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Abstract— This paper presents a Differential Power
Processing (DPP) architecture applied to series-connected
thermoelectric generators (TEG). Currently, thermoelectric
technology is being considered as a promising power generation
technology that can be used to recover waste heat energy. Thus, a
thermoelectric generation system is studied under non-uniform
temperature conditions in multiple TEG devices. The main
objective is to allow each thermoelectric sub-module to reach its
maximum power point more quickly. The purpose has been to
improve the maximum power point tracking (MPPT) in each
sub-module, thus it is possible to increase the efficiency with
respect to the traditional method based on a global MPPT.
Differential Power converters have been implemented in each
TEG sub-module to provide an effective solution and mitigate the
impact of the mismatch in the power obtained. The DPP
architecture consists of a small micro-converter, at the
submodular level, applied to the thermoelectric cell. The control
algorithm is oriented to polarize each TEG device at its optimal
point, which allows us an active balancing among the different
TEG sub-modules regardless of the operating temperature.
Matlab-Simulink has been the software used to develop the TEG
module-array.

Keywords—Thermoelectric Generator (TEG); TEG modelling;
Differential-Power Processing (DPP); Maximum Power Point
Tracking (MPPT); Waste heat recovery technologies; non-uniform
temperature distribution; Energy Harvesting; DC-DC converter.

I. INTRODUCTION

In recent years, many scientists have focused on improving
and optimizing power generators based on energy harvesting,
in order to reduce global warming. Nowadays, a growing
interest has appeared in society in recovering energy from
some abandoned natural sources such as thermal, RF radiation,
vibratory/mechanical energy, piezoelectric energy, etc., and its
subsequent conversion into electrical energy for the purpose of
supply electronic systems or low-power machinery.

Thermal energy is an available energy source that can be
found in multiple applications, such as industrial processes,
running vehicles, and even in domestic equipment, etc. Some
devices that have attracted attention recently are thermoelectric
generators (TEGs). These devices do not contain chemical
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products since they are manufactured with different types of
substrates such as silicon, polymers, and ceramics, in this way
they are friendly with the environment. Furthermore, these
devices are simple as they do not contain moving parts or
complex structures inside, being silent devices with a long
operating lifetime. TEGs are composed of multiple
thermocouples, electrically connected in series and thermally
in parallel. Thus, thermoelectric generators have demonstrated
their ability to directly convert thermal energy into electrical
energy through the Seebeck effect. These devices are also bi-
directional and can cool a surface by applying a voltage across
its terminals (Peltier effect). Thus, Peltier coolers are used to
convert electrical energy into thermal energy for cooling
purposes.

Although the efficiency of these devices is not very high,
they can be used in many fields due to their free maintenance
and long service life. Thus, some authors have shown interest
in its applications for energy harvesting. Jaziri et al. [1] present
in-depth analysis of TEGs. In this way, they describe their
operating principle, materials and technologies used, and even
analyze different internal structures (conventional, cascaded
and segmented). The authors mention different high-power
applications such as industrial electronics, automotive engines,
and aerospace. Similarly, Twaha et al. [2] develop a
comprehensive review of thermoelectric technology. Its main
contribution is associated with performance improvement of
TEG devices through the study of new designs, geometries, the
incorporation of different materials, as well as the use of new
advanced mathematical models. Recent advances in materials,
selection criteria and the main parameters related to TEG
devices are presented. These techniques have facilitated the
study and analysis of TEG modules. The recovery and
utilization of waste heat can be an option to obtain a certain
amount of energy and thus reduce energy consumption. In turn,
this strategy allows us to improve the overall efficiency of the
systems. However, the optimal performance of the different
TEG modules depends on several factors such as material
selection and operating strategy. Although thermoelectric
devices contain many advantages due to their compact
structure, their applications have not been widely developed
due to their low efficiency.
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Thermoelectric technology is being seen as a promising
power generation technology that can be used to recover waste
heat energy. In this way, TEG technology is being introduced
in automotive engines to extract waste energy at different
points in the vehicle, such as the exhaust pipe, cooling system,
clutch, gearbox, etc., [3]. Thus, Hebert and Schwab [4] present
a techno-economic approach to the modeling of a
thermoelectric generator for natural gas heavy-duty vehicles.
This time the TEG devices are integrated into the exhaust
system. This paper can be complemented with the study carried
out by Yan ef al. [5] on performance analysis in TEG devices
placed on channels and tubes with different cross-sectional
shapes. In all these cases the objective is to optimize the heat
sources of internal combustion engines that use fossil fuels.
Other studies have also been developed for the harvesting of
thermoelectric energy from a railway track.

