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Abstract: Thermoelectric generation technology is considered to be one of the viable methods to
convert waste heat energy directly into electricity. The utilization of this technology has been
impeded due to low energy conversion efficiency. This paper aims to improve the energy conversion
efficiency of the thermoelectric generator (TEG) model with a novel maximum power point tracking
(MPPT) technique. A variable fractional order fuzzy logic controller (VFOFLC)-based MPPT technique
is proposed in the present work in which the operating point of the TEG is moved quickly towards an
optimal position to increase the energy harvesting. The fraction order term α, introduced in the MPPT
algorithm, will expand or contract the input domain of the fuzzy logic controller (FLC to shorten
the tracking time and maintain a steady-state output around the maximum power point (MPP).
The performance of the proposed MPPT technique was verified with the TEG model by simulation
using MATLAB /SIMULINK software. Then, the overall performance of the VFOFLC-based MPPT
technique was analyzed and compared with Perturb and observe (P&O) and incremental resistance
(INR)-based MPPT techniques. The obtained results confirm that the proposed MPPT technique can
improve the energy conversion efficiency of the TEG by harvesting the maximum power within a
shorter time and maintaining a steady-state output when compared to other techniques.

Keywords: waste heat recovery; renewable energy; thermoelectric generator; MPPT; fuzzy logic
control; fractional order control; energy efficiency

1. Introduction

Recently, research on the alternative method of generating electricity has increased significantly
due to environmental issues and the rising electricity demand. Presently, conventional sources
are the major sources for electricity generation in most of the countries that lead to various
environmental-related issues. The use of fossil fuel, for instance, results in global warming and
emission of greenhouse gases, which causes the diminution of the ozone layer. Thus, the utilization of
alternative sources for electric power generation has a higher priority nowadays around the world.
Among the various alternative sources, the power generation from renewable energy sources has
attracted more attention in recent years. Thermoelectric generator (TEG) is one that has emerged
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as a better alternative source for electric power generation and successful implementation has been
reported in the latest literature. TEGs work via Seebeck’s effect, by which the thermal energy is
directly converted into electricity. The energy conversion in TEG is usually made by the combination
of a thermoelectric module (TEM) and a converter circuit, the TEM converts the heat flux directly
into electricity and the converter circuit is used to amplify the output power [1]. When compared
to the conventional energy sources, TEGs can be operated with low-grade thermal energy and solar
thermal energy; these sources provide costless heat and are efficient. In TEG technology, even a
small difference in temperature between hot-end and cold-end can provide enough electricity for
low-power electronic appliances. For example, the system-on-chips (SoC) [2], wireless sensors [3,4],
and autonomous multisensory systems [5] have been successfully powered by TEGs.

Because of the low energy conversion efficiency, TEGs were not widely used for electric
power generation in the past [6]. The energy conversion efficiency of the TEG is typically
around 5–10%. Further, this technology has been impeded because of the inconsistent output
due to temperature variations. To improve the thermal and electrical performance of TEGs, a lot
of research has been done in various aspects such as load resistance [7,8], contact resistance [9],
geometry configuration [10–13], sandwiched planner structure [14], improving electro-thermal couple
effect [15–18], and so on. TEGs are usually made up of several thermoelectric elements (TEEs),
which are connected in series and parallel in an array form to generate the required voltage and current.
The equivalent circuit of the TEG can be represented with a simple circuit consisting of a DC voltage
source connected in series with internal resistance. According to the principle of maximum power
transfer, if the internal resistance of the TEG is equal to the load resistance, then it will deliver the
maximum power. Based on the principle of maximum power transfer, several maximum power point
tracking (MPPT) algorithms [19–22] have been implemented with different control logic to harvest
the maximum power from the TEG. The MPPT techniques are generally used for the TEG system to
move its operating point towards the optimal point in the I-V curve corresponding to maximum power.
Consider that if a TEG is connected directly to the load, the load impedance will set the operating
point, which results in the TEG output being less than the maximum power [6].

