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Abstract—A considerable part of the fuel energy in vehicles
never reaches the wheels and entirely converts to waste heat.
In a heavy duty vehicle (HDV) the heat power that escapes
from the exhaust system may reach 170 kW. The waste heat can
be converted into useful electrical power using thermoelectric
generator (TEG). During the last decades, many studies on
the electrical power conditioning system of TEGs have been
conducted. However, there is a lack of studies evaluating the
electrical instrumentation, the impact of the converter-efficiency,
and the TEG arrangement on a real large-scale TEG on-board
a drivable vehicle. In this study, the most important parameters
for designing electrical power conditioning systems for two TEGs,
developed for a real-scale HDV as well as experimental results
demonstrating the recovered electrical power, are presented.
Eight synchronous inter-leaved step-down converters with 98 %
efficiency with perturb and observe maximum power point
tracker was developed and tested for this purpose. The power
conditioning system was communicating with the on-board
computers through the controller area network and reported
the status of the TEGs and the recovered electrical power. The
maximum recovered electrical power from the TEGs reached
1 kW which was transmitted to the electrical system of the
vehicle, relieving the internal combustion engine.

Index Terms—Thermoelectricity, waste heat recovery, power
converter, power management, silicon carbide MOSFET,
maximum power point tracker, inter-leaved converter, internal
combustion engine, energy harvesting, heavy duty vehicle,
thermoelectric generator, renewable energy sources, exhaust
system.
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I. INTRODUCTION

CCORDING to the European commission the transport

sector is responsible for 25 % of the emissions of the
greenhouse gases today. In fact, the low efficiency of the
internal combustion engine (ICE) in vehicles is responsible for
the considerable amount of greenhouse gas emissions from the
transport sector. For the same reason, a significant amount of
fuel energy converts to heat during the combustion process,
and goes directly through the exhaust system and out to the
ambient. According to J. Haidar et al. up to 35 % of fuel
energy converts to waste heat and escapes from the exhaust
system in a diesel engine [1]. The efficiency of ICEs in
that case may be 34 % i.e. 140 kW waste heat for a larger
400 kW diesel engine. However, the average efficiency of an
ICE over driving time may be as low as 15 % [2]. Taking
advantage of thermoelectricity the waste heat in the exhaust
gases can partly be recovered and converted to useful electrical
energy, which can be fed back into the electrical system of the
vehicle. This action will relieve the alternator and the ICE,
improving the overall efficiency and the fuel consumption.
Thermoelectric generation is based on the Seebeck effect
and can be implemented as a single thermoelectric module
(TEM), usually with large number of thermo-couples. TEM is
a compact solid-state device producing no pollutants and no
need for maintenance, which converts heat flow to electrical
power. Thermoelectric generators (TEG) have been used in
different applications and power ranges, as heat harvesting
systems or in cases where supplying electrical power in
commercial ways are impossible [3]. For instance, TEGs have
been used in medical applications to supply pacemakers [4],
[5], aerospace [6]-[9] and in military applications [10], [11].
Thermoelectricity has also been combined with photovoltaic
systems to harvest heat energy [12], [13].

Several studies on waste heat recovery (WHR) in
automotive applications have been performed in recent years
[14]-[16]. Srinivasan et al. found that TEGs in light- and
heavy duty vehicles have the capability to generate 2-3.5 kW
electrical power [17]. In another investigation Q.E. Hussain
et al. discovered that in a hybrid vehicle where the ICE
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does not run continuously, the mass of the TEG affecting
the time-constant is an important parameter to consider. They
proposed a TEG for a 2.5 L gas-electric hybrid vehicle
recovering 300-400 W under an EPA highway driving cycle
[18]. According to Arsie et al. 449 W could be obtained using
a TEG in a personal car equipped with a 70 kW diesel engine
[19]. D. M. Rowe et al. measured 315 W electric power from
a TEG in a family-size 1.5 L car [20] and also J. C. Bass et
al. reported about a 1-kW prototype-TEG, which was designed
for a Cummins NTC 350 diesel engine [21].

In order to completely utilize the advantages of a TEG, the
design of the electrical power conditioning system is extremely
important. N. A. Zarkadis et al. performed a study on the
electrical system of a TEG for marine applications, where a
high-ratio step-up converter was proposed and simulated [22].
In [23] and [24] extensive studies have been conducted on the
control system of a converter connected to an emulated TEG.
Moreover, Zhang et al. conducted a study where a prototype
of a thermoelectric-photovoltaic hybrid system and its power
conditioning system were designed. This experiment, using an
induction heater to heat up the hot side of a real TEG, was
performed in a laboratory [25].

Thermoelectric effects are complex phenomena where
different physical actions are affecting each other
simultaneously. Therefore, a TEG-systtem needs to be
investigated under real operating conditions considering the
thermal, mechanical, and electrical systems [26]. Although
many studies have been performed in this field, there is a lack
of investigations on electrical power management systems
with a large number of TEMs, operating under real conditions
where all physical effects are considered. In a well-designed
TEG the connection of TEMs, the converter topology and
the control system are important parts of the electrical power
management system. However, the impact they have on the
entire system from efficiency-, weight- and cost point-of-view
has never been studied for a large-scale TEG operating under
real conditions. The impact of the electrical arrangement of
a TEG is especially important in automotive applications, in
which there are restrictions regarding the volume and weight
and where the heat source and cooling capacity are limited.
It has to be mentioned that studying thermoelectricity using
temperature-controlled heater and/or cooler, emulates an
unlimited heat- source or sink, resulting in over-dimensioned
power management system. Therefore, research on suitable
power conditioning systems for TEGs operating on vehicles
under real conditions is on demand.

Recently the authors of this paper representing KTH
(Royal Institute of Technology) together with Scania, TitanX,
Eberspaecher and Swerea IVF designed, manufactured and
tested two TEGs on a drivable HDV. The TEGs consist
of 464 TEMs and were operated under real conditions,
with exhaust gases on the hot side and coolant from the
vehicle cooling system on the cold side. The TEGs were
communicating with the on-board computers reporting the
status and operating conditions. The entire system needed to
fulfill all requirements and safety regulations that on-board
components have to meet in a drivable vehicle. The aim of the
main study was to high-light the advantages and limitations

of TEGs in real-scale commercial vehicles [16]. Moreover,
the objective of the main study was to ascertain the amount
of the actual net power (=gross power—all hydraulic and
electrical losses) that can be obtained from a full-scale TEG in
a HDV. Generally, a TEG system consists of heat exchangers
(HXs), a cooling system, a number of TEMs and an electrical
power management system. In this paper, the last mentioned
subsystem 1i.e. the design of the electrical power management
system, which have to handle the gross power of the TEGs,
are discussed. The TEGs were developed to operate on a HDV
(DC13-10-440 Euro6-12.74 L-2300 Nm-440 kW), considering
power variations and the thermoelectric effects. Furthermore,
the obtained efficiencies of the power converters, using
two different types of semiconductor devices, are compared
and also an optimum connection strategy for the TEMs is
proposed. To the best knowledge of the authors this is the
first time an extensive study on the entire electrical power
management system, designed for a TEG on-board a real-scale
and drivable HDV, is presented.