Thus Gao et al. [6] develop a thermoelectric prototype for
capturing thermal energy on railway tracks. This technology
enables the power supply to sensor-based systems in remote
areas and off-grid modules. Similarly, Kiitt et al. [7] analyze
different domestic applications (boilers and ovens, biomass
stoves, etc.) to study the capture of thermoelectric energy and
the viability of different micro-production units. Meanwhile,
Dewan et al. [8] propose TEG modules as alternative energy
sources to supply remote sensor-based systems. Batteries are
traditionally used as power sources in stand-alone systems and
they have replacement cost as the main drawback. In this way,
the authors provide thermoelectric harvesting techniques as a
supply system in wireless sensor networks, depending on
power requirements. Likewise, Wan et al. [9] perform the
analysis and design of a novel energy harvesting system based
on a reconfigurable TEG array for IoT applications.

Meanwhile, Hasani & Rahbar [10] propose the application
of a thermoelectric cooler as a possible option for the waste
heat recovery in a system composed of a PEM fuel cell.
Temperature is an important parameter in the optimal operation
of the PEM fuel cell, as it affects both its efficiency and the
maximum cell voltage. In this way, the introduction of multiple
thermoelectric devices to support the temperature management
system is presented. Moreover, these TEG devices can play an
important role, for example in deep space probes as a reliable
source of power [11]. The space industry has used TEG, in
combination with thermal generators based on nuclear
technology (radioisotope thermoelectric generators), since the
beginning of space exploration. Medical and wearable devices,
microgeneration for sensors, computer systems, and electricity
generation in extreme environments are other possible
applications of these thermoelectric devices.

On the other hand, the amount of energy obtained by a
TEG depends on the difference in temperature and the applied
electrical load. Thus, Bond et al. [12] or Kim ef al. [13] present
some maximum power point tracking (MPPT) methods applied
to TEG devices. The proposed MPPT energy harvesting
schemes are simple and have low power consumption. In this
way, the maximum power can be extracted for each given
temperature condition. Both papers use a DC-DC Boost
converter to implement the MPPT algorithm. While in [14], the
authors propose an MPPT scheme composed of a synchronous

Buck-Boost converter and where the step size can be modified.
Similarly, Park et al. [15] propose a temperature sensor-based
MPPT algorithm for energy harvesting. The purpose is to
compensate for the low conversion efficiency. In turn, this
technique can avoid some disadvantages associated with other
more conventional methods such as device disconnection,
current measurement or power disturbances. Likewise, in [16]
the authors propose a new adaptive MPPT technique for a
centralized thermoelectric generation system. At the same time,
different configurations of TEG system (centralized, string-
type and modularized) are presented and analyzed.

In the present paper, a thermoelectric generation system is
studied under non-uniform temperature conditions in TEG
devices. In these conditions, with a series distribution of the
TEG devices, multiple local maximum power points (LMMP)
appear. A differential-power processing architecture [17] [18]
is introduced in order to optimize waste energy harvesting.

This paper is organized as follows. Section 1 has shown a
brief introduction and the state-of-the-art of the problem
addressed. Section 2 gives a description of the system
configuration. The basic principle of operation in TEG devices
is also explained. Section 3 describes the differential-power
converter and its control strategy. Maximum Power Point
Tracking (MPPT) algorithm is presented. Section 4 shows the
different results obtained from the simulation. Matlab-Simulink
simulation software has been used. Finally, the conclusions and
some brief considerations are described in Section 5.

Fig. 1. Example of a thermoelectric device (TEG) and its different elements.

II. THERMOELECTRIC GENERATORS (TEGS)

Recently, among clean energy conversion technologies,
thermoelectric devices have received a lot of attention because
they are solid-state devices capable of converting wasted
thermal energy in many applications into electrical energy.
Thermoelectric modules are semiconductor devices that have
the ability to generate a voltage when exposed to a temperature
gradient (Seebeck effect), or on the contrary, to produce a
temperature gradient when supplied by a voltage (Peltier
effect). TEGs are generally composed of many thermocouples
connected in series in order to increase the power output.
Although thermoelectric devices have low efficiency and high
cost, their viability as energy source has improved thanks to
recent advances in research associated with material efficiency.
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A. Basic principle