The MPPT technique is considered to be an efficient mechanism to improve the performance
of the TEG. To improve the efficiency of the renewable energy system by extracting the
maximum power, several MPPT techniques have been applied: artificial neural networks (ANN) [23],
fractional open-circuit voltage [6], fuzzy logic control [24], a microcomputer with look-up table [25],
perturb and observe method (P&O) [26,27], incremental impedance and incremental conductance
method (INC) [28], internal resistance method [29], and the hill climbing (HC) technique [30].
These techniques are widely used because of their simple logic and ease of implementation.
In this paper, a novel variable fractional order fuzzy logic controller (VFOFLC)-based MPPT scheme
is proposed to enhance the energy conversion efficiency of the TEG. The variable tracking step size
is applied in the present MPPT scheme using a dynamic variable fractional factor whose value is
calculated based on the voltage output of the TEG. The results of the present MPPT tracker are analyzed
and compared with the P&O and incremental resistance (INR)-based trackers.

The subsequent parts of this paper are arranged as follows: Section 2 presents the modeling
of the thermoelectric generator and its validation. The incremental conduction resistance-based
MPPT technique is discussed in Section 3. Section 4 describes the VFOFLC-based MPPT technique.
The implementation of the VFOFLC-based MPPT technique is explained in Section 5. In Section 6,
the study results are analyzed and discussed. The findings of this research are given in Section 7
as conclusions.
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2. TEG Model

2.1. Modeling of the Thermoelectric Generator

TEGs are generally designed with thermocouples; each thermocouple consists of p-type and
n-type pellets. Thermocouples are connected in parallel to decrease its thermal resistance and connected
in series to increase the electromotive force (e.m.f). The thermocouples are inserted between two
ceramic heat exchanger plates; hot-side and cold-side as shown in Figure 1. When a temperature
difference is sustained between the two sides, the thermal excitation makes the moment of charger
carriers from the hot-end to cold-end, thus a Thompson e.m.f is developed [31,32]. At the same time,
there exists a difference in the concentration charge carrier between the thermocouple, which creates a
Peltier e.m.f. The complete TEG can be represented with a simple electrical equivalent circuit with a
DC voltage source (Vs), an internal resistance (Rint), and load resistance (RL) as seen in Figure 2.

Figure 1. (a) Model of a thermoelectric generator (TEG) showing the details (b) schematic diagram of
thermoelectric couples in a TEG.

Figure 2. TEG electrical equivalent circuit.

The Seebeck effect, which is the base of TEG, states that an e.m.f is generated between two
conductive materials when a temperature difference exists [33]. The generated open-circuit voltage
(VOC) of a TEG can be determined using the following Equation (1)

VOC = α(Th − Tc) = α∆T, (1)

where Tc denotes temperature at cold-side, Th denotes temperature at hot-side, α denotes Seebeck
coefficient, and ∆T denotes the temperature difference between hot- and cold-sides.

The following Equations (2) and (3) show the energy balance used for steady-state analysis at hot-
and cold-sides [34].

Qh = αITh − ktc∆T− 0.5I2Rint, (2)
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Qc = αITc − ktc∆T + 0.5I2Rint (3)

where ktc denotes the thermal coefficient of conductivity. The output power of the TEG can be expressed
based on the above relations as follows Equation (4)

Pteg = Qh −Qc = α(Th − Tc)I− I2Rint = (α∆T− IRint)I = VtegI. (4)

Referring to Figure 2, the TEG terminal voltage output (Vteg) can be given as Equation (5)

Vteg = Voc −RintI, (5)

where Rint denotes the internal resistance of the TEG, and I denotes the TEG current.
According to the theory of maximum power transfer, the maximum available power can be

achieved when the load resistance equals the internal resistance of TEG. The internal TEG resistance
and TEG Seebeck coefficient can be formulated as Equations (6) and (7)

Rint = RL =
V2

m

Pm
(6)

α =
2Vm

∆T
. (7)

2.2. Model Validation

To study the electrical characteristics of TEG (model TEG1-12611-6.0) under a standard temperature
difference, the model of the TEG has been designed in MATLAB/Simulink software based on its
thermoelectric properties discussed in the above section. Table 1 shows the electrical specifications of
the TEG1-12611-6.0. Using the designed model, the electrical characteristics, namely Power vs. Voltage
(P-V) and the current vs. voltage (I-V), are obtained and are shown in Figures 3 and 4. The results
obtained from the designed model are compared with the manufacturing datasheet. From Figures 3
and 4, it can be confirmed that the designed model output is almost identical with the manufacture
datasheet and confirmed the accuracy of the design.

