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The Seebeck effect is used in thermoelectric generators (TEGs) to supply
electronic circuits by converting the waste thermal into electrical energy. This
generated electrical power is directly proportional to the temperature differ-
ence between the TEG module’s hot and cold sides. Depending on the appli-
cations, TEGs can be used either under constant temperature gradient
between heat reservoirs or constant heat flow conditions. Moreover, the gen-
erated electrical power of a TEG depends not only on these operating condi-
tions, but also on the contact thermal resistance. The influence of the contact
thermal resistance on the generated electrical power have already been
extensively reported in the literature. However, as reported in Park et al.
(Energy Convers Manag 86:233, 2014) and Montecucco and Knox (IEEE Trans
Power Electron 30:828, 2015), while designing TEG-powered circuit and sys-
tems, a TEG module is mostly modeled with a Thévenin equivalent circuit
whose resistance is constant and voltage proportional to the temperature
gradient applied to the TEG’s terminals. This widely used simplified electrical
TEG model is inaccurate and not suitable under constant heat flow conditions
or when the contact thermal resistance is considered. Moreover, it does not
provide realistic behaviour corresponding to the physical phenomena taking
place in a TEG. Therefore, from the circuit designer’s point of view, faithful
and fully electrical TEG models under different operating conditions are
needed. Such models are mainly necessary to design and evaluate the power
conditioning electronic stages and the maximum power point tracking algo-
rithms of a TEG power supply. In this study, these fully electrical models with
the contact thermal resistance taken into account are presented and the
analytical expressions of the Thévenin equivalent circuit parameters are
provided.

Key words: Thermoelectric generator (TEG), constant temperature gradient,
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INTRODUCTION

In recent years, energy harvesting technologies
appeared as a solution to satisfy the power-supply
requirements of a large variety of devices such as
wireless sensors and biomedical devices.! Free
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availability of heat makes harvesting energy from
it one of the most viable sources of electricity.®?
Thermoelectric generators (TEGs) directly convert
heat into electrical energy based on the Seebeck
effect.*® TEGs have gained considerable attention’
due to their noiseless operation, stability, and
absence of moving parts, thus providing high reli-
ability and facilitating their implementation.®?
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Therefore, TEGs are used to recover waste heat in a
wide range of applications, ran§ing from low power
(autonomous wireless sensors'’ and battery char%—
ing'') via medium power (automotive,'? stoves,®
and hybrid photovoltaic-TEG systems'*) up to high
power (geothermal power generation'®).

A TEG module is made of two dissimilar semi-
conductors: p- and n-type, which are electrically
connected in series, to generate a higher voltage and
a higher electrical power, and thermally in parallel
to keep each semiconductor element at the same
temperature difference. These semicondutor ele-
ments are usually arranged in a planer array and
fastened between two ceramic hot and cold plates.'®
The basic structure of a TEG formed by the
association of three semiconductor p—n junctions
with the electrical load connected to its terminals is
presented in Fig. 1. For a given temperature differ-
ence between the hot and the cold sides, heat flows
through the TEG module as presented in Fig. 1.'7
The circulation of heat flow through the semicon-
ductor elements causes a displacement of electrons
and holes in opposite directions and, therefore, the
generation of an electrical current I passing through
the connected load Ry.®

The physical effects that appear in a TEG module
when subjected to a temperature difference are the
thermal conduction and the Seebeck, Peltier, and
Joule effects.'® The Thomson effect is commonly
neglected when all considered physical properties of
a TEG module are temperature independent.'®2!
The heat flow rates through the hot side @z and the
cold side Q¢ of a TEG module, are expressed
respectively by:

Ty -Tc

1
QH = 0 +O(THI—§REI2. (1)

Ty —-Tc

Qc o

+aTel + %RElz. (2)
where Rr and 0,, are the electrical and thermal
resistances of N pairs of p—n elements, respectively,
and o is the Seebeck coefficient of the TEG module.
Ty and T denote the internal hot and cold side
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Fig. 1. General structure of a TEG module.

temperatures at the terminals of the p and n
elements. T}, and T in Fig. 1 are the external
temperatures applied on both hot and cold sides of
the TEG module.

