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Abstract: New robust algorithm of Maximum Power Point
Tracking (MPPT) for an extraction system solar energy by
thermoelectric effect is tackled in this paper. Indeed, the
algorithms available today, suffer from non-robustness
against climate change as well as system settings. This
requires a deep study of the simulation of a robust
controller system. Therefore, it is proposed, the
Interconnection and Damping Assignment Passivity Based
Control (IDA-PBC) application for maximum power point
tracking (MPPT) of Thermoelectric Power Generator,
which shows its efficiency and robustness compared to other
methods (such as Incremental Conduction), as fast and the
decrease against climate perturbations and variations of
system parameters.
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1. Introduction

In the last decade, problems related to energy factors
(oil crisis), ecological aspects (climatic change),
electric  demand  (significant  growth) and
financial/regulatory restrictions of wholesale markets
have arisen worldwide. These difficulties, far from
finding effective solutions, are continuously increasing,
which suggests the need of technological alternatives to
ensure their solution. One of these technological
alternatives is known as distributed generation (DG),
and consists of generating electricity as near as possible
of the consumption site, in fact like it was made in the
beginnings of the electric industry, but now
incorporating the advantages of the modern technology
[1]. Here it is consolidated the idea of using clean non-
conventional technologies of generation that use
renewable energy sources (RESs) that do not cause
environmental pollution [2].The thermoelectric
generators (TEG) perfectly fit into this category [3, 4].

The TEGs are solid-state devices engineered to
generate electricity directly from heat, what is known

as Seebeck effect [5].TEGs, which use the
thermoelectric or Seebeck effect of semiconductors to
convert heat energy to electrical energy, have existed
for many years with the initial discovery of the
thermoelectric effect being made in 1821 by Thomas J.
Seebeck. Due to the relatively low efficiency and high
costs associated with the technology it has been limited
to specialized military, medical, space and remote
applications [6, 7]. However, the recent need to new
energy sources at all scales, and the technological
development of new generation of power processing
devices and circuits, has put the TEG again on the list
as viable energy source to be exploited and improved
for commercial use, and to diversify its applications
[3].

The efficiency changes according to the TE material
used in the manufacture of TEGs. In 1995, only
materials with maximum efficiency of 5% were
available, and after that, new TE materials that provide
efficiency greater than 15 % were discovered.
Scientists believe that in a near future it is going to be
possible to have strongly doped semiconductor
materials that have efficiency greater than 25 % [8] and
[9].

The output power of the TEG module strongly
depends on the temperature gradient applied to the
TEG module to maximize the power output of the TEG
module, an MPPT algorithm should be used to keep
the operating point of the TEG to in the optimum
location.

Several MPPT algorithms have been applied for
TEG systems, most of these algorithms have been
originally developed for photovoltaic (PV) systems [10,
11].

Different methods are used for maximum power
point tracking. Currently, Incremental Conduction,
Perturb and Observe and Ripple Correlation Control
are the most frequently discussed and analysed MPPT



algorithms in literature [12, 13]. All these maximum
power point tracking algorithms are rather slow to
respond to the fast-changing weather conditions.
Furthermore, most of them can not accurately detect
the maximum power point [14].

This article develops a method advanced and
innovating combining the two techniques (traditional
and a nonlinear algorithm of order IDA-PBC) aiming
at continuing the maximum power of thermoelectric
generator and improved the answers as of traditional
algorithm INC already developed, regardless of the
change in climatic conditions and system parameters
(temperature, load) even in the worst cases.
Interconnection and Damping Assignment Passivity—
Based Control (IDA-PBC) is a technique that and
regulates the behavior of nonlinear systems assigning a
desired (Port—Controlled Hamiltonian) structure to the
closed—loop [15].

The simulation results showed that the MPPT
technique based on passivity (IDA-PBC) present good
results and that this controller is powerful and very
robust.