Table 1. Specifications of TEG1-12611-6.0.

Characteristics Specification

Cold-end temperature 30 ◦C
Hot-end temperature 300 ◦C
Open-circuit voltage 8.4 V

Matched load voltage 4.2 V
Matched load resistance 1.2 Ω

Matched load current 3.4 A
Matched load power 14.6 W

Figure 3. TEG1-12611-6.0 output power against the output current.
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Figure 4. TEG1-12611-6.0 output voltage against the output current.

3. Incremental Resistance-Based MPPT Technique

The maximum power output from a TEG can be obtained by controlling the duty cycle of the
DC-DC converter, which is part of the TEG system. The converter duty cycle modification is usually
made by the maximum power point (MPP) tracking algorithm to harvest the maximum power based
on the maximum power transfer theory [35,36]. The core idea of the incremental resistance technique
is based on the derivative of power related to current (dP/dI) is zero at MPP as presented in Figure 5.
More details about this technique can be found in [37]. The error signal e(t) can be derived as follows
Equations (8) and (9)

dp
dI

=
d(V× I)

dI
= V + I

dV
dI

= 0, (8)

dV
dI

+
V
I
=

V(t) −V(t− 1)
I(t) − I(t− 1)

+
V(t)
I(t)

= 0.

Also,

e(t) =
V(t) −V(t− 1)
I(t) − I(t− 1)

+
V(t)
I(t)

. (9)

Figure 5. TEG electrical characteristics.

The error signal e(t) is very small around the maximum power point; therefore, to reduce the
steady-state oscillations, the step size of the incremental resistance technique is selected based on the
value of the error signal. To do this and model the incremental resistance technique, an integrator is
used as illustrated in Figure 6. The integrator input is the error signal.
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Figure 6. MATLAB model incremental resistance (INR) technique.

4. Variable Fractional Order Fuzzy Logic Controller-Based MPPT Technique

4.1. Fractional Order Control

In recent years, the fractional order calculus is used in various fields of science and engineering.
The fractional order derivatives are commonly applied to enhance the controller performance in
linear as well as nonlinear closed-loop systems. The fractional order control (FOC) method uses
the principle of fractional calculus. Recently, many types of FOC methods have been proposed and
investigated for different control applications. The FOC scheme consists of a non-integer order, which
is preferred over the integer order control method due to its advantages [38]. When compared to
integer-order control, the FOC provides more flexibility in design and exhibit better results in terms
of robustness [39,40]. Based on the definition of Grunwald–Letnikov (GL) and Riemann–Liouville
(RL) [41], the general expression for the fractional order differentiator (10) can be obtained. A detailed
derivation of Equation (10) can be found in [42].

Dα
t tm
≈

Γ(m + 1)
Γ(m + 1−α)

tm−α, (10)

where α is the real number and it represents the order of derivative. The Gamma function Γ(α) can be
defined as Equation (11)

Γ(α) =
∫
∞

0
e−ttα−1dt. (11)

The value of α is chosen as 0 < α < 1 and it characterizes the physical phenomenon of the system.

4.2. VFOFLC-Based MPPT Technique

The MPPT techniques are used to move the operating point of a generating system towards a
peak level in the P-V curve to extract always the possible maximum power output from the source.
To reach the peak level quickly corresponding to the MPP, a fractional factor α (alpha) is applied in
the proposed MPPT technique, the factor α will expand or contract the domain of the VFOFLC input.
Consider that if the input domain is expanded, then the VFOFLC will have a larger tracking step size
to reach the MPP quickly. Based on the GL derivative equations, the derivative of power to voltage can
be derived as Equation (12)

dαP
dVα = lim∆V→0

1
∆Vα ×

∞∑
t=0

−1tΓ(α+ 1)
Γ(t + 1)Γ(α− t + 1)