Depending on the applications, TEGs can be used
either under constant temperature gradient or
constant heat flow conditions. In the first case, the
temperature difference AT" across a TEG module is
considered constant over time, even though its
value slowly evolves with variable environmental
conditions. On the other hand, the constant heat
flow conditions imply that the input heat flow @ is
considered constant over time. Moreover, the gen-
erated electrical power of a TEG depends not only
on the working conditions (constant temperature
gradient or heat flow), but also on the contact
thermal resistance. The influence of these contact
thermal resistances on the TEG’s generated electri-
cal power and its efficiency in different operating
conditions have already been discussed in the
literature.?>~2% Indeed, the thermal contact plates
placed on the both sides of the TEG present an
interface between the surrounding environment
and its semiconductor elements and have a finite
thermal resistance. If its value is high or not
negligible, the semiconductor elements can perceive
a different temperature gradient or a heat flow than
the ones really applied on the both sides of the TEG
module. However, while designing TEG-powered
systems, the TEG module is mostly modeled with a
simplified Thévenin equivalent circuit whose resis-
tance is constant and equal to the TEG’s electrical
resistance and voltage is proportional to the tem-
perature gradient applied to the TEG’s terminals,
where the coefficient of proportionality is the See-
beck coefficient. This widely used simplified electri-
cal model of TEG provides approximated,
inaccurate, and often unrealistic behaviour because
the parameters of the thermal environment and
those of TEG are not fully taken into account. On
the other hand, the recent studies on TEG mod-
elling provide accurate and realistic behaviours
through electro-thermal models.?*?® Therefore,
from the circuit designer’s point of view, a faithful
and fully electrical model under different working
conditions (constant temperature gradient or heat
flow) is needed. In this study, these fully electrical
models of the TEG module with the contact thermal
resistance taken into account are presented and the
analytical expressions of the Thévenin equivalent
circuit parameters are provided. By providing a
realistic fully electrical TEG model reflecting differ-
ent working and environmental conditions, the
benefits are twofold: first, the design of TEG-pow-
ered circuits and systems is simplified and more
realistic (system modeling and simulation), and
second, the harvested thermal energy can be max-
imized by associating to the models the most
adapted maximum power point tracking (MPPT)
techniques, whose efficiency relies on the faithful-
ness of the used electrical models.
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The main contributions of the present work can
be summarized as follows:

e The unified approach allowing to model a TEG
module with or without contact thermal resis-
tance, regardless the working conditions, as a
Thévenin equivalent circuit whose parameters
are function of these working conditions and the
TEG’s module properties;

e The fully electrical model of the TEG module
under constant temperature gradient conditions.
Although some recent studies®*?* have already
addressed the electrical behaviour of the TEG
module under constant temperature gradient
presenting partially the equivalent electrical
model, the model proposed in this work is fully
electrical and fits to the wunified approach
described above;

e The fully electrical model of the TEG module
under constant heat flow conditions. This is the
major and most original contribution of this
work. To the best of our knowledge, a Thévenin
fully electrical TEG model under constant heat
flow has never been presented before in the
literature. Montecucco et al.?® discovered exper-
imentally the polynomial relationship between
the load voltage and the TEG’s terminals tem-
perature gradient without identifying analyti-
cally this relationship in function of the TEG’s
parameters and working conditions.

This paper is organized as follows. The fully elec-
trical TEG models under constant temperature
gradient and constant heat flow conditions, without
and with contact thermal resistance taken into
account, are presented in “TEG Electrical Modeling
Under Constant Temperature Gradient Conditions”
and “TEG Electrical Modeling Under Constant Heat
Flow Conditions” sections, respectively. In the “Re-
sults and Discussion” section, the presented models
are discussed and validated through simulation.
Finally, the “Conclusion” section concludes this
paper giving some perspectives for future works.

TEG ELECTRICAL MODELING UNDER
CONSTANT TEMPERATURE GRADIENT
CONDITIONS

In this section, an equivalent fully electrical
Thévenin model of a TEG module without contact
thermal resistance is first described. Next, consid-
ering the contact thermal resistance, the modified
fully electrical TEG model is presented.

TEG Electrical Modeling Without Contact
Thermal Resistance

As the contact thermal resistance is not consid-
ered, the thermal gradient AT" applied on both hot
and cold sides of a TEG module is the same as the
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thermal gradient AT at the terminals of its p and n
elements (see Fig. 1), consequently:

AT = (Ty —T¢) = AT = (T — To). (3)
The open circuit voltage of the TEG module is
proportional to the temperature gradient across it.

