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This paper reports a practical implementation for maximum power point
tracking (MPPT) of a thermoelectric generator (TEG) module using sliding
mode control. The principal goal is to apply a robust technique of control to
ensure maximum power transfer towards the load through a boost converter.
On the one hand, the proposed technique improves rapidly the effect of load
variation, and on the other hand, it increases the overall performance of the
system. The MPPT control is modeled in Simulink/Matlab with the theoretical
Models of a TEG module and a boost converter. Simulation results give the
sliding mode control performance under different temperature gradients.
Hardware based on an Arduino card is implemented, where the experimental
results are presented and analyzed. The experimental results are compared
with simulation data where a good agreement is observed. Finally, the results
show the effectiveness and the robustness of sliding mode control.

Key words: Thermogenerator, MPPT control, sliding mode control, prototype

The TEGs are solid modules, comprising a group

INTRODUCTION of thermocouple elements interconnected and used

In recent years, energy production has been a
great challenge of industrialized societies for their
energy needs. Also, applications of embedded sys-
tems and micro-systems will need more energy
autonomy to carry out good functioning. Today, a
large part of global energy production comes from
fossil sources which cause pollution and stockpile
reduction of this type of energy, that have led to the
use of these devices.!~

Renewable energies are unlimited energy
resources, which come from the sun, wind, heat of
the earth, water or biomass, including a number of
technological fields valued according to ener
source and useful energy quantity obtained.*’
Among these approaches, heat energy harvesting
via thermoelectric generators (TEGs) converts ther-
mal energy into electrical energy without any
mechanical moving parts.

(Received April 12, 2018; accepted January 23, 2019;
published online February 8, 2019)

in the harvesting power supplies sources of many
intelligent applications. Thermoelectric energy
comes from the direct conversion of thermal energy
into electrical parts, or electric energy can be
converted into thermal energy for cooling or heating
demands.® !

The efficiency of the TEG majorly depends on the
temperature gradient applied between the two
junctions. In order to extract the maximum power
at the terminals of the TEG, an adaptation stage
between the generator and the load is introduced to
couple the two elements as perfectly as possible.
But, the problem of transferring the maximum
power of TEG to the load is a key point of this study.

Many studies are focused on optimal electrical
load matching conditions for maximizing power
generation and applying maximum power point
tracking (MPPT) standard algorithms, such as
perturb, observe (P&O), incremental conductance
(IC), Lock-On Mechanism, .0Measuring a fraction of
the open-circuit voltage (FCO) and proportional
integral (PD).1713
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This paper is to present a validation of novel
technical control, sliding mode control (SMC)
applied to the TEG for MPPT, which is based on
controlling a power boost converter which operates
under many operating points. These MPPT controls
have originally been applied for PV systems.'*~!3

This paper is organized as follows: the modeling
and simulation of operational characteristics of TEG
devices are described in the “Thermoelectric Gen-
erator Modeling” section; the proposed sliding mode
control for the MPPT system is presented briefly in
the “Simulation Results” section and the different
equipment (hardware and software) used in this
paper are introduced in the “Experimental Data
Acquisition” section.The last section is devoted to
the implementation and presentation of experimen-
tal results of the proposed control. Finally, this work
will close with a general conclusion through which
are presented the main results.

THERMOELECTRIC GENERATOR
MODELING

Thermoelectricity

The thermoelectricity is a phenomenon that
allows the conversion of thermal energy into elec-
trical energy through a temperature gradient. This
phenomenon was discovered in 1821 and is called
the “Seebeck effect,” while the reverse counterpart
of this phenomenon was discovered by Peltier in
1834.'%™ Figure 1 illustrates the operating princi-
ple of this phenomenon.