In next Section a short overview of the complete system
and requirements for the power conditioning system will be
presented. The thermoelectric effects and their relations with
the electrical effects will be discussed briefly in Section III. In
Section IV the important parameters for designing a suitable
power management system, as well as efficiency maps for the
converters, based on experiments, are presented. In Section V
the experimental results on the gross electrical power of the
TEGs, collected from an HDV running under real conditions,
will be presented and lastly the conclusions are given in
Section VI.

II. ELECTRICAL SYSTEM OVERVIEW

During the pre-study Scania localized the possible heat
sources to be used for the TEG in the HDV. Due to the
amount of available heat power, temperatures and the added
hydraulic and pump losses, the most suitable heat sources
were determined to be the After treatment system (ATS) and
the Exhaust gas recycling system (EGR) [16]. Therefore, two
main TEGs were designed to recover the heat power from
the ATS and EGR. When the heat flux passes through a
TEG, an electromotive force is produced which can supply an
electrical load. Since the voltage and the current are functions
of the temperature difference (AT across each module in a
TEG, the variation in temperature will change the internal
resistance, output voltage and thereby the output power of
the TEG. Therefore, connecting a number of TEMs in a
string with different AT will cause additional power loss. In
fact, it is beneficial to divide a large TEG into smaller units
where the local AT's are close to each other. Therefore in
this study, each TEG was divided into four sub-TEGs and in
order to control the power flow from the TEGs to the electrical
system of the vehicle, 2x4 identical high efficiency inter-leaved
DC/DC converters were designed, see Fig. 1. A more detailed
explanation about the local temperature differences in a TEG
is given in Section IV-A.
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Figure 1. An overview of the TEG-system on the HDV. Due to the local

temperature differences each TEG was electrically divided into 4 sub-TEGs
and connected to individual inter-leaved sub-DC/DC converters.

According to Scania, the operation of an ICE in an HDV
can be described by the 9-steady-state-points (9-LHC) which
together create the long haulage cycle. In other words, 9-LHC
emulates the real driving conditions for a long haulage HDV.
The most important parameters in the 9-LHC, provided by
Scania, are presented in Table I.

The open circuit voltage (Vo) and internal resistance (R;,,)
of each sub-TEG are the two most important parameters for
designing the sub-converters. These are functions of the load
of the ICE described by 9-LHC and analytically calculated.
Since there are 8 sub-TEGs operating at 9 different LHCs,
only values for one sub-TEG, is presented in Table II later on.

Table 1
TABLE SHOWS THE EXHAUST GAS TEMPERATURES IN THE ATS AND THE
EGR AS A FUNCTION OF THE SPEED AND LOAD OF THE ENGINE. THE
MEASUREMENTS PRESENTED IN THIS TABLE ARE PROVIDED BY SCANIA.

LHC 1 2 3 4 35 6 7 3 9
g;f;Z‘ERPM] 1000| 1000| 1000| 1150| 1150| 1300| 1300| 1300| 1300
Ei‘gif;] 25 |50 | 100 |25 |75 |25 |50 |75 | 100
?;Fnip,[o C] 248 | 347 | 386 | 259 | 352 | 251 | 323 | 346 | 396
Egn]fp_[o Cp | 318 | 452 | sst| 335 | 480 | 325 | 425 | a1 | 560

III. THERMOELECTRICITY

When the junctions of two dissimilar conductors (A and
B in Fig. (2)) are exposed to a temperature gradient, the
thermal energy will be transported from the hot junction to the
cold junction. The transportation of the heat causes movement
of charge carriers in the conductors, and creates an open
circuit voltage called relative Seebeck electromotive force.
This phenomenon is known as Seebeck effect. The temperature
difference generates the voltage, and the heat flow through
the thermoelectric elements drives the electrical current to an
external load [27], [28].

IEEE TRANSACTIONS ON TRANSPORTATION ELECTRIFICATION, 2018

Hot Cold
. . Coml. A . .
junction junction
Ti T2

Cond. B Cond. B

Produced voltage (Voc)

Figure 2. Due to the Seebeck effect the applied temperature gradient at the
junctions causes an open circuit voltage.

The resulting voltage V,. is a function of temperature
difference and material properties and can be described by

T>
Voo = / (s —ap)dT = (aa —ap)(Th —Tz), (1)
T

which can be rewritten as

Voe = AT, 2)

where 77 and T, are the temperature at the cold and hot
junctions, a4 and ap are the absolute Seebeck coefficient of
each conductor, respectively and « is the differential Seebeck
coefficient.

Typically, 127 to 254 pieces of highly doped n- and
p-type semiconductor elements, referred to as a thermocouple,
are sandwiched between two ceramic plates and form a
thermoelectric module (TEM), see Fig. 3. In order to provide
higher power a number of TEMs may be be connected
together, which create a thermoelectric generator (TEG).

| Cold side |

~ Qi

— |
- I _

Electrical load

Figure 3. The figure shows the leg-configuration, the direction of the heat-
and electrical current in a TEM (left), and a typical commercial TEM made
by a large number of n- and p-type semiconductor thermocouple (right).

During steady-state operation, a TEM can be modeled as
an ideal voltage source V. with an internal resistance R;,, in
series. From the energy balance, the produced output power
of a TEM, P,; can be derived by:

Py = Qin - Qout = ol AT — Rinlza (3)

where @Q;, and @,,: are the thermal power entering to the
hot side and releasing from the cold side respectively, [
is the electrical current, and R;, is the internal resistance
of the TEM. It has to be mentioned that studying the
parameters in (3) alone, will not give complete information
about the performance of the thermoelectric device. The other
parameters that need to be considered in order to determine the
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performance of a TEM are dependent on the device material.
An ideal thermoelectric device would have an infinite large
electrical conductivity and Seebeck coefficient, and would
be able to keep a large temperature difference, which is
achieved by a low thermal conductance. The dimensionless
figure-of-merit, Z7T' is defined in (4) and gives the rate of
performance of a thermoelectric device.

7T = —T, 4)

where ¢ and K are the electrical- and the thermal conductivity
respectively, and 7' is the absolute temperature [26], [29].
Since the thermal and electrical conductivities are correlated
and dependent on the charge carrier concentration, a large Z7T'
is obtained by optimizing these parameters through the carrier
concentration [30].