This paper is organized as follow, the Thermoelectric
Power Generator system and characteristics are
discussed in section 2. Section 3 presents the design of
the INC MPPT controller. Section 4 presents the
Passivity-based control principle. Section 5 presents
the design of the proposed IDA-PBC MPPT controller.
In section 6, the simulations and result analysis are
demonstrated. Also, the comparison analysis between
the proposed controller and incremental condition
algorithm are provided in this section. In Section 7, we
conclude with final remarks.

2. Model Of Thermoelectric Generator

The Thermoelectric module (TEM) is based on the
Seeback effect, which states that an electromotive force
is introduced between two semiconductors when a
temperature difference exists [16].

Several models have been proposed to describe the
operation of the thermoelectric module and its behavior
under different conditions (temperature gradient and
load). The model chosen is the Thevenin Equivalent
Circuit of Thermoelectric module (TEM).

This model is known as a Thevenin Equivalent
Circuit with voltage source as a function of the
temperature gradient and a serial resistance equivalent
to the internal resistance. The equivalent electrical
diagram of the thermoelectric module as shown in the
figure below (Fig. 1).
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Fig. 1. Diagram electrical equivalent of a Thermoelectric
module (TEM ) (Thevenin Equivalent Circuit).

where, the TEM electromotive force characteristic of
is described by the following expression:

Erem = onpAT (1)

Erem : electromotive force produced by the TEM;
anp: the Seeback coefficients;

AT : Temperature gradient;

where, the TEM voltage-current characteristic is
described by the following expression:

Vriem =0AT =Ry (2)

Vigy - the Output voltage delivered by the TEM;
oy - the Seeback coefficient V/K;
AT : the Temperature gradient K;
l1en - Current produced by the TEM;

R, : the equivalent serial Resistance of TEM;

A TEG consists of several TEMs, which are
electrically connected in a series—parallel arrangement.
The Output voltage Vi and generated output

power are expressed as:

Vreg = NsOAT —Rygg s 3
Prec = NsNpViey lem 4)
Ng and N;: the number of TEMs in series and in

parallels.
Rrec - the equivalent serial Resistance of TEG,;

Viem - the Output voltage delivered by the TEG;
l+gc : Current produced by the TEG,;

where:
N
RTEG = N_S Rs (5)
p
ltec = Npltem (6)



3. Maximum Power Point Tracking principle
(MPPT)

3.1 Principle

The analytical definition of the optimum of a
function is the point through which its derivative with
respect to a given variable is zero. All algorithms for
calculating the maximum power point consulted are
based on this principle.

There is an operating point where the power
delivered is at a maximum (Fig. 2). The optimization
consists in performing this permanently acting
automatically on the load seen by the thermoelectric
generator, for this adaptation the principle is carried out
in general by means of a static converter where the
losses should be as low as possible and which can also
ensure a shaping according to an outcomes, different
attitudes may be considered as to control the adapter.
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Fig. 2. Characteristic of power delivered by TEG.

This kind of control is often called "Maximum
Power Point Search" or "Maximum Power Point
Tracking" (MPPT). Fig. 3 shows a basic chain of
elementary Power conversion associated with an MPPT
control. To simplify the operating conditions of this
command, a DC load is chosen friendly. As we can see
in this chain, in the case of TEG conversion.

The adapter can be achieved using a DC-DC
converter so that the power supplied by the
thermoelectric generator corresponds to the maximum
power (P max) that generates and it can then be
transferred directly to load.

AT(K)
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Fig. 3. Schematic diagram of the MPPT converter.

3.2 Incremental Conductance (INC) Algorithm

This algorithm is selected because of its simplicity
and the ability to detect and track maximum power
point keeping the operation point of solar power plants
at it [14].

In this algorithm, calculating the derivative of the
panel output power; this derivative is zero at maximum
power point, positive and negative to the left to right
point MPP [17]. The panel output power P given
by: P=VI

3—520: P = Prax
dP

dpP

The partial derivative isg—c given by:

d—P:I+Vd—|;I+VA—I (8)
dav dav AV

Then, (6) can be described as follows:
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A flowchart of the INC algorithm is shown in Fig. 4.
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Fig. 4. The flow chart of the INC method.