The proportionality factor is the Seebeck coefficient
o of the TEG module:

VOC =aAT. (4)

AT'=cnst,0,=0

where o = o, — o, o, and o, are the Seebeck coef-
ficients of p and n semiconductor elements,
respectively.

The output voltage of the TEG module is defined
with:

Vo = oAT — Rgl. (5)

AT"=cnst,0.=0

The electrical power supplied to the load Ry, is the
difference between the input and output heat flow,
which can be also defined as the product of the
output voltage of the TEG module Vy and the load
current I:

P :RLIZZQH—QC:OCATI—REI2.

AT'=cnst,0,=0

(6)
Consequently, under constant temperature gradient
conditions, the TEG module without contact ther-
mal resistance 0. can be electrically modeled by an
equivalent constant voltage source V,, in series with
an equivalent internal resistance R,;:

= oaAT = aAT". (7)

Veq
AT'=cnst,0.=0

— Ry (8)

R =
| AT =cnst 0,0

The equivalent Thévenin circuit with the param-
eters V., and R,, presented with Egs. 7 and 8,
respectively, is the electrical TEG model commonly
used in the literature in the TEG-powered electron-
ics circuit and system designs.’?® As seen from the
previous demonstration, this electrical TEG model
is only valid under constant temperature gradient
conditions and does not consider contact thermal
resistance, thus greatly approximating the realistic
behaviour of the TEG module.

TEG Electrical Modeling with Contact
Thermal Resistance

In prior research works on thermoelectric power
generation systems, the temperature gradient
across the thermoelectric module is considered
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Fig. 2. Thermal modeling of the TEG module with contact thermal
resistance.

constant independently of electrical current levels
drawn by the connected load R;. In fact, the waste
heat is transferred from the environment to the
semiconductor elements of the TEG module though
the contact plates, since it is at the origin of the
thermal contact resistance 0.. Because of this
contact thermal resistance 0., the thermal gradient
AT' = (T — T,) applied on both hot and cold sides
of  the TEG module is “seen” as
AT = (T — T¢) <AT' at the terminals of the p and
n semiconductor elements.

Using the duality between electrical and thermal
phenomena, a thermal modeling of the TEG module
with contact thermal resistance can be represented
as in Fig. 2.'° This duality allows representing the
temperature by an electrical voltage, the heat flow
by an electrical current, and the thermal resistance
by an electrical resistance.

The main goal of using the above mentioned
electro-thermal duality is to model the TEG module
as an equivalent Thévenin circuit (fully electrical
model). To achieve this, the same approach is used
throughout the paper: the electrical power of the
TEG module is derived and presented as more as
possible under the following form P = V,,I — R,,I?,
where V., is the equivalent Thévenin generator and
R., is the corresponding equivalent resistance
respectively. In the further discussion, 0,, is the
thermal resistance of N pairs of p and n semicon-
ductor elements, whereas 0, is the contact thermal
resistance of contact plates on the top and the
bottom of the p and n elements. Each junction
formed by p and n elements is connected to two
metal contacts from the top and bottom (see Fig. 1),
which can be modeled by two series resistors with
the value of 0./N.?’

From Fig. 2, the expression of the heat flow
through the metal contacts on the hot side of the
TEG module can be written as:

T, -T
QH:HTH' (9)

This heat flow is equal to the one flowing through
the TEG module (see Eq. 1), which allows writing:
Ty + 00, Tyl —%RE()ml2 — TC . T}I — Ty
Om 0

(10)

The difference between @y and Q¢ (Egs. 1 and 2)
provides the relationship between the heat flow
difference and the power transmitted to the load Ry.:

Q—-Qc=1-Vp (11)

0,40

where Vo] o 1s the output voltage at the terminals
of the load B.

When considering the contact thermal resistance,
and following the same analysis to determine the
expression of the heat flow through the metal
contacts on the cold side of the TEG module, it can
be deduced from Fig. 2:

Ty —Ta Tc—-Tg
- =V I 12
0. 0. 0 0.0 (12)
Knowing that Ty = AT+ T¢, the temperature

applied at the cold side of the p and n semiconductor
elements is:

5 I+ AT -T, - T,
0, VO 00 + H C (13)
2

By replacing T¢ by its expression in Eq. 10, the
expression of the thermal gradient at the terminals
of the p and n elements with contact thermal
resistance can be given by:

To = -

1
AT _ ( )
AT'=cnst,0.#0 %0c O I + O + 20,
X {00 Hm[(aec VO —|—RE)I2 (14)
040
+ Vo, == (Th + Te)I + 0 AT,
It should be noted that AT|,, ... o is load

current-dependent.
The output voltage across the load R; can be
defined by the following expression:

A — .
Vo 0,40 T’AT’:Cnst,(?C;éO Rl (15)

By substituting Eq. 15 in Eq. 14, the thermal
gradient at the terminals of the p and n elements
becomes:

AT

1 >
- 2
AT'=cnst,0.#0 (“2 Qc O 12— Om — 20,
X {aRE0§9m13 +‘“009m( 1/11+T/C)179mAT/}
(16)

Therefore, the open circuit voltage generated by the
TEG module is expressed with:

= A =
VOC AT AT'=cnst,0.#0 (I 0)

AT'=cnst,0.#0 (A7)

O y
=20,

The output voltage across the load Ry can be
expressed by:
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Vv B o Ry, AT|AT’:cnst,()caé0
© - RL+R
AT"=cnst,0.#0 L E
9 Rp0y [0, 1(Rg0, I? + Ty + Ty) — AT']
~ (RL+Rgp)(22020,12 — 0,, —20,)

(18)
with:

Vo |AT’:cnst,6)cyé0

R = 7 . (19)
By substituting Eq. 19 in Eq. 18, the resulting
expression of the output voltage as a function of
the load current I is derived:

Vo

: >
= 2
AT'=cnst,0.#0 <a2 HC Om 12— Om — 206, (20)
x {[0% 0c O (Tyy + T) + R (O +20.)]1
— 00, AT'}.

The electrical power generated by the TEG module
is defined as the product of the output voltage Vy
with the load current I, and can be expressed with
the following expression:

ey
AT’ =cnst,0.£0 o2 O Om I? = O — 20c (21)
x {[0% 0c O (Thy + T¢) + R (O, +20.)] I
— o0, AT'T}.
As expected,
lim P‘ - P‘ L (22)
0.0 | AT =cnst 0,70 AT'=cnst,0,=0

Knowing that when the contact thermal resistance
converges towards zero (6, — 0), the thermal gradi-
ent AT is equal to AT (Eq. 3).

Equation 21 does not allow expressing the elec-
trical power generated by the TEG module in the
desired form with equivalent voltage and resistance,
as was the case without contact thermal resistance
(Eq. 6). For these reasons, an approximate expres-
sion of the electrical power can be proposed. This
can be achieved by neglecting the term o? 02 0,, I?
behind 6, + 2 0.. The V-I characteristic of the TEG
module with the contact thermal resistance is
nonlinear, due to the term o2 0% 0,, I?. Analytically,
this non-linearity occurs for large values of the load
current greater few orders of magnitude than the
short-current value Igc, which explains why this
term can be neglected. Moreover, the V-I charac-
teristic is linear for positive values of the load
current, I > 0. This approximation is also justified
by the order of magnitude of o> ~ 10~* | whereas the
order of magnitudes of other parameters is about
unity. By applying this approximation to Eq. 21, it
becomes:
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P

AT"=cnst,0.#0

If we apply the same approximation to Eq. 20, the
output voltage Vo of the TEG module becomes:

O

~ !’
= 70’” 20, o AT
AT'=cnst,0.#0 (24)

o2 0,0,
—[Re + (Ty + Te)I

Vo

Om + 20,

Consequently, under constant temperature gra-
dient conditions, the TEG module with contact
thermal resistance 0, can also be modeled by an
equivalent constant voltage source V., in series with
an equivalent internal resistance R., (Thévenin
equivalent circuit):

Oy

Ve =oAT —2 . 25

q ’AT/:cnst,F)c;éO * 0 + 20, ( )
#2000 (Tl + ')

Req ‘AT/:cnst.OﬁéO - RE + Om + ZOC (26)

Conclusion

To conclude this section, one can summarize the
results of the proposed unified approach to model
the TEG module as a Thévenin equivalent circuit
under constant temperature gradient conditions.
The equivalent electrical model of the TEG module
under constant temperature gradient conditions can
be represented as in Fig. 3, where V., and R, are
given by Eqgs. 7 and 8 for the model without contact
thermal resistance, and by Eqgs. 25 and 26 for the
model with contact thermal resistance.