P(V− t∆V), (12)

where α > 0, P (V − t∆V) is the power output of TEG at time t, and the corresponding terminal
voltage is V. The power and voltage changes in TEG express the realistic approximations in fractional
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order calculus. By approximating Equation (12), the changes in TEG power and voltage is expressed as
Equation (13)

dαP
dVα ≈ lim∆V→0

P−αP0

(V−V0)
α , (13)

where P and P0 are the current and previous instant power, and V and V0 are the current and previous
instant voltage output of the TEG, respectively. Based on the fractional order calculus, the incremental
change of the power is approximated as dαP ≈ P−αP0 and the incremental change of the voltage is
approximated as dVα

≈ (V−V0)
α. The variations in power and voltage in unit time are taken as

error e(t), the change in power in unit time is ∆P(t). The value of e(t) and ∆P(t) is calculated as follows
Equations (14) and (15)

e(t) =
P− P0

V−V0
, (14)

∆P(t) = P− P0 (15)

By considering the fractional order term, the Equation (14) can be modified as Equation (16)

e(t) =
P−αP0

(V−V0)
α . (16)

The value of the fractional factor α is 0 < α ≤ 1, when α is 0 < α < 1, then the input domain
of the VFOFLC will be modified based on α value. When α = 1, the controller input domain is
fixed, the method is just like a classical FLC-based MPPT technique; however, for the proposed
MPPT algorithm, the domain of e(t) will be changed dynamically based on factor α of Equation (16).
The smaller α will expand the input e(t), which leads to shortening the time to reach the MPP by
increasing the tracking step size. When the MPP is approached, the bigger α will contract the input
e(t) to attain a stable output around the MPP by reducing the tracking step size. In this paper, the
factor α is determined based on the change in the voltages (∆V) of the TEG in unit time (∆V = V − V0).
For example, if ∆V is zero then α will be 1, which indicates that the TEG operating point reaches MPP.
Suppose that the MPP is not attained then ∆V is not equal to zero, the corresponding value of α will be
between 0 and 0.9. Thus, the control logic is developed such that the smaller α can shorten the time of
attaining the MPP. When the operating point is approaching near to the MPP then the value of α will
be closer to 1. As compared to conventional incremental conduction (INC) tracker, the VFOFLC-based
tracker will have a better steady-state and fast-tracking effect. The fast-tracking of MPP and a stable
output around MPP will always minimize energy losses and improve the efficiency of the system.

5. Implementation of the VFOFLC-Based MPPT Technique

The block diagram for the proposed VFOFLC-based MPPT technique is illustrated in Figure 7,
the power output of the TEG system is determined from the measured current (I) and voltage (V).
The error e(t) and change in power ∆P(t) are computed based on Equations (15) and (16). The sign of
e(t) indicates the current position of the TEG operating point in the P-V curve. For example, if e(t) is
positive, the present operating point is left-side of the MPP, the negative value of e(t) indicates that
the present operating point is right-side of MPP. Suppose that if e(t) is zero which confirms that the
operating point reached MPP. Based on the error signal, the position of the operating point in the P-V
curve can be determined, which is expressed in the following Equation (17)

e(t)


+ ve; Le f t− side the MPP

= 0; at the MPP
− ve; Right− side the MPP

(17)

Similarly, the sign of ∆P(t) determines the direction of the operating point movement. If e(t) is
a negative and ∆P(t) is also negative, then the TEG voltage has to be decreased to attain the MPP.
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Alternatively, if e(t) is negative but ∆P(t) is positive, which indicates that the TEG operating point
is moving towards the MPP, hence, there is no need to change the TEG voltage. Suppose that if e(t)
is positive and ∆P(t) is negative, then the TEG voltage has to be increased to attain the MPP. If e(t)
is positive and ∆P(t) is also positive, which specifies that the operating point is moving towards the
MPP, hence, there no need to change the TEG voltage. The voltage output of the TEG is changed by
adjusting the duty cycle of the DC–DC boost converter.

Figure 7. Block diagram of the variable fractional order fuzzy logic controller (VFOFLC)-based
maximum power point tracking (MPPT) technique.