Many advantages of this energy-conversion phe-
nomenon include solid-state operation, having no
moving parts; they do not cause any vibrations in
the application, vast scalability, maintenance-free
operation vis-a-vis the lack of moving parts or
chemical reactions, and a long duration span of
reliable operation.'®'® Thermoelectric generators
(TEGs) generate electric direct current (DC) in a
closed-circuit through a load when a temperature
gradient develops between the two ends of the
device, therefore, no rectification is needed.'®2° The
coupling effects managing the conversion are the
Seebeck, Peltier, Thomson, and Joule effects.
Understanding the transient behavior of TEG is
very important so as to optimize the energy har-
vesting from waste heat, when one junction is
exposed to an unsteady heat source and the other
is subjected to natural convection at ambient tem-
perature. Several models have been developed for
each configuration,?’2® but most models assume
either an unlimited heat source or steady-state
methods of operation. Practical applications such as
being parasitic of energy harvested starting at
waste heat sources generally have unsteady heat
flux and/or temperature conditions on the hot side of
the TEG that pose a fully coupled thermoelectric
problem.**
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Fig. 1. Schematic diagram of a typical TEG. Reprinted with
permission of Ref. 14.

Electrical Model of TEG

In literature, TEGs are mostly considered under
invariable temperature gradient conditions.?>%
The influence of the internal contact thermal resis-
tance is generally neglected. Under these condi-
tions, the equivalent electrical circuit of TEG can
analytically be modeled with a constant voltage
source in series with an internal resistance Rrgg.
According to Seebeck’s effect, the open-circuit volt-
age V., of the TEG is enclosed in the thermal
energy, which is composed of 5 thermocouples
connected electrically in series and thermally in
parallel.'*27

Where given by

Voe =S.AT = n.o(Ty, — T,). (1)

where S represent the Seebeck coefficient of a TEG
module (« is the Seebeck coefficient of a thermocou-
ple between the p and n semiconductors) and 7 is
the number of thermocouples.

Ty, T. are the temperatures of the hot-side and
the cold-side, respectively.

The harvested current Itgg, when a gradient of
temperature is applied AT, is given by the following
equation:

Vo = Vree _ n.u(Th —Te) — Viea
Rrrg .

(2)

Itgc =
Rrrg

The output power Prgg handed over to the load
R;, by the TEG, can be determined by using Eq. 2
and the output voltage Vg of TEG, which is given
by

n.o(Tp —Tc) — Vreg
Rrrg '

(3)

Prrg = Vree Itee = VrrG-

The model of TEG with simulink/Matlab is pre-
sented in Fig. 2.

The model of a TEG module with Matlab/
Simulink is shown in Fig. 2, which is decomposed
into two parts, the first is the voltage V. of Eq. 1
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Fig. 2. Simulink/Matlab model of TEG. Reprinted with permission of Ref. 14.
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Fig. 3. P-V curve of TEG (TEC1-12706). Reprinted with permission of Ref. 14.

and the second represent the power generated by
the TEG module given by Eq. 3.

SIMULATION RESULTS

The simulation results of the P-V curve and P-R
curve of one TE module generator TEC1-12706 for
different temperature gradients AT, =
28°C and ATy = 40°C are presented in both Figs. 3
and 4.

In Fig. 3, we can see that the maximum power
output and the voltage output of TEG are related
directly to the value of temperature gradient
applied to the TEG. Also, we can conclude that the
output voltage is equal to V. /2 when the power is
maximized TEG.

In addition, we can observe in Fig. 4, that the
internal resistance value of the TEG can directly
extract. It is interesting to work with this value
when the harvesting power control is applied.

EXPERIMENTAL DATA ACQUISITION

The following Figs. 5 and 6, present the simula-
tion and practical acquisition data of TEG (TEC-1
12706) at AT = 27°C in order to allow tracing the
curves P-V and P-R.

These results show the maximum power point of
TEG used in this application with a temperature
gradient AT = 27°C. The objective of these figures is
to give important information about the control
validation used in MPPT.**
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Fig. 4. P-R curve of TEG (TEC-1 12706). Reprinted with permission of Ref. 14.
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Fig. 5. Power curve of one TEG (TEC1-12706) as a function of the voltage with AT = 27°C.