Vo

Fig. 3. Equivalent electrical model of the TEG under constant tem-
perature gradient conditions.
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TEG ELECTRICAL MODELING UNDER
CONSTANT HEAT FLOW CONDITIONS

In most practical applications, as in the case of
thermal energy recovery systems for automobile
exhaust gas, the TEG module is subject to a constant
thermal input flow instead of a constant temperature
gradient. This is designated as ”constant heat”
operatlon conditions in the literature. Kumar
et al.?® observed a significant difference between
the electric power generated by a TEG module with
an exhaust gas flow rate and with a temperature
gradient. Even if the available input thermal heat
flow changes over time, its rate of variation will be
few order of magnltude slower than the dynamic
electrical response of the TEG module.?®

In this section, by applying the same approach
used in the previous sections for the TEG module
under constant gradient conditions, the equivalent
fully electrical models of the TEG module without
and with contact thermal resistance under constant
heat flow conditions are presented. In both cases,
the input thermal power Qg flowing through the
TEG module and the cold source temperature T},
are assumed constant throughout this discussion. In
most TEG systems, the cold side temperature
remains almost constant with relatively small
chan nges in thermal power flowing into the cold
side.””> Moreover, to the best of our knowledge, no
fully electrical TEG model under constant heat flow
conditions has been previously presented in the
literature.

TEG Electrical Modeling Without Contact
Thermal Resistance

Given that the contact thermal resistance 0, is not
taken into account, Eq. 3 is verified. Moreover, from
Eq. 1 it can be obtained:

 1RpOLI® — a0, T + 0, Q
Qu=cnst,0,=0 o 1+ ab,,1 '

The open circuit voltage V¢ of the TEG module is
expressed with:

AT

(27)

Voc

=0 AT‘
Qpy=cnst,0.=0
= OCHmQH.
The electrical power delivered by the TEG module is
defined by:

Qu=cnst,0,=0I1=0 (28)

| = AT - Rgl?
Qm=cnst,0.=0 Qp=cnst,0.=0
~ 0 R5I° — (R + 20, TR + 20, Qul
N 1+ alp,1

(29)
An approximate expression of this electrical power

can be proposed by using the development of
Maclaurin up to the 4th order:

= 0Qpu0nI — {RE + o*Qy0?

Qy=cnst,0.=0
oRg0,
+ 220, T — 5+ a0, Te + 20, Qu)l - (30)
’R 9
[493 c+“4QH9;Ln o E ]12}12

Consequently, under constant heat flow conditions,
the TEG module without contact thermal resistance
can also be modeled by an equivalent constant
voltage source V,, in series with a variable equiv-
alent internal resistance R., (Thévenin equivalent
circuit):

Veq Qu=cnst,0,=0 - OCHMQH- (31)
Req ‘QH:cnst.G.:O ~Rg+ “2QH9,2,1 + OﬁemT/C
oRg0p,
- [ 4 AP0, Te + 20, Qull (32)
2 2
+ (003 T, + o*Qu0y, + “RTEH'"}IZ.

TEG Electrical Modeling with Contact
Thermal Resistance

Using the expression of the thermal gradient at
the terminals of the p and n elements under
constant heat flow conditions given by Eq. 27, and
knowing that T}, is different from T when consid-
ering contact thermal resistance, the thermal gra-
dient at the terminals of the p and n elements with
contact thermal resistance can be expressed as:

_ 1Rg0,I% — 0.0, TcI + QO
Qr=cnst,0.#0 1+ ab,,1

By substituting the expression of T given by Eq. 13
in Eq. 33, we obtain:

~(ares)
Qy=cnst,0.#0 achI + 2
X {(On(Rg +20.Vo

+ 2QH0m}

AT‘ (33)

AT

, #0)12 — 00 (T + Te)I

(34)
However, this thermal gradient must be expressed
only as a function of @y and T,. From Eq. 9 we can
write:

I/LI =Ty + Qul. = AT + T¢ + Qyo.. (35)
and from Eq. 12:
Te=-0.Vo . ;éOI + T&v + Qyo.. (36)
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By substituting Eq. 36 in Eq. 35, and then by
substituting the result in Eq. 34, the thermal
gradient across the p and n elements becomes:

1
(i)
Qu=cnst,0.#0 1 + O(@mI
1

X {0m(GRE +20:Vo 90#0)12 — 00 (Te + Qu0.)I
+ QuOn }. (37)
As expected, under constant heat flow conditions:

lin%) AT = AT (38)