The control logic of the VFOFLC-based MPPT technique is illustrated in the flow chart shown
in Figure 8. The type of power converter used to implement the MPPT is also being taken into
consideration. Using error (16) and change in power (15), the VFOFLC controller block will generate an
output u(t) with predefined fuzzy rules. A small u(t) will reduce the tracking step size to minimize the
oscillations around MPP, the large u(t) will increase the tracking step size to move the TEG operating
point quickly towards the MPP. The fuzzy logic controller (FLC) of the VFOFLC scheme is designed
with five membership functions of triangular shape for the inputs as well as outputs. The linguistic
term corresponding to the input membership functions are NB: Negative Big, NS: Negative Small,
ZE: Zero, PS: Positive Small, and PB: Positive Big. Similarly, the linguistic term corresponding to
output membership functions are represented as VS: Very Small, SM: Small, ME: Medium, HG: High,
and VH: Very High. The membership functions of the inputs and output are shown in Figure 9.
The fuzzy control rules are developed with the main objectives to quickly achieve the MPP and provide
a stable output around MPP without much oscillation. The control rules are based on the control
logic discussed previously in this section, for instance, if e(t) is NS or NB, then u(t) necessarily to be
minimum (i.e., VS or SM) to decrease the output voltage, if e(t) is PS or PB then u(t) necessarily to be
maximum (i.e., VG or HG) to increase the output voltage. Suppose, if e(t) is PB and ∆P(t) is PB or PS,
then u(t) is VH. Once u(t) increases, the TEG output voltage also increases.
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Figure 8. Control logic flow chart of the VFOFLC-based MPPT technique.

Figure 9. Membership function of the VFOFLC: (a) input error; (b) input change in power; (c) output
duty cycle.

In the present system, twenty-five fuzzy control rules were developed in a similar fashion, which
is shown in Table 2. The control rules represent the relationship between the input and output of
the controller, the surface view of the fuzzy control rules used in the proposed system is shown in
Figure 10. To examine the performance of the VFOFLC-based MPPT algorithm, the TEG system
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includes a converter circuit is developed in MATLAB/Simulink environment. The circuit parameters of
the continuous conduction current mode DC–DC boost converter are given in Table 3. Figure 11 shows
the overall system model implemented in the MATLAB software.

Table 2. Control rules of the VFOFLC.

u(t)
e(t)

NB NS ZE PS PB

∆P(t)

NB VS VS SM ME HG
NS SM SM ME ME HG
ZE SM ME HG HG VH
PS ME SM SM HG VH
PB SM HG HG VH VH

Figure 10. Surface view of the fuzzy control rules.

Table 3. Electrical parameters of the converter circuit.

Parameters Values

Switching Frequency 25 kHz
Input Capacitor Cin 47 µF

Inductor, L 5 mH
Output Capacitor Cout 47 µF

Electrical load Resistance 25 ohms

Figure 11. MATLAB-SIMULINK model of the VFOFLC-based MPPT technique.
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6. Results and Discussion

To investigate the tracking performances of the designed VFOFLC- based MPP trackers,
an extensive MATLAB simulation study under different thermal and electrical conditions was carried
out. The results of the simulation studies are discussed in this section.

6.1. Fractional Factor and FLC Variable Discourse Range

The fractional factor, which is introduced in the VFOFLC-based MPPT scheme, changes the
discourse range of the fuzzy input variable error e(t). Thus, the output parameters of TEG have a large
change in the magnitude. The increase in the discourse of e(t) leads to shortening the time to reach
the MPP. For example, when the fractional factor α is minimum, e(t) will be contracted, which leads to
applying alternative control rules in the fuzzy logic system. The dynamic value of α is effective to reach
the MPP quickly when there is a change in the load or variation in the temperature inputs. Reaching
the MPP quickly and maintaining the operating point at the optimum level is necessary to improve
the overall energy conversion efficiency. The fuzzy input e(t) discourse change is demonstrated with
two different conditions (i.e., α = 1 and 0 < α < 1), the variation in e(t) for these two conditions is
illustrated in Figure 12. From Figure 12, if α is 0 < α < 1, the e(t) varies from +7 to −11 at the initial
stage, and then gradually reaches approximately zero. This result clearly shows that e(t) will have
a broad range at the beginning due to the variable fractional factor α. Suppose, if α = 1 or it is not
considered for the MPPT algorithm, the e(t) range is just only +7 to −5, which is the case of a classical
FLC with fixed discourse. Thus, it is identified that the variation of α factor will be constructive for
the dynamic domain range of the fuzzy input, which results in a better control action. A similar
type of study, Tang et al. [42] proposed the fractional factor combined FLC to achieve the MPP for a
photovoltaic system. In his study, the factor α will have a fixed value of either 0.1 or 0.5; however,
in the proposed VFOFLC technique, the factor α will vary from 0 to 1 based on the output voltage
variation in the TEG. Since the dynamic fuzzy domain variation can be achieved with α in the VFOFLC
control scheme, which ensures the fast-tracking of MPP and a stable output around MPP.

