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Graphical abstract Abstract
Photovoltaic (PV) converts solar energy to electrical energy directly. During this
MPPT process, the PV produce energy losses in the form of heat energy. To improve
¥ the system's efficiency, this heat energy is converted into electrical energy
using the thermoelectric generator (TEG). The PV and TEG have a nonlinear
Compare 4 current-voltage characteristic and it requires a power converter with
PV . ; maximum power point tracking (MPPT) to properly extract the energy. There
Configurations [ | are several configurations of power converters available for the PV-TEG
of Load cogeneration system (PTCS). Nonetheless, the literature that compares the
Power [ performance of the configurations is unavailable. This paper compares 4
TEG T T configurations for the PTCS, which include the separate boost full MPPT (SBFM),
separate boost partial MPPT, series source boost MPPT, and PV boost MPPT with

series TEG. The boost converter with perturb and observe MPPT method is used
for all configurations to ensure a fair comparison. The results show that SBFM
can efficiently extract the energy from both PV and TEG up to 98.5%. The other
configurations can efficiently extract energy from the PV (more than 98.5%).
However, the energy extracts from the TEG have a low efficiency down to 87%.
Overall, the configuration chosen for the PTCS affects the efficiency of the
system.

Keywords: PV, TEG, MPPT, P&O, boost converter

Abstrak

Fotovoltaik (PV) boleh menukarkan tenaga solar kepada tenaga elektrik
secara terus. Semasa proses ini, PV menghasilkan tenaga hilang dalam bentuk
tenaga haba. Untuk meningkatkan kecekapan sistem, tenaga haba ini
ditukarkan kepada tenaga elekirik dengan menggunakan generator
thermoelekirik (TEG). PV dan TEG fidak mempunyai karektar arus-voltan yang
lurus dan ianya memerlukan pengubah kuasa dengan pencari hujung kuasa
maxima (MPPT) untuk membolehkan penghasilan tenaga yang berkesan.
Terdapat beberapa konfigurasi pengubah kuasa yang ada unfuk sistem
kogenerasi PV-TEG (PTCS). Tetapi, tiada literasi yang membandingkan prestasi
konfigurasi ini. Kertas kajian ini membincangkan 4 konfigurasi untuk PTCS, iaitu
galak asing MPPT penuh (SBFM), galak asing separa MPPT (SBPM), sumber
selari galak MPPT, dan galak PV MPPT dengan TEG selari. Pengubah galak
dengan MPPT ganggu dan perhati digunakan unfuk semua konfigurasi untuk
memastikan perbandingan yang dibuat adil. Keputusan menunjukkan SBFM
dapat mengeluarkan tenaga daripada PV dan TEG secara berkesan sehngga
98.5%. Konfigurasi yang lain boleh mengeluarkan tenaga dari PV dengan
berkesan (lebih 98.5%). Tetapi, prestasi pengeluaran tenaga daripada TEG
jatuh serendah 87%. Secara keseluruhannya, konfigurasi yang dipilin untuk
PTCS mempengaruhi kecekapas sistem tersebut.

Kata kunci: PV, TEG, MPPT, P&O, pengubah galak
© 2023 Penerbit UTM Press. All rights reserved

85:5 (2023) 73-79 | https://journals.utm.my/jurnalteknologi| eISSN 2180-3722 | DOI:
| https://doi.org/10.11113/jurnalteknologi.v85.20222 |



74 Razman et al. / Jurnal Teknologi (Sciences & Engineering) 85:5 (2023) 73-79

1.0 INTRODUCTION

Renewable energy has become the focus of the
world due to the advancement in the fechnology
and threat of climate change. According to the
Renewable 2023 Global Status Report, there is an
average of 4.7% growth of renewable energy each
year globally [1]. One of the renewable energies
included in the growth is photovoltaic (PV). It is
estimated that 78 GW of generation system is
installed in 2021. The PV research has improved
fremendously throughout the year. The focus of
research is mainly focused on improving the
performance of maximum power point tracking
(MPPT).  Since the PV current-voltage (I-V)
characteristic curve is nonlinear, the MPPT is needed
fo extract the maximum power from the PV. The
common MPPT method is the perturb and observe
(P&O) method [2, 3]. This method is simple to
implement and highly efficient. The |-V characteristic
curve of the PV becomes more complex if the PV
receive non-uniform irradiance. A more complex
MPPT method like particle swarm optimization is
needed [4, 5].