IV. ELECTRICAL POWER MANAGEMENT OF THE TEG

A TEG is made of a number of TEMs, and in a vehicle there
are some restrictions that influence that number and the design
of the TEG. The most important factors are the available heat
power and the space dedicated for the TEG in the vehicle. The
heat power is varying with the engine load and the gas mass
flow, which are dependent on the type and size of the engine.
In this study two different TEGs were designed and placed in
the exhaust system of a Scania HDV, one downstream ATS
and the other upstream EGR [16]. The design of the TEGs
was based on 9-LHC where the speed of the ICE and the
load is varying in a wide range, which results in variations in
the exhaust temperatures and the gas mass flow. According to
the 9-LHC, the gas temperatures in the ATS change between
248 and 396 °C, and between 318 and 560 °C in the EGR
depending on the load of the ICE.

The temperature variations in the exhaust gases will cause
two issues in the electrical part of the system. Since, the
output voltage V' of the TEG is a function of the temperature
difference (AT) over the TEMs, the output voltage will
follow the temperature variations. At the same time as the
temperatures and the voltage of the TEMs change, the internal
resistance (R;,,) of the TEMs will change as well. Due to the
reduction of mobility of the carriers in the semiconductor with
increased mean operating temperature (7),,), the resistivity of
the semiconductor in a TEM increases. Therefore, a TEM
produces less power for same AT at a higher 7},,. In Fig. 4
the behavior of a HZ-20 module from HiZ as a function of T,
is shown. Here, the AT is kept constant at 50 °C but it can be
seen that R;,, is increasing with increased 7;,,. It should also be
noted that the Seebeck coefficient of thermoelectric elements is
also temperature dependent therefore the open circuit voltage
of the TEM is also varying although AT is fixed. The variation
of the internal resistance and the voltage of the TEMs give rise
to the characteristics shown in Fig. 5, where two different AT
results in two voltage-, current- and power functions.
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Figure 4. The internal resistance, open circuit voltage and power of a HZ-20
module as a function of the mean operating temperature 77,,. Temperature
difference, AT, is kept to 50 °C.

Since the voltage of the electrical system of the vehicle
controlled by the alternator while the voltage and power
of the TEG vary, clearly a power conditioner between the
TEG and the electrical system is needed. The aim of the
power converter is to control the voltage and search for the
maximum available power at different AT’s. Generally TEMs
have a low conversion efficiency, and for that reason the power
conditioner and the other part of the system have to operate
with highest possible efficiency over a large range of power.

3 ‘\\ Maximum power at AT

g i

P AT e
7\\ \‘\

4

/
/ Voltage

]

= |/ Y
& [ / \ 2 Tk
& | R o ! \, 2
> / : N \ g
22 / ‘b;’[a\.mnum |}m\-m at AT2 \ \ f
£ - 4 . 3 N
" g N .
/ i s 5 N T
| / \
f/ \ 10
/ "
0 : " \% 0
0 0.5 1 1.5 2 2:5

Load current [A]

Figure 5. Variations of the temperature in the exhaust system give rise to
variations in the internal resistance and different V-I-P curves, as a function
of AT'. This is an example showing the behavior of the output power and
voltage of a TEM at two different AT's as functions of current.

A. Connection of Thermoelectric Modules

The design of the HX, based on the available space and
the heat power, dictates the number of TEMs. Moreover, the
type of the HX will determine the temperatures at the hot- and
cold sides, allowing to predict the electrical power each TEM
will generate. However, the analytically calculated power for
each TEM can not be added together to predict the total power
of the TEG. In fact, the TEG power will be affected by the
electrical connections between the TEMs.



The maximum delivered power from a TEM (or a TEG)
to a load is obtained when R;, = Rj.qd4, 1.€. the internal
resistance of the module is matched with the load. It is
important to mention that R;,, of a module (or a TEG), which
has to be considered for the maximum power tracking, is
the effective value of the internal resistance. The effective
internal resistance is a function of thermal conductance of the
module(s) itself, as well as the thermal conductance between
the heat- source and sink (kpor and Keorq) [31], see fig. 6.

The maximum output power Pgrrmq. Of a single module
can be determined by,

V2

iR (&)

PRLmaw =

while the maximum output power of n number of TEMs
creating a TEG, connected in series or in parallel is obtained
by

1(ZV,)?
P max—series — ’ 6
RL 1 >R, (6)
and
1(Eg)?
PRLmaazfparallel == 11 ; (7)
4 ER—n

where V,, is the open circuit voltage and R,, is the internal
resistance of each specific TEM. Clearly, when the TEMs
operate in similar conditions, the voltages and the internal
resistances of all modules are the same. Therefore, the power
obtained by (6) and (7) will have the same value, i.e. the
electrical connection of the TEMs does not affect the total
output power [32]. However, in practical applications there
are constraints that give rise to different operating conditions
for each TEM. Y. Apertet et al. and A. Vargas-Almeida et
al. investigated the impact of TEMs’ thermal and electrical
connections on the performance of a TEG [33], [34]. In order
to analyze a TEM thoroughly the model in Fig. 6 was used.
Employing the Onsager compact expression [35] where Joule
losses are disregarded, the system can be described by

I\ 1 (-1 a AT
IQ o Rin O[T O£2T—|—Rinf‘€[:0 AT ’

where I and Ig are the electrical- and thermal current
respectively, and AV is the voltage over the electrical load.
AT is the temperature difference (Tj,5; — Teps) across the
module, T is the average temperature and K;_, denotes the
thermal conductance at zero electrical current. From (8) the
electrical current and thermal current are obtained as

aAT

=220 9
Rin+ R’ 2

IQ =aoTI + /{]=0AT. (10)
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Figure 6. The electrical and thermal model of a TEM.

Combining (9) and (10) yields the relation between the
thermal current Ig, zero current thermal conductance K¢ond
and the thermal conductance associated with the electrical
current K¢ opnp» 1.€.

-
I = —_—
which can be expressed as

+ K1=0)AT, (11

IQ = (K/C()nv + /{C()nd)AT = I{TEG'AT7 (12)
where
a’T
Koomy = —— 2 13
¢ Rzn + RL ( )

Equations (11) and (12) show that not only the electrical
current but also part of the thermal current can be controlled
by the total resistance in the circuit. This is an excellent tool
when the heat source and the cooling system have a limited
capacity, as in the case of vehicle applications. This gives
a capability of controlling the thermal current by adjusting
the electrical current, and vice versa whenever it is necessary,
for instance to protect the TEMs or cooling circuit from over
heating. Furthermore, since a large electrical current increases
the thermal current through a module, a low-current TEG is
preferred in a system with limited cooling capacity, in order
to keep the AT on an acceptable level. This can be achieved
by connecting a number of TEMs in series to increase the
internal resistance of the TEG. In [36] Gao Min showed that
the relation between thermal and electrical current can also
be used to increase the conversion efficiency by 40 %, and
thereby the output power by operating a TEM in an electrical
pulse-mode system.