Thermocouples are made of two different materials, which
have an opposite Seebeck coefficient (o5, o), joined through
their ends, (see Fig. 1). A good thermoelectric material has a
Seebeck coefficient range between £350uV/K [1], [7]. Thus,
due to the Seebeck effect, the temperature gradient causes a
voltage at its terminals (voc) that can be expressed as:

Voc = Nat gy AT O]

where N is the number of thermocouples connected in series,
ayp is the Seebeck coefficient corresponding to the union of
both semiconductor materials A and B (aag = ap - ag), while
AT is the temperature gradient between the surfaces that make
up the TEG device (AT =Ty - T¢); being the parameters Ty
and T, the temperature of the hot side and the cold side,
respectively. Semiconductor materials generate a higher voc
compared to metals; hence they are used to manufacture TEG
devices. In this way, a positive doped semiconductor (p-type)
is connected through a metallic contactor to a negative doped
semiconductor (n-type) to create a thermoelectric junction,
considered a p-n pair, as shown in Fig. 1.

In steady state, a TEG can be modeled as a voltage source
voc in series with an internal electrical resistance (Rrgg) as
presented in Fig. 2. Note that both voc and Rz are highly
dependent on the temperature difference. In turn, the total
internal resistance of the module is proportional to the number
of thermocouples connected in series. Thus, although a large
number of thermocouples increase the voltage provided by the
TEG device, their impact on internal resistance is adverse. In
this assumption, the internal resistance Rz of the TEG device
can be expressed as:

L L L Z
RTEG_N(pA 4 Pele 5 Pc CJ_ZRTN )
S, Sy Sc pr

where the different coefficients p,, pp and pc are, respectively,
the electrical resistivity of materials A, B and of the metallic
contact. Meanwhile, L, and Lz are the lengths of the
thermocouple arms crossed by the heat flux and L. is the
length of the metallic contact. Sy, S, and S¢ are thermocouples
A and B respectively, along with the cross-sectional areas of
the metallic contacts; while Ryy; is the resistance of the ith
thermocouple junction.

Fig. 2. Ideal electrical equivalent circuit of a TEG device.

B. Electrical Model

A TEG generator can be modelled as a voltage source, with
an open-circuit voltage (voc), and an internal series resistance

(R7rc). While the external load (R;) can be fixed or variable.
Thevenin equivalent circuit of the TEG device is shown in Fig.
2. Through the equivalent circuit, it can be verified that the
output current-voltage relationship (vrzg, irgg) is linear. When
the TEG module operates with a load resistor R;, the output
voltage is given by:

R, (NasAT)R, 3)

Rypg + R, Rypg + R,

V1rEG = Voc

In this way, the output power delivered by the TEG
generator (Przg) will be given by:

R
P =Vor: ———E-—— “)
e e (RTEG +R, )2

where R; and Ry are the external load and internal resistance
of the TEG device, respectively. Now the maximum power can
be found by developing the derivative with respect to R;.

dP, R -R
TEG _ 002 ( TEG L)3 -0 (5)
dR, (RTEG + RL)

In this case, the maximum power output occurs for the
condition Rrgg =R;. The theoretical maximum power of the
TEG module can now be expressed as:

v 2
Py = Yoc
4R 56

_ (Na pAT) ©)
4RTEG

Fig. 3. Characteristic diagram of the TEG device. P-V and i-V curves
obtained from the variation of temperature (7) and load resistance (R;); results
for different T} values with T¢ = 35°C.

Then the output power-voltage relationship (Prgg: vreg) 1S a
parabolic function with respect to load. Typical characteristics
of a TEG device for different temperatures are shown in Fig. 3.
In this diagram, a TEG device has been characterized by
different Ty values while the 7 temperature is kept at 35°C.
As seen in the diagram, there is a maximum power point
(MPP) on the curve. Furthermore, since the current and voltage
of the TEG vary linearly depending on the load (R;), the MPP
can be tracked at half the value of the current (iy;pp) and the
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voltage (vypp) as shown in Fig. 3. These maximum power
conditions are well known and MPPT algorithms can be used.

Vapp = VIEG :v%; ivpp = 175G ZZSTC ™)

If the TEG generator is connected directly to a load resistor,
the device will operate at a point on the P-V curve associated
with R;. This causes the TEG device to operate at a level
defined by the load, not at the optimum operating point (MPP).
However, if the R; load is connected to the TEG device
through a Boost converter, it is possible to operate at the
optimum power point by applying an MPPT algorithm on the
converter control.