4. Passivity-Based Control Of Port Controlled
Hamiltonian System

4.1 Port controlled Hamiltonian (PCH) System

The Hamiltonian systems modeling formalism
controlled port allows the representation of a physical
system dynamics as an energy exchange network [18,
19].

A Hamiltonian controlled system (PCH) port on R"
is defined by an J(x)anti-symmetric structure matrix of
dimension (n x n)R(x) size Diagonal (n x n), a
Hamiltonian function H(x): ®" - %, a matrix of

dimension entries (n x m) and the following dynamic
equations:

k=0~ RO () + g 0).u

y=9" 05 (1)

>

(10)

where x e R" State vector of energy variables.
H(x): ;" — % Represents the total energy stored.

u,y € R™ The (input-output) ports variables powers.
uandy are linear variables, their product is a dual

power exchanged with the system environment, eg
currents and voltages in electrical circuits.

4.2 Interconnection and Damping Assignment
Passivity Based Control (IDA-PBC)

Port Controlled Hamiltonian (PCH) recalling that in
the case of internal systems of energy exchanges are
captured by the interconnection and damping matrices.

In the first kind, the structure is determining the
desired matrices from which the IDA name, after we
derive the partial derivative equation (PDE) parameters
by the choice of energy matrices.

Finally we choose among all the family which meets
the minimum energy and found the control that final
convent. The focus IDA-PBC is finding the static
controller with feedback loop u =p(x).

In closed loop dynamic PCH system with the
dissipation of the form:

=040~ Ry (I L) (1)

Where the new energy function H,(x), which will

cost a minimum in equilibrium X  with
Jg(x)==34 (x), and Ry (x)=R] (x)=> 0, are respectively
the matrices of interconnections and damping [20].

4.3 IDA-PBC properties

- The energy balance:

The [IDA-PBC stabilization mechanism is
particularly clear when applied to a PCH system with
some suitable damping properties injections. Indeed the
natural damping of the PCH system satisfies [21]:

R(x)(VH, -VH)=0 (12)
Ry (x)=R(x)(Along the closed-loop system) the
desired energy function is expressed as:

t
Hq (x)=H(x)—[u(s).y(s)ds
0

(13)

IDA-PBC shows that the energy function is the
difference between the energy stored in the system and
the energy provided by the environment. This shows
that the controller is in energy conservation.
LetJ(x,u); R(x); H(x); g(x,u) and the desired balance
for stability desired.
x"e®"; and functions s(x), J,(x),R,(x) and the
vector K(x)

[30¢, (x))+ 3 ax) - (R(x)+ Ry (x))]- K (x) =

[ 3460 Ry 12 )+ gl ) .



- The structure preservation:

{Jd(x)=J(x,ﬂ<x))+Ja(x)=—[a(x,ﬁ(x»+Ja(x)P
Rg(X)=R(X)+Ra(x)=[ROX)+Ra(x)]

(15)

-Integrability: K(x) is the gradient of a scalar function.

oK (X){aK (X)}T

— — 16
0X 0X (16)

-The equilibrium assignment: K(x) to verify in (17):
* aH *
KX )= —=

- Lyapunov Stability:
The Jacobian K(x), at x” satisfies the relationship:

2
S D -S5)

ox?
According to these conditions, the closed loop system
becomes a system with a PCH dissipation of the form:

(17)

(18)

=[34 00~ Ry (02 () (19)

where:
Hg (x) = H(x)+ H,(x) (20)
Ma (1) =k (x) (21)

x Becomes a stable equilibrium in a closed loop, it
will be asymptotic if we add a great set dynamically
closed loop contained in:

{xem“{@a—jm}T Rd<x>8a—'j<x>=o}

Equal {x'} .An estimate of its domain of attraction is

(22)

given by the largest bounded level set
{ xem" Hy(x)<c } [22].
4.4 General nonlinear systems
It is considered the form of system
x=f(x)+g(x).u (23)