The PV produces heat when electricity is
produced. This is based on the normal operating cell
temperature (NOCT) test conducted at 800 W/m?2
and 20°C ambient temperature [6]. The PV
temperature on average is around 45°C, which is
25°C different from the surrounding. This shows that
the energy from the sun is not fully converted into
electrical energy and some of the energy is loss in the
form of heat. One of the ways to utilize this heat
energy is by using the thermoelectric generator
(TEG). The TEG is a device that converts heat energy
intfo electrical energy. Since the efficiency of the PV
increases as the temperature decreases, absorbing
the heat energy from the PV using TEG improves the
performance of the PV. Besides that, the electrical
energy produced by the TEG also can be used,
which further increases the performance of the
system. There is research conducted on the PV-TEG
cogeneration system (PTCS) [7, 8]. However, this
research does not specify any maximization of
electrical output since the output is either an open
circuit or connected to a dummy load. This is
because the TEG has a nonlinear I-V characteristic
curve and requires the MPPT method [?, 10].

There are several configurations available for the
PTCS. The common practice is the separate boost full
MPPT (SBFM) [11-13]. This configuration ensures the
MPP is achieved for both PV and TEG. Nonetheless,
this configuration requires 2 power converters and 2
MPPT algorithms. This increases the cost of the system.
The design is improved by eliminating 1 of the MPPT
algorithm. This configuration is called the separate
boost partial MPPT (SBPM) [14]. The study shows that
the duty cycle of the power converter does not
change when operatfing with the MPPT converter.
Therefore, the duty cycle is kept constant and 1 of
the MPPT algorithm is removed. The next
configuration is the series source boost MPPT (SSBM)
[15]. This configuration significantly reduces the cost
since the configuration only used 1 boost converter.
However, in the study, the performance of the PV
and TEG to maximize the power generated is nof

properly discussed. Another configuration is the PV
boost MPPT with series TEG (PBMST) [16]. The TEG is
connected in series with the load. Therefore, the
power produced by the PV is at an optimum level.
The study shows improvement in power production
when compared to the PV generation system.
Nonetheless, there is no comparison with the other
PTCS.

Based on the review, there are severadl
configurations available for the PTCS. However, there
is no comparative study presented between these
configurations. This is important, especially in the
designing phase, where the advantages and
disadvantages of each configuration need to be
identified. This paper provides a comparative study
between 4 configurations of the PTCS. To ensure a fair
comparison, all the components used in the study
are the same. Only the configuration of the PTCS is
changed. The study is fully simulated using
MATLAB/Simulink. The boost converters with resistive
load are used for the system together with the P&O
MPPT method. The effect of heat is neglected in the
TEG model.

2.0 METHODOLOGY

Several components are needed in the study. These
components include the PV model, TEG model,
boost converter, and MPPT. To ensure a fair
comparison, the components used in the study are
kept constant.

1.1. Photovoltaic Model

The PV model used for the study is the single diode
model with series and parallel resistances [17, 18]. The
PV current, Ipv, is calculated using Equation (1). The
parameter of the PV module used in the simulation is
listed in Table 1.

Based on the parameters provided by the
manufacturer, the theoretical parameter s
calculated, which is available in MATLAB/Simulink.
The theoretical parameters include the ideality
factor (A), thermal voltage (V1), series resistance (Rs),
parallel resistance (Rp), and saturated current (Is). The
temperature of the module, Tm, is calculated using
Equation (2), which depends on the ambient
temperature (Ta) and irradiance (G).