III. DIFFERENTIAL POWER PROCESSING (DPP)

In general, series connection of multiple TEG modules is a
frequently used option to increase the value of the output
voltage. However, such systems generally operate under
conditions of non-uniform temperature distribution, causing
mismatched power losses in TEG systems. Therefore, its
performance depends on the operating conditions of the TEG
devices that make up the system. Different methods have been
proposed in the literature (centralized systems, string-type
systems and modular systems), generally supported by an
MPPT converter that seeks to optimize the structure globally.
But they require that the temperature differences be small so
that the mismatched power losses are also low. This centralized
TEG system generally incorporates a boost converter to
provide power to different loads. In this way, the output
voltage v; is adjusted by controlling the duty cycle D and thus
the value of MPP is maintained.

Fig. 4. Relationship between total power and output voltage provided by a
TEG string-type structure under non-uniform temperature conditions.

Furthermore, in the case that the temperature differences
are not low, several local maximum power points (LMPP)
appear on the system's P-V curve. A detail of this behavior can
be observed in Fig. 4. This phenomenon is caused by the
imbalances that exist in the devices, so that the output voltage
in each TEG generator will be different. Mismatch among TEG
devices not only causes power losses but also creates hotspots,
which will eventually affect the reliability and lifespan of the
TEG modules.

If a centralized system with several TEGs connected in
series is considered and it is also assumed that an ideal MPPT
algorithm is developed on TEG module-array, then maximum
power Prthat can be delivered from this configuration will be:

n

2
z Voc,[J
®)

2
pmax _ (VOCJ +Voca *--- +V06n) _ [i=1
X =

4(RTEGI + Ryggy +...+ Rygg ) C
! 42 Rrgg,i
i=1

On the other hand, if the maximum available power Prgg is
defined in each module separately and not as all connected in
series then,

2 2 2 noy o2
pmax _ _Yocl Voca Yocn _ _ 0C.i )
TEG =

4RTEGI 4RTEGZ 4RTEGn i=1 4RTEG,i

Furthermore, it is easy to show that Pi™ <Prgg™. The
equality holds only if the short-circuit currents (isc) are equal.
This occurs since in the serial topology all TEG devices have
the same i;ze current. From these simple preliminary
observations, it can be deduced that the MPPT technique
applied to each TEG module recovers more power, although its
cost is higher.

Fig. 5. Diagram of the implemented DPP architecture (bidirectional buck-
boost converter with synchronous switching).

The main objective of this paper has been to analyze the
application of the differential-power processing architecture on
a thermoelectric system composed of multiple TEG devices.
The centralized-power converter processes 100% of the power
generated by each TEG module, while the differential-power
converter only processes a partial-power as a result of active
balancing, see Fig. 5. The main advantage of this architecture
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is that it allows us to implement a control strategy that
facilitates the MPPT in each TEG module. In this way, the
modules can be controlled to obtain maximum power at all
times. Figure 5 shows the differential power processing
architecture applied to a centralized TEG structure. In the case
presented here, a non-isolated architecture has been used
among the different sub-modules that make up the TEG system
[18]. Differential converters are connected to the TEG cells to
balance the current flows between the different sub-modules.
Every two cells a voltage balance circuit is connected in
parallel, see Fig. 5. In other words, if there are n TEG devices,
there will be n-1 voltage balance circuits.

The principle of operation in the DPP architecture is based
on the active balancing of TEG cells, through the injection or
extraction of current from the connection nodes. Each DPP
converter is bidirectional and maintains MPP operation on a
TEG generator. This MPPT is maintained for each TEG due to
the differential current provided by the DPP. Therefore, the
DPP converter acts as a controllable current source and only
processes a fraction of the power generated by TEG devices. In
this way, conversion losses are minimized and performance is
improved, compared to a global MPPT converter.

The topology proposed here consists of a bidirectional
buck-boost converter with synchronous switching to balance
the different TEG modules. The control strategy allows us to
apply the MPPT algorithm to each TEG device independently.
In steady-state, the TEG module voltage is constant and,
therefore, the average current through all capacitors is zero.
Applying Kirchhoff's law to node N2, eq. (10) is obtained. In
turn, the currents in the Sp; and S,; devices can be rewritten as
a function of the current in each coil L,, respectively (Fig. 5).