Another issue regarding the connection of the TEMs is the
mismatch caused by the applied mechanical force on different
TEMs in the system. In real applications, where a large number
of TEMs are used, it is impossible to ensure identical applied
force of all TEMs. A force mismatch that causes a lower
Khot and K.oq on one module than the others, will lower
the internal resistance and voltage of that particular module.
If all modules are connected in parallel and the requested
current from the load is low, or in the case of failure when the
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output of the TEG is completely disconnected from the load,
the module with lower internal resistance will not generate
any power but may consume power from the other modules.
This issue was investigated in [37] where three TEMs were
characterized and exposed to different temperatures. It was
suggested that further investigations on systems with larger
number of TEMs must be performed. Therefore, in this study,
experiments were performed in order to propose the most
suitable TEM-connection for the designed HXs.

Two connection cases were studied; all modules in series
and all modules in parallel. 14 TEMs from HiZ were chosen
and connected together. In both cases all TEMs except one
were exposed to T;, = 200 °C and T, = 50 °C and the last
module (the unmatched TEM) was exposed to T, = 170 °C
and T, = 50 °C. Figure 7 shows the power and current
as functions of load resistance for the series and parallel
connection. The upper part of Fig. 7 shows the current through
all the modules in the series connection (red line nr.1), the
current of one of the matched modules (green line nr.2), and
the current through the unmatched module in the parallel
configuration (blue line nr.3). The middle and lowest graphs
show the output powers of the whole strings of the TEMs for
parallel and series connection respectively. The currents and
the powers are plotted as functions of the load resistance. Note
that the lowest graph is plotted for very small load resistance
values. The maximum power is obtained at R, = 4 ()
for the series configuration, because at that point the total
internal resistance of the TEMs is equal to the load resistance
(R, = R;, = 4 Q). Likewise, in the parallel configuration
the maximum extracted power is generated at Ry = R;, =
18 mf). As will be explained in subsection IV-B4, the
maximum power point tracker (MPPT) continuously adjust
the load current such that the output power varies between
maximum available power and for instance 90 % of the
maximum power. This results in an average extracted power
of approximately 95 % of the maximum power. In that case,
the series connection results in a significantly wider operating
range (2 Q@ < Rp < 6 Q at R;,, = 4 ), compared
to the parallel connection (12 mS) < Rp < 29 mf) at
Rm =18 mQ)

This behavior is due to the larger internal resistance
of the series connection and is extremely important when
employing an MPPT. The small operating region of the
parallel connection results in difficulties to search for the
highest available power. In this case, small changes in the
load current made by the converter, will result in significant
changes in the output power and thereby cause oscillations.
Moreover, as shown in the upper graph in Fig. 7, the current
of the unmatched TEM changes direction from negative to
positive when the load resistance increases above 70 mf). A
positive current indicates that the module consumes electrical
power. For instance, at Rp= 100 mf) the current into that
module is 0.64 A, indicating that the power generated by the
other TEMs is consumed by the unmatched TEM. The current
into the unmatched module will increase to 3 A at R;= 50 Q.
A module which consumes power acts as a Peltier element
and will actively pump the heat from the hot side to the cold
side, and thereby decrease the temperature differences of the

nearby modules as well. In case of failure, if the TEG becomes
disconnected from the load, or if the requested power to the
load (converter) is small, the unmatched TEM will consume
12 W from the other modules. This is equal to 7.5 % of
the total power generated by the whole string. This behavior
is a highly undesirable and arises in a parallel configuration
when the contact forces on all TEMs are not identical. This
has to be considered when a larger number of TEMs are
used and/or the differences in AT over the TEMs are large.
Furthermore, the current in the series connection through
all modules at maximum power is 6.7 A, while the current
through each matched module in the parallel connection is
7 A for this configuration. According to (10) the system with
higher electrical current allows higher thermal current through
the system decreasing the AT, which is undesirable because
it decreases the electrical power.
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Figure 7. 14 pieces HZ-20 modules were connected to each other first in series
and then in parallel. All modules expect one were exposed to Tp= 200 °C
and T.= 50 °C. One module was exposed to T;= 170 °C (the unmatched
TEM). The upper graph shows the total current of the series configuration (1)
the current of one of the matched TEMs (2) and the current of the unmatched
TEM (3) in the parallel configuration. The middle and lower graphs show the
power of parallel and series connection as a function of load resistance.

Earlier it was found that modules with same 7}, and T,
can be connected either in series or parallel and differences
in output power for TEMs with same AT are not significant
for parallel or series connection [38]. However, in practice as
discussed above, it is not possible to make sure that modules
that are exposed to same 7}, and T, will experience the same
AT. Therefore, the TEMs may be connected in series which
produces a higher internal resistance and preferably increases
the reliability and controllability of the system. A summary
of the advantages and disadvantages of the parallel and series
connection in real applications is given below.

Parallel connection:

o Needs extra space and long cables when a large number
of modules need to be connected along the y-direction
(see Fig. 8) .



o Creates a large output current which requires bulky cables
to be carried from the TEG to the load or a converter.
The large current flows close to a cold liquid (coolant)
and a hot medium (exhaust gas).

o The large current gives rise to higher electrical and
thermal losses.

o Power losses are larger in case of force mismatch and
this in turn will cause a mismatch in K, and K.gq-
This will lead to damage on the particular module with
force mismatch.

o For TEGs in automotive applications, parallel connection
requires a step-up converter with non-linear gain.

e Due to the sharper and smaller maximum power region
the system will not be able to find the maximum available
power and shows stability issues.

Series connection:

e Only the closest modules along the y-direction (Fig. 8)
need to be connected together.

o The output current is limited by the large internal
resistance and is lower than that of the parallel
connection. The electrical and thermal losses are
minimized due to the low current in the system.

o Lower losses and the electrical stress on mechanically
unmatched modules.

o The same amount of current flows trough all TEMs.

« For TEGs in automotive applications a series connection
requires a step-down converter with linear gain.

o In case of damage and open circuit of one module, the
power from the complete string is lost.

There are two important issues when it comes to a large
number of TEMs operating on a drivable vehicle; parallel
connection will result in a large output current, and in a series
connection the complete string will be lost in case of failure of
one TEM. By compromising, it is possible to reduce the total
output current and minimize the risk of putting out a string of
TEMs while taking into account the other issues mentioned
above. By looking at the design of HX in the vehicle, the
most suitable connection considering the issues above, can be
suggested. The design of the HX in this case can be seen in
Fig. 8.