It is assumed that there are matrices [23]:

01 (x); J,(x)==37(x) ; Ry (x) =R} (x)=0

And a function Hy : R" — R that checks PDE
g™ (x).(x) = g7 (x)[3(0) = Ry (x) VH,

where: g*(x).g(x)=0 and g*(x), this is the matrix left
g(x)to complete row.
x" and such that:

(24)

X =argminHg(x) (25)
X eR" , the stable equilibrium point, therefore the
closed loop system with when:

A)=lo" (9.9 97 ()[4 (X) - Re(x)FH, - F(x)}

(26)
PCH takes the form:

X =[Jg(x)=Ry(x)]VH4 (27)

With is a stable equilibrium point (local) can be
asymptotically stable if more is a minimum for and
represents the largest set invariant under the dynamic
closed-loop [24].

{x e R"[VHT Ry (x)VH, = o} (28)

Therefore {x*}is given by x € 9" H, (x) < o}.

5. Passivity-based controller design

5.1 Interconnection and Damping Assignment
Controller (IDA-PBC) for Boost converter

In this section, we will implement the control law
synthesis method based on the passivity of DC-DC
converter (Boost). Consider the dynamic model of a
thrust power converter that has been depicted in Fig. 5.
The converter status equations are:

LI e (1-u)v,
o, v (29)
c% _(1-uj, - e
dt Iy
IL‘ ~ lch
— . K

|
E- _ u J",__ Ve H o

Fig. 5. Schematic Boost Converter.

We can then write, according to the state variables,
the energy stored in a capacitor, which plays the role of



the potential energy v, of the system:

1 5

Ve = % Jc (30)

And the magnetic energy of an inductance, who
plays the role kinetic energy T of the system:

Y. 31
T- Lot (3)

The Hamiltonian, which represents the total energy
of under LC circuit without losses, is then simply:

1 5, 1,
H=T+V.=—®&7 +— 32
T 2CqC (32)

Is the state vector: where x, is the magnetic flux
through the inductor, x, is the electric charge in the

capacitor.
) Li
St
dc CVc

The Hamiltonian of the system can be written as:

(33)

1 1 1
H=T+VC=ZQE+EQSZEXTQX (34)
with:
E
Q=|L . (35)
0 —_
C

Thus deriving the Hamiltonian with respect to the state
vector, we get:

0_o ||
OH (X T I
—Ox = = 36
x| @ M (36)
C
This leads to model state:
0 1-u
oH 1
v — 1
X=|y_1 = —+[ }E (37)
{U rJax 0

This model can be written in the simplified form:
x=(J —R)%_'+g(x)E (38)

where we have the matrices:

0 u-1] . . 0
J= anti-symmetric, R= ,
1-u 0 -

|1 a0 R—ra 0

we have:

Ry (x) = R(X)+ R,(x)

Ry =R+R, with: {Jd(x):J(X'u)”a(x)

The balance points to the desired voltage capacitor
items are indicated by x; =[x,q X4 -

With: xq = LV / [E, x,q =CV4and u, :1_V£.
d
Pauseu is based on independent and x,to
X, :Uu=p(x,),and J,(x)=0, Taking:
oH
K(X):[Kl Kz]T = aa (39)
X
So the desired total energy: Hy =H, +H
oH oH
- & _R,— 40
(J(AON) ~Ra )& = Ra—-+ 9(X)E (40)

This leads to we get the system of equations:

r, 0 ix
-, u-1 K1:a 1 '—1+1E (41)
1-u 0 |K, O—r—lxz 0
0

C

By solving the system of (41) with K;and K,are
unknown which gives :

S B
K r,C(1- B(%,)
K{Kz S| R Ew/LAE (42)
RC(L-B(%)?* 1= (%)
we have:
OKy(X) _ OKy(x) @)
OXs 0%y
we find :
R . ) N
LA-A())  rC-Ax ) " C(1-A(x,))
(44)
Therefore:
Xy dp(xx) _ . Crl
A0 b L) (45)