1o +iregs =lrp2 +isp *iss (10)
Isp :iLl(l_Dl) (11)
sy =i13D; (12)

Thus, for any connection node N, the expression can be
generalized as:

ir; +irgg, jn =ireg TiLja (1 -D, )+iL,_j+lD_j+1 (13)

In the first node, the equation will be adjusted ignoring the
term iz ;.; while in the equation of the last node the term i,
will be omitted. In this equation, it can be seen that the average
current of the inductor 7;; in a TEG device depends in turn on
the average currents in the other inductors i;;,; and ir;,.
Finally, each converter controls the differential current through
its duty cycle D;. Also, the duty cycle value is a function of the
voltages across the TEG modules (14),

VTEG,
D, = I 00— (14)
T VrEe,j Y VIEG, j+1

where D; is the duty cycle in the jt& DPP converter, while vz,
and vrgg;+; are the voltages of the jth submodule and j+1,th
submodule, respectively. In this way, in ideal scenarios or with
low unbalances, the duty cycle of the converters will be close
to the value D; = 0,5. The objective of the control algorithm is
to find the value of the duty cycle (D;, D...., D;, D;:;) that

maximizes the output power in the system. The control loop is
based on a P&O algorithm. The purpose of the control is to
find the only combination of current values (irzg;) and duty
cycle ratios (D;) that maximize the overall output power. Thus,
the control algorithm performs several iterations until all the
TEG modules find the proper duty cycle that maximizes
power. An advanced mathematical analysis of the presented
DPP topology, as well as a more detailed development of the
structure in matrix format, can be seen in [18].

IV. SIMULATION RESULTS

To analyze the advantages and drawback of differential-
power architecture in a series-connected TEG topology, the
circuit shown in Fig. 5 has been modelled and simulated. The
DPP converter consists of a non-isolated bidirectional buck-
boost converter, which operates as a current source. The
control technique has been evaluated by extensive simulation,
using Matlab-Simulink software. It must be considered that the
dynamics of TEG devices is relatively low. On the other hand,
the duty cycle control has been implemented using a sliding-
mode current control. This control technique has a small-time
response. The purpose of the system is to provide maximum
power (voltage and current) to the DC bus, even under non-
uniform temperature conditions in the TEG-array.
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Fig. 6. Currents at node N2 (parameters izzca, i1ec3, ir2); instantaneous
and average values. Assumption considered i;, < 0 according to the
current criteria adopted.
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Fig. 7. Currents in the DPP converter associated with node 2
(parameters igg;, i1, Lsp2). Assumption considered i, < 0 according to
the current criteria adopted.

Differential-power converters have a switching frequency
of fsw=10kHz and a coil of L;=1,5mH. In this model,
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resistance in series with the inductor (Ry;=10,1€2) has been
included to represent the losses. In Fig. 6 and 7 it is possible to
observe the different currents associated to node N2 and to the
DPP converter, respectively. All these variables are related to
node N2. In this case, it is observed that i;, < 0, that is, the sub-
converter removes current at node N2, see Fig. 6. As a
consequence of active balancing, the operating point in the
TEG?2 device (vrge2; iregs) 1s different from the operating point
in the TEG3 device (vrggs; irsgs). Likewise, it has been
considered that the TEG devices have a temperature, on the hot
side, of Ty, =200°C and Ty; =250°C, respectively. In both
cases, the value of Tc = 35°C, see diagram in Fig. 3. In the case
studied, the following values have been obtained:
itEGa@aveg) = T1,317A;  itEG3@vg = T1,515A;  ira@avg = -0,1986A;
isa2(ave) = 0,0993A; igpoave) = -0,0993A. Also, the voltages on
the TEG devices are: Vrggaave) = 13,02V; VieGaave = +3,92V.
In this way, both TEG cells are operating in their own MPP.
This phenomenon is more representative when the number N
of thermocouple junctions within the TEG device increases.

V. CONCLUSIONS

This paper has presented a differential power processing
(DPP) topology applied to series-connected thermoelectric
generators. The DPP converter is based on the active balancing
principle. The main objective has been to allow each sub-
module to reach its maximum power point (MPP) more
quickly under non-uniform temperature conditions. In this way,
the overall efficiency of the TEG system is improved. The
advantage of the DPP converter over the Full-converter is that
now the nominal power of the converter can be a small fraction
of the TEG sub-module power, instead of the total power of the
system. In this way, as a partial solution, the DPP sub-
converter allows us to combine the active balance with the
local energy optimization in each small thermoelectric
generator, being a more efficient alternative than the global
optimizer. Matlab-Simulink has been the software used to
develop the TEG module-array and analyze its performance.
The simulation results obtained have been satisfactory.
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