Qy=cnst,0.#0 Qy=cnst,0.=0

The open circuit voltage of the TEG module is
given by:

= oaAT
Qy=cnst,0.#0

Voc

I
Qpu=cnst,0.#0 (39)

= O(OmQH.
By following the same analysis used for the determi-
nation of the output voltage in “TEG Electrical
Modeling with Contact Thermal Resistance” section,
the output voltage of the TEG module can be obtained:

Vo

1
B <a2060m12 — ] — 1)
Qp=cnst,0.#0

x { %«REGMF + (Rg + 020, Tp + #2Qp0:0,0)1
— OCQHOm}. (40)

By the same, the electrical power generated by
the TEG module is given by:

p

1
- (ocZHCQmIQ — 4l — 1)

Qy=cnst,0.#0

x { %OﬂREQmI3 + (Rg + o2*0nT( + *Qp0.0m)I?

- aQHemz}. (41)

Similarly, using the development of Maclaurin up to
the 4th order, the expression of the electrical power
can be approximated with:

P ~ 0Qu0nl — {Rp + %0.0nQn

Qy=cnst,0.#0

+ 0202 Qy + 220, T, — [

—“R‘; Om o3 02 T},

+ o205, Qur + 20702, 00Qm | I + |05, T + #*Qu
2 2
+ % + 2RO 0, + 0402 0.Qp (0. + 30,,)

+ a49§n@§Tg} 12 }12. (42)
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The choice to develop only up to the 4th order
using Maclaurin series can be justified by the
results reported by Montecucco et al.?® where a
quadratic relationship between the TEG’s output
voltage and the temperature gradient has been
observed experimentally. If this nonlinear voltage
relationship is transposed to the power, the four
order polynomial current dependence is obtained.

As expected, under constant heat flow conditions:

lim P
0.—0

=P
Qu=cnst,0.#0

(43)

Qy=cnst,0.=0

Applying the same development of Maclaurin to
Eq. 40, the output voltage of the TEG module becomes:

Vo ~ 9Qu0n — {Rp + 92000 Qu

Qp=cnst,0,#0

+ ocZH,ZnQH + ocz(JmTéj — {

o T,

+ 05, Qu + 26°02,00Qu |1 + [#05, T + #*Qu 0,

) 2
2 2 Ry0,0, + 5402 0@ (0, + 30,)

ot 05, 02T | 2. (44)

Consequently, under constant heat flow conditions,
the TEG module with contact thermal resistance can
also be modeled with an equivalent constant voltage
source V., in series with a variable equivalent
internal resistance R,, (Thévenin equivalent circuit):

Veq Qu=cnst.0£0 “On Q- (45)

R ~ Rg + oCZBCQmCQH + 052072nQH

oRg0
—; 74 ocSH,zn o+ a30§nQH

«*Rp0?,
2

e Qu=cnst,0,#0

+ 020, T — |
+ 20302 0.QuI + [0*03 Tl + o*Qp 0% +

+ 2RO 0. + 002 0.Qw (0. + 30,,)
+ 03 02T )12 (46)

R Vo

Vo i)

Fig. 4. Equivalent electrical model of the TEG module under con-
stant heat flow conditions.
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Table I. Summary of electrical modeling of the TEG module under constant temperature gradient and heat

conditions
Constant AT’ Constant Qg
Veq R, Veq R,
0. =0 oAT' Rg 20, Qpr Rg + 02Qp 02 + 420, Ty, — [Reln 1
2302 Ty + 0303 Qu)I + (003 Tt
QoY + ZRela
0 #0 oot AT Ry 4 0 T 1) ) Rp + 02000, Qe + 020, T, + 0202 Qy — [l

+“30?nT£? + 0639§nQH -|2- ZafﬁiHCQH}I-F
[0640517% + OC4QH9;L,£ + LLL A R2Egm + OCZREemec
+040% 0.Qp (0. + 30,,) + 003 02T |12

Table II. Numerical values of the TEG used in simulations

Parameter Value Description

N 127 Number of p—n pellets

o [V/K] 0.0531876 Seebeck coefficient

Ry [Q] 1.6 Electrical resistance

0,, [K/'W] 1.498 Thermal resistance

0. [K/'W] 0-1.5 Contact thermal resistance on the top/bottom of TEG
Ty K] 368 Temperature at the hot side

T [K] 298 Temperature at the cold side

Qu [W] 70

Heat flow

5 %]

P

Praz(0c

10 20 30 40 50 60 70 80 20 100

Tscto=o %)

Fig. 5. P = f(l,0¢) under constant temperature gradient conditions,

where Is¢ is the short-circuit current.

