of TEGs are con-
structed (e.g., [8]), the internal resistance of N TEGs (R?EG’ N)
is claimed to be equal to the electrical resistance of the ther-
moelectric material and its associated contacts (Rrgg,n). This
modeling neglects the thermal resistance of TEG contacts and
its effects on Ry'gq . Here we enumerate a few examples that

consider R’y y to be equal to R v

Books [1] and [3] explain the basic equations for the amount
of power that can be extracted from TEGs. In order to maximize
the extracted power, they claim that the load should be matched
with electrical resistivity of a TEG module. Solbrekken et al.
[6] also use the electrical resistance of TEGs and adopt it as a
relation to determine the internal resistance of TEGs. Lu et al.
[7] use the electrical resistivity of TEGs to make a Thevenin
equivalent circuit. As we will explain later, since TEGs are non-
linear circuits, the Thevenin theorem does not apply to them.

III. ANALYTICAL MODELING OF TEG INPUT RESISTANCE

In this section, first an electro-thermal model of a TEG
module is described. Next, considering the contact thermal and
electrical resistances, we use this model to derive an accurate
methodology for determining R%"..

A. TEG Electro-Thermal Model

Thermoelectric generators are compact devices, which are
made of pairs of N- and P-type semiconductor pellets. Usually,
these pellets are fabricated from properly doped Bismuth Tel-
luride (BiyTes;). When a temperature difference is applied across
these pellets, current flows through pellets due to the Seebeck
effect. The direction of generated current in an N-type pellet
is opposite of that of a P-type pellet. Hence, to improve the
amount of harvested energy and increase the overall generated
voltage (Vreq), these pellets are connected in a zig-zag manner,
i.e., they are connected electrically in series and thermally in
parallel. Fig. 2 depicts a 3 x 3 array of TEG pellet pairs (a total
of 9 pairs) connected to a load, which is usually a converter
circuitry to interface between TEG and the energy storage. When
a temperature gradient is applied to this module such that the
bottom side (hot side) becomes hotter than the top side (cold
side), current flows through the load in the clockwise direction.

The total electrical resistance of a TEG pellet can be calcu-
lated as

Rrrpg = 4Rcont + Rsr, 2

where R..,; is the contact resistance plus the resistance between
a semiconductor pellet and its respective metal contact and Rgr,
is the electrical resistance of N- and P-pellets. The multiplier
factor of 4 on the first term accounts for four contact surfaces
between pellets and contacts.

The generated voltage by TEGs is called Seebeck voltage and
can be formulated as

aNAT7 (3)
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Fig. 2. A 3 x 3 TEG module connected to a load.

where ay is the Seebeck coefficient of N pellet pairs and AT
is the temperature difference across them. The heat flow rate
through the hot side of a TEG module (¢;) and its cold side (g.)
which result in the generation of current / may be formulated as

. AT 1

qn = Orson anITy, — §RTEG,NI2 and 4)
. AT 1
Gec = Orpon anIT, + gRTEG,NI? (5)

In these equations, Rrrpg,n and ©rpq,n are the electrical
and thermal resistances of IV pairs of TE pellets. In this paper, the
subscript NV denotes a parameter describing N TE pairs, whereas
parameters without it are related to only one pair. Accordingly,
we have anN = N x a, RTEG,N =N x RTEGa and eTEG,N =
Orpa/N.

Using the well-known duality between electrical and thermal
phenomena [9], an electro-thermal model of N TEGs can be
developed as shown in Fig. 3 [8]. Note that the red part shows
the thermal model, whereas the blue part designate the electrical
model.

TEG Electro-Thermal Model
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Fig. 3. Electro-thermal model of N TEGs considering the contact thermal

resistances. The thermal part is represented in red and the electrical part is shown
in blue.

In Fig. 3, Ogr, n represents the thermal resistivity of IV
super-lattice material pairs, whereas O.on¢ v shows the thermal
resistivity of metal contacts on the top or bottom of N TEGs.
Clearly, the following relation holds.