Figure 12. Variation in the domain range of the fuzzy input e(t) based on alpha.
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6.2. TEG Performance for Load Variation

The electrical parameters of the TEG for different load conditions were studied to verify its energy
conversion ability. The output response of the TEG with VFOFLC-based MPPT technique when the
load resistance (RL) is equal to 15, 20, and 25 ohms are shown in Figure 13. Figure 13a shows the power
output of the TEG under different load conditions, the system provides nearly an equal power output
for the different load. This result indicates that the proposed MPPT algorithm always maintains the
MPP of the TEG even when there is a change in load. Since the DC–DC boost converter duty cycle
is suitably adjusted, which results in the power at the load side is nearly a constant and maximum.
The variation in the duty cycle for the different RL is shown in Figure 13d, it is observed that the
converter duty cycle is effectively modified based on the load. The voltage across the load and current
flow for the different RL is also depicted in Figure 13b,c which confirms the principle requirement
of the voltage–current relationship of the equivalent DC circuit of the TEG represented in Figure 2.
Similarly, the electrical outputs of the TEG using the INR-based MPPT algorithm were verified for
the different load; the results of this study are shown in Figure 14. From these results, the power
output of the TEG has more oscillation at the initial stage for a reasonable time. Further, it is seen
that stable maximum power output is not achievable from the TEG immediately using this method.
When compared to the VFOFLC-based MPPT technique, the INR-based MPPT technique, the maximum
power output is not satisfactory for different load conditions. The other electrical parameters such as
current, voltage, and the converter duty cycle for the INR-based MPPT technique were also examined
for different loads as shown in Figure 14a–c. These parameters also have a similar kind of response at
the initial period of the output.

Figure 13. TEG performance using VFOFLC-based MPPT for the different load: (a) power output;
(b) current flow; (c) voltage output; (d) duty cycle.
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Figure 14. TEG performance using the INR-based MPPT for the different load: (a) power output;
(b) current flow; (c) voltage output; (d) duty cycle.

6.3. TEG Performance for Step Changes in Temperature

The temperature difference applied across the inputs is considered to be an important factor
that controls the electrical parameters of the TEG. Based on Equation (1), the open-circuit voltage
(VOC) of the TEG has a direct relation with the temperature difference across the hot- and cold-ends.
The performances of the TEG using different MPPT control algorithms for the step-change in temperature
difference are shown in Figure 15. Figure 15a represents the temperature difference applied at different
time intervals; the corresponding electrical parameters such as power, voltage, and current using
VFOFLC, P&O, and INR type MPPT techniques are depicted in Figure 15b–d. From Figure 15b, one can
understand that the VFOFLC-based MPPT scheme identifies the changes in the temperature difference
quickly and regulate the electrical output accurately without any delay and fluctuations. The TEG
electrical parameters for the same temperature difference of Figure 15a using the P&O-based MPPT
scheme is shown in Figure 15c. The results of Figure 15b,c are similar, but some moderate fluctuations
are found at the initial period in the case of the P&O-based MPPT scheme of Figure 15c. The TEG
performance using the INR-based MPPT scheme was also verified and the responses are illustrated in
Figure 15d. The system output electrical parameters have more fluctuations at the initial period as well
as when there is a change in the temperature difference. These comparison results demonstrate that the
INR-based MPPT scheme is not advisable for the TEG system, where the input temperature difference
will have frequent changes. Thus, the VFOFLC-based MPPT technique will be a better choice to obtain
a steady-state output than the other two techniques.
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Figure 15. TEG performance for the change in temperature difference; (a) temperature difference applied
at the input; (b) VFOFLC-based MPPT; (c) Perturb and observe (P&O)-based MPPT; (d) INR-based MPPT.