SLIDING MODE CONTROL

The sliding mode control (SMC) is well known for
its robustness against internal disturbances (inter-
nal parameters system variations), external distur-
bances (due to the load variation), and phenomena
that were omitted in the modeling 8phase while
having a very good dynamic response.®?°

The purpose of this control is to characterize the
surface o(x) on which the control objective is
achieved. We recall that the sliding mode control
objective consists of designing a suitable surface
defined by o(x) = 0 to restrict the state trajectories
of the plan.toresult.in.the desired.-behavior such as
tracking, regulation, and stability. Then, determine

a switching control law u(x,¢) which is able to drive
the state trajectory and maintain it on this manifold
for all the time, i.e., u(x,¢) is determined such that
the selected surface o(x) is made attractive and
invariant.283

The sliding mode control low is divided into two
parts, the first part is the equivalent control u.q(t)
which is calculated by using the invariance condi-
tion, and the second part is the switching control
un(t) from the attractive condition.Where the slid-
ing mode control is defined by:

u(t) = teq(t) + un(?). (4)
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Fig. 6. Power of one TEG (TEC1-12706) as a function of the load resistance with AT = 27°C.
To calculate these two parts of the SMC law, it dVrra d/
must initially propose the suitable sliding surface =1 dl + VTEG'@ =0 9)
o 2881
The main purpose is to track the maximum power v,
point of the thermoelectric generator, which means 0=Ve +1.—2% _ o (10)
that the power derivative equals zero (% = O). dr
dVrge _ Vree (1)
Sliding Surface Choice I Ji

In this case the sliding surface must be dependent
on the TEG power, and it is proposed by use of the
following form?®-31:

o =f(Prrc)- (5)

Equivalent Control

This control is calculated by using the invariance
condition that is given by the following equations:

0:0—>E:0<—>(u:ueq), (6)
where the derivative of ¢ is the sliding surface.
_ dPrgg  dVrgg | dViRg I
g = dt = dt =1. dt + VTEg. dt =0 (7)

This proposition is based on the incremental
conductance (IC) method that has been used a lot
in the PV systems control.

g = I.dVTEG + VTE(_;.dI =0 (8)

where — d‘?% is called instantaneous resistance (R)

and @ is called incremental resistance (r).

S=R()-r() (12)

The derivative of Eq. 12 can be given by:
do dR(I) B dr(I)

dt — det dt (13)
Multiply Eq. 13 by % .
do [dR(I) dr(I)]|dl
E_{ dt  dt |dI (14)
do [dR(I) dr(I)|dl
E‘{ I~ dr |dt (15)
Where%—%:G;«éO,
do a7/

while I = I1.
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The final value of the time derivative
sliding surface is obtained as:

de dI
a T d an
%z is the state of the boost converter

dI 1 —ueqlt 1

d—f_ —Teq()Vo +ZVTEG =0 (18)
1 — wue(t 1

—Teq()Vo +EVTEG:O (19)
Vo — teq(t)Vo = Vrra (20)
ueq(t)VO =Vy — Vrre (21)

The shape of the equivalent control is given in the
following equation:

Ueq(t) = (1 -

The switching control u,(¢) in this case is given by:

(22)
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u,(t) = —Ksign(o). (23)

Finally, the sliding mode control law is given by:

U(t) = teq(t) + un(t)

where K is a positive constant.

Simulink Block Diagram of SMC and TEG

Figure 7, represents a Simulink block diagram of
a 4 thermoelectric generator adapted by sliding
mode control in order to perform MPPT.

Figure 7 shows the general structure of the
controlling system. The Simulink block diagram is
decomposed into three large parts, a 4 TEG module
connected in series, the boost converter connected
with the load and a block of the sliding mode control
so as to ensure the maximum power transfer of the
TEG modules to the load.