The two variables are separated:

_4B(x) _ _(1_%)% (46)
1-B(x%;) L "X
The both terms of equality is integrated:
ds(x,) Crp.; 1
[0 o (1-=20)[ = x 47
1- B(%,) L Txp “n
Defining ¢ =1—-(Cr,ry)/ L, The controller will be:
U=pB(x;)=1-cx* (48)
where ¢, is constant calculated by the equation:
OHq(x) :4@i+&%) 0 (49)
Xy,  OXOX |
result:
G =(1-Ug )/(CVy ) (50)

This gives a non-linear IDA-PBC control law of the
form:

U=1-(1-ug )( Xz / Xpq )* (51)

The proposed nonlinear controller ensures the
stability and fast response of the system during large
disturbances in load and DC-bus voltage [25].

5.2 Design of MPPT Controller based on
Passivity

The control objective is to maximize the power
extracted from a TE generating system, In order to
combine the MPPT with passivity based control
reasonably, considering the operating power point of
TEG array can be controlled by adjusting of the
inverter (Boost) output voltage to tracking a
desiredv, by using the IDA-PBC controller design of

(51) where the INC algorithm provides the reference
voltageV, for developed the desired power output .
with :

(52)

Vg = (= UVVreemper

In summary the block diagram of Passivity-based
control for maximum power extraction of
thermoelectric generator system in shown in Fig. 6

MPPT

INC H\
Vd

Fig. 6. Overall control loop for TEG system.

6. Simulation results and discussion

6.1 Robustness study of INC and IDA-PBC
applied for TEG system

To validate the algorithm operation INC MPP and
IDA-PBC MPP the TEG, is performed by introducing
variations on the different intervening variables on the
operational MPPT. Furthermore, ranks for some
variables in t = 2.5s, is introduced.

-Temperature gradient variation

Assuming a rise in temperature gradient from 60°C
to 65°C at time t=2.5 sec, the simulation results are
shown in Fig. 7.
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Fig. 7. Outcomes INC MPPT algorithms and IDA-PBC
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-Load variation

Assuming a load increase from 10 to 20 Ohm at time

t = 2.5 simulation results are shown in Fig. 8.
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Fig. 8. Responses INC and IDA-PBC algorithms for load
increase 10 to 20 Ohm with temperature gradient 60° C

-Temperature gradient and load changes

Here, it’s exposed both MPPT algorithms to a
change in various parameters temperature gradient and
the load at the same time, simulation results are shown
in Fig. 9.
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6.2 Discussion of the results

In Fig. 7 shows the effect of increasing in power,
caused by an increase of the temperature gradient,
which causes a deviation of the maximum power point
MPP for both algorithms with increased current and
voltage. Once the temperature gradient stabilizes, the
power returns to its steady state with less disruption to
IDA-PBC MPPT. This has resulted a very short
response time and better dynamic performance with
negligible disruption over INC MPPT.

It’s also noted that in Fig. 8, despite the change in
the load, both MPPT algorithms have retained the
optimal values of the power of TEG generator, and
negligible disruption to IDA-PBC MPPT, consequently
a good income.

In Fig. 9 shows the performance of two algorithms in
the case of variation in temperature gradient and load
the results of this test show the good pursuit of both
algorithms but with speed and higher steadiness and
less disruption as of IDA-PBC MPPT controller
responses compared to INC MPPT controller.

7. Conclusion

In this paper, a new MPPT control method was
proposed for a thermoelectric generator system. The
MPPT control method was employed with the aim to
harvest the maximum power from TE generator power.
The control method was presented based on
Interconnection and Damping Assignment Passivity
Based Control (IDA-PBC), directly creating the control
signal for handling the power electronic converter,
shows its efficiency and robustness to the other
proposed control (INC method) as the speed and lower
disturbances against climate change as well as system
settings.
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