Conclusion

To conclude this section, it is important to under-
line one of the major contributions of this paper: a

1001 Py B=0 [
o ‘0., B=6.7
oMok ‘h“S:::; S B=134
£ {8 ———3=30
%, K S B = 668
80f- < ‘k“ 4=100]
K * & e =0
g * i\o 8=67
o, X % * f=134
= 60f >§< g + B8=30 [
Il N g sk B=668
Q ibj X \0 8 =100
: Rt
of dof §

Vi
20f %
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Fig. 6. P = f(l,0.) under constant heat flow conditions.

TEG module under constant heat flow conditions
can also be represented as in Fig. 4, by an equiva-
lent Thévenin electrical model where V., and R,
are given by Egs. 31 and 32 for the TEG module
without contact thermal resistance, and by Eqgs. 45
and 46 for the TEG module with contact thermal
resistance.
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RESULTS AND DISCUSSION

Table I summarizes the analytical expressions of
the parameters for the fully electrical TEG models
(Thévenin equivalent circuit) detailed previously. It
includes the expressions of the equivalent open
circuit voltage and the equivalent internal resis-
tance of the TEG module under constant tempera-
ture gradient, and constant heat flow conditions
with 6, = 0 and with 0, # 0.

Under constant temperature gradient conditions,
as seen from Table I, the equivalent open-circuit
voltage of the TEG module with the contact thermal
resistance taken into account is lower that the one
in the absence of the latter. Apertet et al. observed
in?? a decrease in the open-circuit voltage due to an
additional term depending on the load current and
TEG’s parameters including the contact thermal
resistance 6,. However, from the electrical model-
ing’s point of view, the equivalent Thévenin gener-
ator which represents the open-circuit voltage of the
TEG module in the absence of the load current,
should not be load current dependent, as was
presented in?? (Eq. 11 in®?). In the presented fully
electrical TEG model, the equivalent voltage source
is constant for a given temperature gradient and is
valid regardless the value of the load current. On
the other hand, the equivalent electrical resistance
of the TEG module with the contact thermal
resistance taken into account is larger than without
it. The additional term presented in Table I depends
on the thermal resistance, Seebeck coefficient, and
operating conditions of the TEG module. This term
has also been identified by Apertet et al.?? in terms
of the figure of merit ZT, electrical resistance Ry ,
and thermal conductances.

Under constant heat flow conditions, the results
presented in Table I show that there is no difference
between the equivalent open-circuit voltage of the
TEG module with and without the contact thermal
resistance taken into account. However, the relation

of the TEG’s equivalent electrical resistance (see
Table I) is non-linear and it depends on both the
TEG’s parameters and the load current. However,
this resistance is composed of constant load current
independent (first three terms of the equivalent
resistance expression in Table I) and load current
dependent terms (the rest of the expression). It can
be noticed that this equivalent electrical resistance
in open-circuit conditions (I = 0) without consider-
ing the contact thermal resistance is greater than
the Rg, which is the equivalent resistance under
constant temperature gradient conditions. There-
fore, from the presented electrical model it can be
also deduced that the output voltage delivered to
the load is a non-linear function of the load current
and the TEG’s parameters. Montecucco et al.
observed in®® this non-linear variation of the TEG’s
output voltage and expressed it as a function of the
load current, temperature gradient and constant
polynomial coefficients. Moreover, these constant
polynomial coefficients were determined experimen-
tally for the tested module, and no relation was
established between them and the TEG’s parame-
ters. However, in the presented fully electrical
model of the TEG module, all coefficients of this
non-linearity are clearly identified in terms of the
TEG’s parameters and load current.