The SMC block needs to measure the variables
Iieg, Vieg and Vi, in order to calculate the control-
ling law of Eq. 24. This block is divided into three
parts, the first part represent the derivative I,z and
Vieg in order to calculate the surface, the second part

Ly ]
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s =0.0001 § S 9
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Fig. 7. Diagram of a thermoelectric generator on MATLAB/Simulink with SMC.
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is to calculate the SMC law and in the third part,
the controlling law converted to the PWM signal.

RESULTS AND DISCUSSION
Experimental Setup

Open source cards Arduino and the boost con-
verter are selected for this paper in order to
effectively simplify the application. These cards
must be connected, firstly to the low-power ampli-
fiers to isolate and measure the difference param-
eters of TEG, and secondly to the Matlab/Simulink
environment. Two analog inputs are required to
measure current Itgg, voltage Vrgg of the TEG and
Vo of the boost converter. For experimental mea-
surements, the Arduino Analog Read blocks are
programmed in the Matlab/Simulink. The experi-
mental setup system with implementation control
circuit and synoptic schematic used, are shown in
Figs. 8 and 9.

Results and Interpretations

In order to verify the performance of the sliding
mode control realized in this work, two experimen-
tal tests of robustness are represented. The first test
is the maximum power point tracking and the

Fig. 8. Experimental setup.
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second one is the robustness of the control under
external perturbation (varying load).

The following Figs. 10-12, show a simulation and
experimental results of output variables TEG,
respectively, Iieg, Vieg and Pz with MPPT sliding
mode control.

The gradient temperature applied to the TEG
module composed of 4 thermoelectric (TEC1 12706)
is AT ~ 40°C.

Teg (A)
=}
6}

e
[

L L i

0 05 1 15 2 25 3
Time (s)

= Iteg—smc practical data

. | | | |
0 1 2 3
Time (s)

Fig. 10. Current of TEG versus the time, (a) simulation data, (b)
experimental data.

Vteg

TEG L
I teg

Fig. 9. Synoptic schematic of experimental setup.
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Fig. 11. Voltage of TEG versus the time, (a) simulation data, (b)
experimental data.

The MPPT sliding mode control circuit measures
different parameters of system Itgg,Vtrg and
Vioad), using the conditioners based on an opera-
tional amplifier designed to isolate the control
section with the power section. The current Itgg is
measured by using a resistance shunt.

Figures 10b—12b, show the Itgg, Vrrg and Prgg of
the TEG module when operating under a non-
uniform temperature gradient. It can be seen that
the output power of TEG tracks exactly its maxi-
mum, and when the external perturbation appears
att = 2.5 s, in this case, the load value is varying up
to 50% (20-30 Q). The design sliding mode control
enhanced perfectly the perturbation effect. This
control technique has ensured the maximum power
transfer of TEG under these conditions, which mean
that it achieved its main purpose.

We compared the results with the implementa-
tion of this technique by other ones found in the
literature, as Paraskevas et al.,! Montecucco et al.'!
and Hocksun et al.,?? from which can be noticed,
that this method has a fast response, no loss of
transfer power, very robust with internal distur-
bances (internal parameters), 0 and external dis-
turbances (variation of the temperatures gradient
and the load variation).
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Fig. 12. The power of TEG versus the time, (a) simulation data, (b)
experimental data.

CONCLUSION

In this paper, a novel method of control based on
sliding mode control was proposed for TEG energy
harvesting systems. These works are divided into
two parts; the first of which is based on the
structural mechanical development of TEG. And,
the second part is focused on the development of
control for maximizing transfer power. The pre-
sented system based on SMC implemented with an
Arduino open source card for harvesting the Max-
imum Power of TEGs is studied. The proposed
technique is based on an adaptation resistor con-
trolling a power converter, which is located close to
the MPP of the power-voltage curve of the TEG
power source. The proposed scheme is validated
analytically, experimentally, and demonstrated suc-
cessful performance. The sliding mode control tech-
nique presented validates its robustness toward the
high external perturbation.
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