O7E6,N = Ocont,N + Osr,N = N(Ocont + Os1)  (6)

Note that each pellet is connected to two metal contacts which
can be modeled by two series resistors with the value of © .o}
however, pairs of pellets are thermally connected in parallel.
Hence, the overall contact thermal resistance for a pair of pellets
is equal to O,ppy-

2015 Design, Automation & Test in Europe Conference & Exhibition (DATE)



B. Maximum Power Transfer

As can be seen in Fig. 3, a TEG is subjected to a temperature
differential through its metal contacts. The thermal and electrical
contact resistances of TEGs are not negligible [4]. The contact
thermal resistance (O ..,,¢, n) causes the temperature at surfaces of
a TEG module (i.e., T’ and T}) differ from the temperature on the
N- and P-type pellets (1 e., T. and T3). Assuming that 77 and T},
are set externally, values of T, and T}, become dependent on the
parameters of TEG shown in the thermal part. Consequently, this
affects the internal resistance of the TEG. In order to determine
the internal resistance, the usual procedure consists in deriving a
Thevenin equivalent circuit. However, the electro-thermal model
of TEGs is a non-linear circuit. The non-linearity is produced
in the thermal part, where a current-controlled voltage source
generates a voltage that is a quadratic function of the current I
in the electrical circuit. Hence, the Thevenin’s theorem cannot be
applied to this circuit.

Therefore, we directly find the load resistance seen by the
TEG module that maximizes the power consumed in the load.
Note that the maximization of conversion efficiency of TEGs is
a different objective. Efficiency is maximized for large values of
the load resistance [10]. However, since the TEG source energy
(i.e., heat) is available for free, the conversion efficiency is not
of interest and hence the objective is to maximize the power
transferred to the load.

Suppose the interface circuit has the input resistance RZ Face
seen from the outputs of the TEG module. Vg and I denote
the voltage and the current, respectively, at RZ"ace Clearly, the
following optimization problem should be solved to find the
optimal R!} _ (called R!}* ).

iface iface

z?;ce = argmaX{ngEc/Rz?ace} )

iface

According to the maximum power transfer theorem [10], the
internal resistance of TEG module (R’ZZLEQ ) should be equal
© Fiface: . .

Using the nodal analysis, Vrpg as a function of I can be
calculated as shown below.

N AN R0 Osi,N "
TEG =\ Rin + Rrea,N

iface

(T/1 — T 4 an1O®cont, N (I*Ocont, N Rrec x + T, + Té)) ®
20cont,N + OsL,N — OC?VIQGEOHLN@SL,N
As expected,
in
lim VTEG = aN(T,Q - T;)# (9)

Ocont—0 i face + RTEG N

indicating that as the thermal contact resistance tends to zero, T,g
and 77 approach T}, and T, respectively.

Note that we also have
(10)

_ in
Vree = —1 iface*

Solving the system of equations comprised of (8) and (10)
yields an equation for Vrgq independent of /. By substituting
the derived Vg into Eq. (7) and solving the resulting equation,
we obtain three solutions of which only one is real valued. This
real solution has a closed-form expression in terms of TEG
parameters; however, it is lengthy and we omit it for brevity.

e (or equivalently R7':.),

Using the derived value for R}
maximum power extraction (MPEg can be performed for TEGs.

IV. SIMULATION RESULTS
A. Simulation Setup
In this paper, we considered a thermoelectric module made
by Kryotherm called TB-127-1.4-1.2 [11]. Physical parameters of
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this module are as follows. N = 127, « = 418.8uV/K, Rrgc =
12.6mQ, Ogr, = 190.3K/W, and O .0pt = 57.2K/W.

Synopsys HSPICE was used for performing circuit simula-
tions. After developing the method for determining Riy'nq v
we verified the theoretical analysis by comparisons with SPICE
simulations. Perfect agreement was observed.

B. Simulation Results

Sensitivity analysis: We perform sensitivity analysis on the
TEG internal resistance to see how TEG parameters affect the
it. The baseline value is Rrpan = 1.6Q (Rreg X N).
Accordingly, we measure how much Rrpg v differs from the
actual internal resistance (R7'5q y) by reporting AR/ RY'y¢; v,
where AR = RiT”EG, ~ — BrEg,n. We refer to this metric as
resistance mismatch ratio.

In all analyses, the TEG parameters presented earlier are fixed
and T/ and T} are set to 27°C and 57°C, respectively. Then, one
or two parameters are selected at a time and varied. Note that
the figure of merit introduced in Section I is defined as Z =
a?*Orpc.~n/Rrec, n- This means that increasing o and O ga, v
and reducmg RTEG’ ~ improve the figure of merit of a TEG.
Accordingly, we change these parameters and study their effect
on Ri'pq n-

First, we select N and Ry pg parameters for analysis. How-
ever, it turns out that these parameters affect both R7'p n and
Rrpa, N in the same way. In other words, AR/ RT 'm. N Temains
constant. Next, we change the value of «. The result of this
analysis is shown in Fig. IV-B. As can be seen, the resistance
mismatch ratio increases almost linearly with incrementing o.