The HXs were designed to generate the same gas flow
in y-direction, and based on the available heat energy
and the cooling circuit the most suitable commercial TEM
(Thermonamic TEP1-164-3.4) for the expected temperatures,
was chosen. The TEG configuration can be seen in Fig.
(8). With the same experimental procedure as in [37], a
mathematical model was developed to predict the open circuit
voltage and the internal resistance of the TEM for different
AT's. The dedicated space in the vehicle allows 28 and 30 rows
of TEMs in y-direction for ATS- and EGR-TEG respectively,
which corresponds to 224 and 240 TEMs in each TEG.
Due to the available heat power on the EGR and ATS, the
output power of the ATS and EGR-TEG are slightly different.
However, the electrical components and connections of both
systems could be designed similarly, therefore in the following
chapters the focus will be on the design of the ATS-TEG.

Assuming an ideal and identical installation of all TEMs,
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Figure 8. The figure shows the TEG and configuration of the heat exchangers.
The exhaust gas flows in x-direction and the coolant flows in z-direction as
cross-counter flow configuration.

the values of K},,; and K .,;4 remain constant for the modules.
In this case, the TEMs at each position in y-direction (28
TEMs), will experience the same AT. As expected, the AT's
are different for modules in position 1 to 8 in Fig. (8). The cold
and hot side temperatures of each position (1-8) as a function
of 9-LHC as well as AT, V,. and R;, for each single TEM
were determined. AT over each TEMs for three operating
points number 1, 2 and 9 are plotted and shown in Fig. 9.
As seen in this figure, because of the low heat capacity of
the exhaust gasses and losses in HXs, TEMs will experience
lower temperatures than the actual exhaust temperatures listed
in Table I. Since the HXs are designed to give the same AT the
in y-direction, the type of connection in each column in that
direction does not affect the maximum output power. However,
connecting 28 or 30 modules in parallel and in the limited
space is challenging, since the TEM at the highest position has
to be connected to the TEM at the lowest position. Moreover,
connecting all the modules in parallel results in a low output
voltage and a large output current, which needs to be carried
to a step-up power converter. According to the simulations, the
total output current in case of parallel connection will reach
30 A in each column in y-direction during LHC nr. 9, while
a series connection would reduce the current to approx. 1 A.
Clearly, choosing the connection with 1 A is beneficial since
the physical distance from the TEG to the converters may be
large and depending on the available place.

The mechanical mismatch discussed earlier in this section
is largest between the modules physically placed far from
each other, therefore nearby modules may be connected in
parallel. The group of parallel connected modules can then be
connected in series with another group which reduces the total
output current. It was proposed that modules may be connected
in parallel in pair, and then in series with the next pair,
according to Fig. 10. Due to the locally parallel connections
of the two nearby TEMs, this configuration reduces the risk
of power loss in the whole string if one module would fail
and acts as an open circuit. In addition, the mismatch on the
force contacts on the two nearby modules connected in parallel
is minimum. However, in case of a significant mismatch,
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Figure 9. Temperature difference AT across the modules at position 1 to 8
(according to Fig. (8)) in the ATS-TEG for the lowest power produced during
LHC nr. 1, mid power produced during LHC nr. 2, and the highest power
produced during LHC nr. 9.

the current flowing through the module with low internal
resistance is lower than for entirely parallel connected TEM
string.

Sub-DC/DC 1 + Sub-DC/DC 2 +
[__"' TEM 1 |= | |__+TEMM = I
f L_lremz |= ] | l Lt lremao |= ] I
l|_ - | ||_ : |
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| Ll L | e
FITEM4 | FTEM 32 |=
| | || I
l__" TEMS |= L PITEM 33 |=
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L_tl1Eme = E L TEMm 34 |2 i
[ o il
| Sub-ATEG 1 ! | Suh-ATEG 2 I

Figure 10. The final connection of TEMs in one column (along
y-direction in Fig. 8) with 28 TEMs in the ATS-TEG and 30 TEMs in the
EGR-TEG.

The open circuit voltage and the internal resistance for each
single TEM in Fig. 8, which were obtained mathematically
earlier, were used to simulate in OrCAD to hold the
corresponding values of the proposed connection in Fig. 10.
Voe and R;, for Sub-ATEG 1 is presented in Table II. It has
to be noted that similar values as presented in this Table were
obtained for each sub-TEG. Figure 11 shows the ATS-TEG
when 224 TEMs are installed and prepared to be connected
in strings according to the schematic in Fig. 10.

Table II
THE OPEN CIRCUIT VOLTAGES V. AND INTERNAL RESISTANCES R;, FOR
SUB-TEG 1 IN THE ATS, BASED ON 9-LHC.

LHC 1 2 3 4 5 6 7 8 9
Voo[V] | 116 | 166 | 160 | 122 | 179 | 122 | 163 | 180 | 206
Rin[QY | 69 75 77 70 | 76 70 | 75 76 | 77

Figure 11. The figure shows the ATS-TEG with 224 TEMs prepared to be
connected as four sub-TEGs.

B. Power Converter

The power converter for a thermoelectric waste-heat
recovery system is essential in order to harvest as much power
as possible. The reason for this is that the thermal operating
point of the TEMs varies substantially. In Fig. 9 it is shown
that AT of a TEM may vary from 70 °C to 200 °C. This means
that the induced voltage and internal resistance of the TEM
vary considerably, and without a controllable power converter
with high efficiency very little of the energy in the heat flows
can be harvested as electrical energy.

The power converter topology that may be employed to
control the electrical power from a TEG is dictated by the
output voltage of the TEG, which in turn is a function of the
available heat power and connections of the TEMs. Generally,
different types of buck-boost converters are proposed to be
suitable for TEGs [22]-[24]. In [39] a SEPIC converter was
proposed as the power conditioning system for a TEG to
charge a 6 V battery. A buck-boost converter with 96 %
efficiency and a seamless MPPT controller was proposed in
[40]. For real applications in conventional vehicles with a
battery voltage of 12 or 24 V, employing step-up converters
requires low input voltage and high input current which are
obtained by parallel connections of all TEMs. As discussed in
Section IV-A parallel connection of TEMs has to be avoided.
Buck-boost converters are, therefore, a preferred alternative.
However, a power converter for TEG used in automotive
applications has to contain a few components to reduce the
complexity, the losses, weight and the cost of the system.
The volume and weight of the power converter are important
quantities to minimize on any vehicle, as they reduce available
space and load capabilities and as they may have an impact on
the fuel consumption. The choice of switching frequency of the
power converter is important because an increase in switching
frequency results in reduced volume and weight of inductors
and capacitors of the converter. Unfortunately, an increase in



switching frequency also results in increased switching losses
of the power converter. This means that volume minimizations
may result in efficiency reductions. The conduction losses of
the converter can be influenced through the chip area of the
semiconductor, and a reduction in conduction loss also implies
reductions in volume and weight of the cooling system of the
converter.