In order to appreciate the faithfulness of the
presented fully electrical TEG models under differ-
ent operation conditions, the analytical expressions
of Table I were validated through simulation using
Matlab software. The used physical parameters of
the TEG module are presented in Table II. The
percentage ratio 5 between the contact thermal
resistance 0. and the thermal resistance 0,, have
been varied from 0% (case of the TEG module with
0. =0) to 100% (case of the TEG module with a
value of 0. equal to its thermal resistance 0,,). For
all values of 0., the electrical power and the output
voltage of the TEG module were observed.
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Figure 5 shows the TEG’s electrical power versus
load current for different values of the contact
thermal resistance 0. under constant temperature
gradient conditions. The parabolic curves in lines
result from the analytical expression of the electri-
cal power without approximation (Eq. 21), and the
curves with markers result from the approximate
one (Eq. 23). It can be seen from Fig. 5 that the
electric power of the TEG module obtained with the
proposed approximated expression is close to the
exact one. As expected from the physical modeling
studies, the electrical power decreases as 0,
increases.?”?® This electrical power reduction
results from the decrease of the effective thermal
gradient applied to the TEG module, which moves
from AT" to AT (AT < AT’), essentially caused by the
presence of the contact thermal resistance 0..

Figure 6 shows the TEG’s electrical power versus
load current for different values of the contact
thermal resistance 6, under constant heat flow
conditions. Similarly as in the constant temperature
gradient case, the parabolic curves in lines result
from the exact analytical expression of the electrical
power (Eq. 41), whereas the curves with markers
result from the approximate expression obtained by
using the development of Maclaurin (Eq. 42). As in
the previous case, the electrical power decreases as 0,
increases. However, this decrease is smaller com-
pared to the one obtained in the case of the TEG
module under constant temperature gradient condi-
tions. It does mean that the electrical modeling of the
TEG under constant heat flow conditions is very little
influenced by the presence of 0, compared to the one
under constant temperature gradient conditions.

Figure 7 shows the TEG’s output voltage V versus
load current I for different values of the contact
thermal resistance 0, under constant temperature
gradient conditions. It can be seen that the exact
analytical expression of the output voltage of the TEG
module (Eq. 20) presented with lines for different
values of the contact thermal resistance are super-
posed to the curves with markers used to present the
approximated expression given by Eq. 24. This justi-
fies the validity of the used approximation. The
equivalent internal resistance of the TEG module
R, determines the slope of the linear V-I character-
istic. As expected from the physical modeling studies,
Fig. 7 illustrates that more 0, increases, more the
output voltage of the TEG module decreases and the
slope of the V-I characteristic becomes steeper.?%%3
This can be interpreted by the increase of the
equivalent internal electrical resistance of the TEG
module “seen” by the connected load Ry, as repre-
sented with Eq. 26. Notice that the open circuit
voltage of the TEG module decreases as 0. increases.

Figure 8 shows the TEG’s output voltage Vo versus
load current I for different values of the contact
thermal resistance 6. under constant heat flow
conditions. Similarly, the curves with lines used to
represent the exact analytical equation of the output
voltage of the TEG module (Eq. 40), are superposed to

the curves with markers used to represent the
approximated expression given by Eq. 44. This result
justifies the validity of the approximation made with
the development of Maclaurin. Unlike the constant
temperature gradient conditions, the TEG module
under constant heat flow conditions has the same
open circuit voltage V¢, whatever the value of the
contact thermal resistance 0.. The slope of the V-I
characteristic in this case is slightly modified with 0.
This can explained by comparing the equivalent
internal electrical resistance of the TEG module with
0. =0 and 0. # 0 given by Eqs. 32 and 46 respec-
tively, which are almost equal. The main difference
lies in the additional terms present in Eq. 46 whose
contribution is low since they are multiplied either by

o2 or o,

CONCLUSION

In this study, the fully electrical modeling of the
TEG module taking into account its contact thermal
resistance under different operation conditions is
presented and discussed. An unified fully electrical
TEG modeling approach based on a Thévenin
equivalent circuit were proposed and the analytical
expressions of the parameters V,, and R.,, were
identified without and with the contact thermal
resistance: first under constant temperature gradi-
ent, and second under constant heat flow conditions.
The electrical model of the TEG module under
constant temperature gradient conditions is linear
and depends only on the TEG’s electrical and
thermal parameters. On the other hand, the elec-
trical model of the TEG module under constant heat
flow conditions is non linear and load current
dependent. The proposed fully electrical TEG mod-
els were validated through simulation. The obtained
simulation results fit into the already reported
physical behaviour of the TEG modules presented
in recent research studies.???3?% The proposed fully
electrical models of the TEG module can be used in
the design of the TEG powered electronics circuits
and systems in simulation and modeling phases as
well in the development of the most adapted MPPT
techniques to maximize the harvesting of the avail-
able waste thermal energy.'?
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