6.4. Performance Comparison for the Fixed Load and Temperature Difference

The effectiveness of the proposed tracker was verified by comparing its performance with INR
and P&O type MPPT trackers for the fixed load and input temperature difference. For a fixed load of
25 ohms and an input temperature difference of 270 ◦C, the performance of the three MPPT trackers
were tested and the results are shown in Figure 16. Figure 16a shows that the TEG output power
using different MPPT trackers are nearly the same; however, in the case of the INR-based MPPT
tracker, the TEG power output takes extra time to reach the final maximum value when compared
to the other two types, since the INR-based MPP tracker is not capable of moving the operating
point of the TEG at peak level quickly. On the other hand, the P&O type tracker shows a moderate
performance, the output power of the TEG using this method has some fluctuations at the beginning,
and in the final output level. The VFOFLC-based MPP tracker performance is better than the other
two trackers at obtaining the maximum power promptly from the TEG without any fluctuations in
the output. Thus, the proposed tracker can improve the efficiency and the overall performance of the
TEG. Similarly, the voltage and current parameters are also compared for different MPPT techniques as
shown in Figure 16b,c. These results demonstrate that the VFOFLC-based MPPT tracker is capable
of providing a stable current and voltage unlike the INR and P&O types MPPT trackers. The duty
cycle corresponding to this study for the three different MPPT techniques is shown in Figure 16d.
From Figure 16d, it is noticed that the proposed MPPT technique generates an appropriate duty cycle
from the initial period itself, which is essential to get a steady-state output. The INR-based MPPT
technique the duty cycle has more oscillations at the initial period and takes additional time to reach a
stable value. The VFOFLC-based MPPT technique effectively utilizes the fractional factor to set the



Energies 2020, 13, 4531 15 of 18

large tracking step size whenever the operating point of the TEG is not near to the MPP. Suppose that if
the operating point of the TEG is around MPP, then the tracking step size is reduced via the fractional
factor to avoid oscillations; therefore, the lively varying fractional factor and the variable tracking
step size could enhance the maximum power harvesting performance of the VFOFLC-based MPPT
technique; however, the computation of the fractional factor and the use of intelligent technique-based
MPPT control algorithms may increase the complexity and computation time of the system.

Figure 16. Performance comparison of different MPPT tracker: (a) power output; (b) current flow;
(c) voltage output; (d) duty cycle.

The energy conversion efficiency of the TEG system has to always be high and stable to minimize
energy losses. The conversion efficiency of the three different MPPT methods for the temperature
difference of 300 and 250 ◦C was demonstrated as shown in Figure 17. The energy conversion efficiency
is calculated based on the ratio of the electric output power to the temperature at hot-end (P/TH).
The comparison result of Figure 17 indicates that the proposed MPPT scheme is doing significantly
better than the other methods. The VFOFLC-based MPPT scheme maintains the system efficiency at a
stable level from the initial period, the efficiency of the system using INR-based MPPT scheme has
more oscillations and takes a long time to reach a steady-state level. The energy conversion efficiency
using the P&O-based MPPT technique also exhibits a moderate performance when compared to the
INR-based MPPT scheme. Thus, the proposed VFOFLC-based MPPT scheme shows better performance
in converting the thermal energy into electricity when compared to the other two MPPT schemes.
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Figure 17. The conversion efficiency of the TEG.

7. Conclusions

In this paper, we present a novel VFOFLC-based MPPT technique to extract the maximum energy
from the TEG. The fractional factor was introduced in the proposed MPPT technique to shorten
the tracking time for reaching the peak level in the P-V curve and maintain steady-state output
around MPP. The proposed MPPT technique was studied with a designed TEG model under both
steady-state and transient conditions to demonstrate its effectiveness. The study results demonstrated
that the VFOFLC-based MPPT technique has appropriately modified the duty cycle of the DC–DC
boost converter using the variable fractional factor. Further, the present method guarantees the
maximum energy extraction from the TEG over the wide range of load and temperature. The reduced
tracking time, maximum and stable output power at MPP, and better energy conversion efficiency were
achieved with the VFOFLC-based MPPT technique. Besides, the performance of the present MPPT
technique has been compared with P&O and INR type MPPT techniques; the comparison results were
confirmed, and show that the proposed method can efficiently harvest the maximum energy from the
TEG even there was a change in temperature differences at the input and load variation conditions
as well.
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