Requirements on output ripple from the converter are also
important because this influences the expected lifetime of the
battery. Again, reductions in ripples are associated with higher
switching frequencies and higher switching losses. The design
of the power converter, therefore, becomes a complex task
which will be explained in more detail below.

1) Converter System Layout: In order to achieve a high
effective switching frequency without having an excessive
switching frequency per power switch, the converter system
was operated using interleaved switching. As shown in
Fig. 1 both the ATS-TEG and the EGR-TEG were
connected such that four output channels were obtained
from each of them. Each of those channels were connected
to a sub-converter, consisting of a half-bridge step-down
synchronous converter with an output filter inductor. Each
of the filter inductor outputs were connected to the output
capacitor. By phase-shifting the switching signals of the
sub-converters for each TEG by a quarter period of the
switching frequency, the effective switching frequency seen
from the output capacitor was four times the switching
frequency of each power switch.

2) Choice of switches: Each sub-converter was exposed to
a certain input voltage and current, which were calculated
based on the heat extracted from the exhaust gases and the
connection of the TEMs. The output of the converters were
connected to the electrical system of the vehicle operating
at 28 V. The maximum power that each sub-converter needs
to handle were calculated to approx. 160 W (V,.=225 V).
Usually, for this kind of applications silicon (Si) MOSFETSs
are a good choice as switches. However, when it comes
to converters for higher power with high efficiency, silicon
carbide (SiC) MOSFETs may be used. The high blocking
voltage, the low on-state resistance and input capacitance
and Eon, Eorr, as well as capability of operation at high
temperature and frequency, are the reasons making the SiC
MOSFET as a preferred device in power electronics. However,
due to the high blocking voltage of SiC devices, theses devices
are typically compared to Si IGBTs. In other words, there
is a lack of studies which emphasize possible benefits of
using SiC MOSFETs, also in low voltage and low power
applications, as a substitution for Si MOSFETs. During this
part of the study, the question whether SiC MOSFETs can
be used as a substitute for Si MOSFETs for lower power
range, could be answered. Therefore, the efficiency of a
sub-converter was compared using two different MOSFETs.
First two Si-MOSFETSs from Infineon (IPB200N25N3) were
employed as the high- and low-side switches, see Fig. 12 for
the schematic diagram of the converter. Later on, SiC-based
MOSEFETs from Cree (C2M0025120D) were mounted on an
identical board and were tested. Some specifications of the
two types of MOSFETs are listed in Table III.
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Figure 12. Schematic diagram of the a sub-converter drawn in ORCAD for
simulation in PSpice.

Table IIT
SPECIFICATION OF TWO DIFFERENT SWITCHES USED IN
SUB-CONVERTERS.

Vps Ip RDSon | Vas(tn) | Ciss
Rated parameters
P i [V] [A] [mQ] [V] [nF]
Si - IPP200N25 250 64 20 3 5.3
SiC - C2M0025120 | 1200 90 25 2.6 2.7

The input voltages to the converters were calculated based
on earlier simulations on each sub-TEG, and the input-, output
currents were determined by

Vout Iin
V:in Iout ' ( )
Iout = Ilower + Iuppera (15)
and
Iupper = IoutD7 (16)

where V;,, and V,,; are the input and output voltages of
each sub-converter respectively, I;, and I,,; are the input and
output currents, Jjower and Iypper are the currents through the
lower and upper position switches, and D is the duty ratio
of the upper switch. The highest voltage the switches will
experience was calculated to approximately 225 V, and the
highest current through the switches may reach 5 A. The total
losses in the switches were calculated for the highest expected
power according to (17) and (18):

Ptotsw = Fsw + Pcond7 (17)
which can be rewritten as
Piot., = fs(Eon + Eorr) + RpsonIp. (18)

where Pg,, is the switching loss, P.,,q4 is the conduction loss
when the switch is on, f; is the switching frequency, Fon and
Eorr are the turn-on and turn-off switching energies. Ip is
the Drain current and Rpg,,, is the Drain-Source resistance
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of the MOSFETs. The Switching losses for the SiC-MOSFET
was approximately calculated to 1.2 W at f,=100 kHz,
Vps=225 V and Ip=5 A. For the same conditions, the
losses in the Si-MOSFET were determined to 2 W. In
other words, the losses would be reduced by 40 % only
by replacing the Si-MOSFETs by SiC-MOSFETs. The most
important parameter affecting the losses is the lower input
capacitance (C}4,) of the SIC-MOSFET. This not only reduces
the switching losses, but also the required gate power, which
is a significant contribution to the losses in this case.

In order to accurately investigate the impact of Si- and
SiC-MOSFETs on the total efficiency of the sub-converter,
the efficiency was measured using a high accuracy (99.98 %)
power analyzer. The measurements were done for the 9-LHC
according to Table I and for different switching frequencies.
Efficiency maps for the measurements were plotted and can
be seen in Fig. 13 and 14. The highest converter efficiency
for both switches was obtained at 37 kHz, 98.0 % using SiC
switches and 97.4 % using Si-Switches. The results may be
compared with efficiencies obtained in [41] where converters
for high power automotive applications were developed.
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Figure 13. Sub-converter efficiency map as a function of switching frequency
and LHC (power) using Si-MOSFETs as switches. Highest efficiency was
97.44 % and it was obtained at LHC nr. 1 and 37 kHz.

The lower losses in SiC-MOSFETs are also reflected
directly on the total efficiency of the sub-converter since both
measurements resulting in Fig. 13 and 14 were performed
using the same board, only the type of switches was changed
from Si to SiC. As seen the sub-converter using SiC has
generally higher efficiency in all LHCs. Moreover, as seen
in the figures, due to a lower input capacitance of the
SiC-MOSFETs, the converter shows a smoother efficiency
change as a function of switching frequency.

To eliminate the losses related to the body-diode conduction,
shoot-through current and reverse current in the inductor, the
switches have to be prevented from turning on or off at exactly
the same time. This is adjusted by a dead-time between the
upper and the lower switches. Since the switching time varies
with the power, a dynamic dead-time was implemented in the
control system. The start value for the lowest power (LHCI1)
was set to approximately 50 ns for the turn-on and 80 ns for
the turn-off sequence of the upper transistor. In order to reduce
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Figure 14. Sub-converter efficiency map as a function of switching frequency
and LHC(power) using SiC-MOSFETs as switches. Highest efficiency was
98 % and it was obtained at LHC nr. 1 and 37 kHz.

the switching losses additionally the module described in [42],
[43] may be used. However, it has to be noted that no studies
are conducted on reliability issues related to vibrations for that
particular module.