0.4 T T T

0.35

vl -
g 0B
4
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Fig. 4. Sensitivity analysis of resistance mismatch ratio on the Seebeck
coefficient
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Fig. 5. Sensitivity analysis of resistance mismatch ratio on the TEG contact and
supper-lattice thermal resistivity
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Fig. 6. Sensitivity analysis of resistance mismatch ratio on the hot and cold site
temperatures of a TEG module

Next, we consider ©g;, and O.,,:. As observed in Fig.
3, these two parameters realize a voltage divider between 7
and Tj. Hence, we analyze them together. Accordingly, we
choose three values for O.,,,; and vary ©gy, to investigate how
changing the ratio of ©gy,/©..n: affects the resistance mismatch
ratio. Fig. IV-B depicts the result. As illustrated, growth of
both parameters increases the resistance mismatch ratio; however,
parameter O.,,; has more noticeable effect. This complies with
our expectation; increasing ©O..,; results in larger difference
between temperatures on TEG contacts (7, and 7}) and TEG
super-lattices (7. and T3).

Note that usually the value of «, Ogr, and Rprpg are
physically correlated [1]. That’s why fabricating TEGs with large
figure of merit is difficult. In this paper, our aim was to forecast
the effect of using TEGs with larger figure of merit values on the
resistance mismatch ratio.

Finally, we consider the effect of varying temperature. Fig.
IV-B shows the result of changing 7}, and AT" =T} —T on the
resistance mismatch ratio. As can be seen, changing 7. has more
significant effect on the resistance mismatch ratio compared to
AT’. On the other hand, AT" is the key parameter (along with
«), which determines V. With radical change in temperature,
Rrpa, v would be more than 50% smaller than the actual internal
resistance (R n)-

A case study on ATEGs: In order to show the effect of
resistance mismatch reported above, consider the case where 77/
and AT’ are selected as 700°C and 70°C, respectively. These
temperature values (and even larger values) are common in
automotive thermoelectric generators (ATEGs), where the heat
generated by the internal combustion engine is converted into
electricity [1], [3], [12], [13]. Also, consider the case where
Vo = 1.8V is desirable at the output of the interface circuitry
attached to the TEG module.

For a temperature difference of AT’ = 70°C, the TEG
generates an open-circuit voltage of V3%, = 2.32V and presents
an internal resistance of Ri}lEG‘ N = 3.24Q. Therefore, the
maximum power that can be obtained from the TEG is 415.3mW
(=Vq‘3‘E’G2 / (4R§}"ace)), provided that R, .. = 3.24Q.

Now we consider how would the extracted power and the
output voltage change, if we did not properly calculate the
internal resistance. In this case, a Thevenin equivalent circuit
would be derived, comprising a generator voltage of 3.72V by
using Eq. (3) and an internal resistance of 1.6). The voltage
across the load matched to the internal resistance (i.e., 1.652)
would then be 1.86V. The result of this analysis would be the
fact that no interface circuitry would be required, because the
output \\/loltage is already close enough to the desired voltage,

i}
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With the assumptions explained earlier, a load resistance
Ry, = 1.652 connected at the output of the TEG module, would
cause two major problems:

1) Vo mismatch: The voltage across the load is equal to 0.768V.
This value differs from the target output voltage of 1.86V by
about 59%. This shows that a 50% load mismatch results in
larger output deviation from what was planned.

2) Power loss: The power transferred to the load is equal to
368.2mW. This value is lower than the maximum power that
could be extracted by more than 11%.

This example illustrates the importance of proper modeling of
TEGs to achieve maximum power extraction.

Note that temperature can be changed during the operation
of a TEG and hence affects its internal resistance. As a result,
during the design stage, the range of temperature change should
be determined, and accordingly a maximum power point tracking
(MPPT) system would be required to dynamically adjust the input
resistance of the interface circuit. Also, note that if temperature
difference changes, Vg also varies. When the input voltage and
the input resistance of an interface converter change simultane-
ously, it would be difficult to adjust with these changes. Standard
MPPT techniques with proper modification can be used to address
this issue (for instance, see [5].)

V. CONCLUSION

In this paper, it was analytically shown that the effective
internal resistance of TEGs can vary from its electrical resistance
by more than 50%. This difference comes from ignoring the
dependence of the electrical behavior of TEG on its thermal
behavior. Accordingly, a systematic method for accurately deter-
mining the TEG input resistance was developed. Next, through a
case study on automotive TEGs, it was shown that our method
can avoid significant power loss and large voltage error across
the load due to the load mismatch.
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