3) Passive components: As seen in Fig. 12 there are four
main passive components needed in the sub-converter, i.e. the
blocking diode at the input, the input- and output capacitors
(Cin, Coyt) and the inductor (Lg). The purpose of the diode
is to block the current from the battery flowing back to
sub-TEGs. The values of the other components affect the
input and output voltage ripple and the output current ripple.
The voltage ripple at the input is not critical and in this
design it was set to 0.1 % of the input voltage resulting
in a 100 pF input capacitor. However, choosing the output
capacitor and inductor has to be done paying attention since
they are directly connected to the electrical system of the
vehicle. The on-board electrical energy storage in this case was
a lead-acid battery with a nominal voltage of approximately
24 V . The recommended current ripple to such a battery is
5 A considering life time and performance of the battery. The
voltage ripple is affected by the output capacitor and has not to
exceed 0.5 % of the nominal value. This ripple will at the same
time determines the current ripple to the battery. The output
voltage ripple was calculated to be 0.15 % which ensures the
current ripple restriction to the battery with a large marginal.
Moreover, the ripple of the inductor current is eliminated by
the output capacitor and thereby less important. Therefore, the
current ripple was set to 30 % in the calculations resulting in
a 270 pH inductance.

Figure 15 shows a result of such calculations for the
inductor and number of turns of the winding which are
functions of LHCs and the position of sub-TEGs connected
to each sub-converter. The real inductor used in each
sub-converter can be seen in Fig. 16.

A list of the main components with part numbers are
collected and presented in Table IV.
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Figure 15. The plot shows the minimum inductance necessary to keep 30 %
current ripple in each inductors. The lower part shows the number of turns
of winding resulting in the required inductance using an ETD-59 core. The
maximum magnetic field in the core was set to 250 mT in the calculation.

Figure 16. The inductor was made by ETD-59 core, 6 parallel Litz wire
(CLI200/60) and 25 turns.

Table IV
LIST OF THE MAIN COMPONENTS USED IN POWER CONDITIONING
SYSTEM.
Component Part number Remarks/Function
SiC-MOSFETs at high-
Switches C2M0025120D PR A e
& low-side
Input- & output
. 107TTA350M
capacitor
Inductor core ETDS59 - N&7 1 mm air-gap

Inductor Litz CLI200/600 6 parallel windings, 25

winding turns

Gate driver and

. ADuM4224 From -3 Vto +15V
isolator
PWM, AD AN
Control unit TMDSCNCD28335 ’ ¢ CAN,
MPPT
Transceiver SN65HVD230 CAN
Voltage sensor ACPL-C87B-000E Input and output
Current sensor LTSR 6-NP Input and output
12 pes. in parallel -
ti the Dbatt
Input diodes SS16T3G preveriting - fhe - batlety

current flowing to the
TEG
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Figure 17. ATS-TEG sub-converters during tests and verifications in the lab.

4) Maximum Power Point Tracker: As mentioned in
Section IV-A, in order to extract highest available power
from the TEGs the internal resistance and the load resistance
have to be equal. However, the variations of temperature in
the exhaust system lead to variations in the voltage and the
internal resistance of the TEG. This will result in, as the
behavior as was shown in Fig. 5, different maximum power
as a function of temperature. On the other hand, the load
resistance also varies and is dependent on the condition of
the electrical energy storage, the ambient temperature and the
entire electrical system of the vehicle. In fact, it is impossible
to measure the load resistance of the system. Therefore, the
purpose of the power converter is also to adjust the load current
so that R;,, = Rpoqq is valid which leads to Vin = Voc/2.
Moreover, since the thermodynamical system of a TEG is very
complicated, and the TEG itself consists of a large number
of TEMs, it is practically impossible to accurately measure
the actual thermal condition for each single TEM and adjust
the current for instance by using a look-up table. One way
could be to measure the electrical parameters such as open
circuit voltage, which can be done by disconnecting the TEG
from the converter during a short period of time, i.e. few
microseconds. Based on the measured V., adjust the duty
ratio (D) of the switches until Vin = Voc/2 is obtained.
This needs to be done often, and as soon the vehicle driving
conditions change. However, as shown in (10), the thermal
current in the system is affected by the electrical current, i.e.
decreasing the electrical current toward zero will in a chain
reaction decrease the thermal current, AT followed by V..
In other words, measuring V,. would result in an unreliable
maximum power tracking.

The most accurate method to extract the maximum available
power from a TEG is by employing an MPPT algorithm.
There are a number of different MPPTs, nevertheless the basic
operation is similar; measuring the voltage and current during
the operation and comparing them to the previous sampled
values. In detail, the algorithm makes a small change in the
control signal and notes the result of the change on the output
power. If that action gives rise to a higher output power than
in the previous loop, the same action will take place again in
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the next loop, otherwise an opposite action befalls. Usually,
the control signal sets the duty ratio of the switches in the
power converter, adjusting the current. The disadvantage of
MPPT is that it will never stay at the maximum point but
moves back and forth around the maximum power. Different
MPPT algorithms were analyzed in [44]. Perturb and observe
algorithm is one type of MPPT which showed a sufficient
results in an earlier investigation at Scania, and therefore it was
implemented into the control system of the power converter.
The most important parameters were found to be the sampling
frequency and AD; the step-size which D will be changed
by. A small AD results into a non-measurable change in the
output power and thereby no action will take place. In contrast,
a large AD leads to oscillations in the output power. The
sampling frequency has the same effect, i.e. high frequency
results in no change in power since the response time of the
TEG is long, and low sampling frequency causes oscillations
in power and consequently an inaccurate MPPT. It has to be
mentioned that in a similar system as in Fig. 7 where the
modules are connected in parallel, the produced R;,, very low.
In that case the converter needs to adjust the current so that
Ry, is kept in the range of 12 m{) < R < 29 mf). However,
no sufficient small AD would be able to keep Ry, in that small
region and thereby track the maximum power. Therefore, the
connection between modules in a TEG producing a large R;,,
is very important. In Fig. 18 the flowchart of the implemented
control and MPPT algorithm is shown. The flowchart can be
divided into four parts where the first one is assigned to the
start-up sequence when the engine is cold and the TEGs do
not generate any power. The duty ratio is set to 100 %, and
as soon as the TEGs are able to generate power, the control
system checks if the battery is able to receive any power or
not (part II). If the actual battery voltage (ABV) is higher than
what the main ECU requests, no power from the TEGs has to
flow to the battery and therefore the duty ratio (D) decreases
very fast towards zero. The algorithm enters part III and IV
where the actual MPPT is implemented. This occurs only if
there is available power in the TEGs AND if the vehicle’s main
ECU decides to charge the battery. In part III, D decreases
by duty-step AD. If the resulting power is higher than the
previous loop the control system decreases D further, if not,
D will be increased in part IV. The power is measured and
reported continuously during the entire operation.
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Figure 18. The flowchart shows the implemented control system of the

converters including the perturb and observe algorithm as MPPT. The
measured variables are the input voltage (V;y,) and current (/;,) and the
control parameter is the duty ratio (D). AD is the step that the duty ratio
will increase or decrease for each sampling (k). The control system read
requested system voltage (RSV) from vehicle’s main ECU and compares it
with the actual battery voltage (ABV) to decide the amount of power flow
from TEGs to the battery.

V. RESULTS

All components operating on a real vehicle need to be
completely safe and reliable before they are allowed to be
connected to the vehicle. It is very important that the electrical
power management system of the TEG is thoroughly tested in
the laboratory before it can operate on-board since in case of
failure it may affect the entire electronic system of the vehicle.
After an internal evaluation from Scania the entire system was
mounted on-board and tested.

The power management system of the TEGs was
communicating with vehicle ECU through the CAN bus. The
electrical power of the TEGs could therefore be monitored
from the main ECU. The TEG system on-board the truck
was first tested in a dyno-cell where the ICE could be
loaded according to the 9-LHC. In a dyno-cell the speed
and the temperature of the ambient air can accurately be
controlled. Later on, the truck was also operated by drivers
on Scania’s test line, i.e in an uncontrolled environment.
The sub-converters were mounted in two different boxes for
each TEG, see Fig. 19. For safety reasons the temperatures
inside the boxes were monitored during operation. The
temperatures did not exceed 35 °C at 15 °C ambient
temperature. The electrical power of each TEG from the
dyno-cell measurements can be seen in Table V. In order to
push the entire system to its limits, the ICE was also running
at highest possible power. At this operating point, the total
electrical power from the TEGs reached just above 1 kW [16].



Figure 19. DC/DC converter connected to the TEG and the vehicle battery.
Condition of the DC/DC and data as voltage, current and PWM signals was
transmitted to the main ECU of the vehicle via CAN-bus.

Figure 20. Truck equipped with the TEGs during the tests in the dyno-cell.

Table V
THE TOTAL GROSS OUTPUT POWER FROM ATS- AND EGR-TEG
MEASURED BY EACH SUB-CONVERTER AND SENT TO THE VEHICLES MAIN
ECU via CAN BUS.

LHC 1 2 3 4 5 6 7 8 9
F\S}R -TEG 92 245 | 337 149 | 418 137 | 262 | 382 | 403
STI]S_TEG 245 | 385 | 490 | 300 | 440 | 205 | 340 | 410 | 420

Moreover, in order to determine the dynamic behavior of the
system, some transient measurements, by means of jumping
from one LHC to another were performed. As seen in Fig. 21
the response time of the electrical system to the changes in
LHC is rapid. However, the large mass of the thermal system,
including the HXs, TEMs and cables in the EGR-TEG may
need more than 200 s to reach the steady-state condition of
the actual LHC. In fact, that time is very short in the context
of LHC where the vehicle is running at LHC-6 during 40 %
of the driving time, and at LHC-4 and 7 together during 37 %
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of the driving time. Due to the large gas mass flow in the
ATS, the response time of the ATS-TEG is faster than for the
EGR-TEG.
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Figure 21. Results from the transient measurements showing the output

power from the ATS-TEG and EGR-TEG. The ICE of HDV runs first from
LHC-4 (t=0) to LHC-6 and continues to LHC-7, 8, 9 and back to LHC-7. The
horizontal dashed lines represents the times the condition of the ICE changes
from one LHC to another.

VI. CONCLUSION

This paper presents the electrical design of a prototype
thermoelectric waste-heat recovery system for a real-scale and
drivable heavy duty vehicle. The electrical system design in a
thermoelectric generator includes the connection configuration
of thermoelectric modules, power converter topology and
maximum power point tracker algorithm. The electrical system
is subdivided into two sub-systems: one ATS sub-system
with 224 TEMs and one EGR sub-system with 240 TEMs.
Each of these sub-systems is connected to the vehicle
battery through a four-channel interleaved DC/DC converter.
Experimental results showing the gross power recovered
by the TEG from the HDV are presented. The maximum
recovered electrical power is approximately one kilowatt, and
the converter efficiency is 98 percent. The proposed power
converter contains a minimum number of passive components
keeping the power losses, cost, weight and complexity
of the system at a level the automotive industry expects
for a full-scale drivable vehicle. Furthermore, efficiency
measurements were performed on the power converter with
two different semiconductor devices. Usually, SiC MOSFETSs
are used as a replacement for Si IGBTs in high-voltage/power
applications. Experiments showed that SiC MOSFETs can be
beneficial to use as a substitute for Si MOSFETs also in
low-voltage applications. Moreover, it was shown that in a
TEG with a large number of TEMs, it is extremely important to
connect the TEMs in a way that high voltage and high internal
resistance is obtained from a string of modules. This can be
achieved by connecting a sufficient number of thermoelectric
modules in series. The large value of the internal resistance
enables to track and extract the maximum available power
from the thermoelectric generator. In addition, the series
connection of the modules minimizes the risk of failure or
loss of power due to mechanical mismatch between different
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modules, which increases the reliability of the system. In the
setup, however, the modules are connected in strings with two
parallel modules in pair and then in series with the next pair,
in order to increase the reliability considering open-circuit
faults. From a thermal point-of-view it is very important to
realize that the thermal conductance and thermal capacity of
both the heat source and the heat sink, are limited when
designing the system. It should be noted that the ability of
controlling thermal current, by adjusting the electrical current
during extreme conditions, may be used to optimize the system
for best performance. Due to the same reason, the electrical
current needs to be kept at a low level to keep AT high during
normal conditions. Additionally, in order to study the response
time of the system, transient measurements were performed.
The conditions of the ICE was changed from one LHC to
another before the steady-state was reached and the TEGs’
output power was studied. Since the gas mass flow is lower
in the EGR the time to reach the steady-state, is larger in
the EGR-TEG compared to the ATS-TEG. This behavior may
be considered for the designing of TEGs in vehicles as for
instance public buses, with a large number of start/stop or
changes in driving conditions.

It is worth mentioning that the TEG will add losses to the
system and affect the total efficiency of the ICE. The TEGs’
gross power determines the specifications of the electrical
system and the design of the power converters. The actual
net power is affected by the hydraulic losses such as; added
back-pressure into the exhaust system, increased temperature
in the charge air cooler and in the low temperature radiators.
Therefore, the thermodynamical system and the hydraulic
losses, influencing the net power of the TEG is investigated
and discussed in [16] and [45]. From the system perspective of
view, the total generated net power costs approximately 150 $
per watt and the net-power-to-weight ratio of the complete
system was calculated to 5 W/kg for this prototype. Clearly,
the cost of a TEG needs to decrease to 1-2 $ per watt in series
production to be profitable for automotive applications.
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