Vov + IpvRs) 3 1]
VA
Voo + Ly Rs (1)
RP
NOCT — 20
800 )

Ipv = Iph — Is [exp(

Tm=Ta+G( (2)

Table 1 The parameters of the PV model (Advance Solar
Hydro Wind Power API-150)

Parameter Value
Open Circuit Voltage, Voc 418V
Short Circuit Current, Isc 5.05 A
Maximum Power Voltage, Vmp 345V
Maximum Power Current, Imp 4.35A

Normal Cell Operating Temperature, NOCT 45°C
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1.2. Thermoelectric Generator Model

The TEG model is based on Equation (3), in which the
TEG voltage, Vieg, is calculated based on the TEG
current, leg [19, 20]. Another input for the model is
high-temperature side, Th, and low-temperature side,
T.. The temperature different, dT, is the different
between Th and T.. The additional parameters are
listed in Table 2.

Viey = NoSeu) (Ta — Ty) — 52201 -
teg — Vs (u)( h— l) - N— tegNint(u) (3)
p_teg

Table 2 The parameters of the TEG model

Parameter Value
Seebeck Coefficient for a Unit Module, Sy  0.015 V/°C
Internal Resistance per Unit Module, Rinty) 1.5Q
Number of TEG in Series, Ns_teg 20
Number of TEG in Parallel, Np_teg 30

1.3. Boost Converter

The boost converter is designed to ensure the
operation is in the continuous current mode and
within a 1% voltage ripple factor throughout its
operation. This is achieved by properly designing the
inductance (L), input capacitance (Ci), and output
capacitance (Co). The L, Ci, and Co are calculated
using Equations (4), (5). and (6), respectively [21-23].
The parameters of the boost converter are tabulated
in Table 3. The minimum maximum power resistance,
Rmp(min), is based on PV and TEG during high G. The
output resistance, Ro, is adjusted based on the
requirement of the configuration.

L 4R, (4)
27yif
1— Rmp(min)
R, (5)
Ci=—————+
' 8LVVmpf2
C. = 1 i _ Rmp(min) (6)
° Yof \Ro Ro3
Table 3 The parameters of the boost converter
Parameter Value
Inductance, L 2 mH
Input Capacitance, C; 200 pF
Output Capacitance, Co 200 pF
Switching Frequency, f 30 kHz
Inductor Current Ripple Factor, yi 20%
Maximum Power Voltage Ripple Factor, yvme 1%
Output Voltage Ripple Factor, yvo 1%

1.4. Maximum Power Point Tracking

The standard P&O MPPT algorithm is used for all
configurations [24, 25]. The algorithm calculated the
change of voltage-power (dVP) based on the input
voltage (Vi) and input power (P) of the boost
converter. If the dVP is positive, the duty cycle, D, is

reduced. If the dVP is negative, the D is increased.
The step of the duty cycle, Dstep, is kept to 0.2% to
minimize the ripple caused by the P&O.

dvP(t) = [Vi(t) = Vi (t = D][P(t) — Pi(t v
—1)] (7)

1.5. System Configuration

There are 4 types of configurations analysed for the
PTCS. To ensure a fair comparison, the PV model, TEG
model, boost converter, and MPPT algorithm is kept
identical. The changes are only on the configuration
of the load only. The load is changed to ensure the D
operates within the desired region, which is 0.0 to 0.8.
Further increases the D drops the output voltage, Vo,
and leads to failure of the MPPT algorithm. To reduce
the complexity of the design, the resistive load is used
and separated if 2 boost converters are used.

The first configuration is the SBFM and the block
diagram is illustrated in Figure 1(a) [11]. This
configuration isolates the PV and TEG. This means
that each source has its boost converter and MPPT
algorithm. The second configuration is the SBPM and
the block diagram is shown in Figure 1(b) [14]. For this
configuration, the PV is equipped with a boost
converter and MPPT algorithm. However, the MPPT
algorithm is replaced with a fixed D, while the boost
converter is maintained. A proper D is determined
using Equation (8) [21]. The third configuration is the
SSBM, which is shown in Figure 1(c) [15]. For this case,
both PV and TEG shared the same boost converter
and MPPT algorithm. The TEG is connected in series
with the PV before being connected to the boost
converter. Figure 1(c) shows the fourth configuration,
which is called the PBMST [16]. In this configuration,
the TEG is connected in series with the load. While the
PV is connected at the input of the boost converter
with the MPPT algorithm.

R
mp
D=1 (8)
R,
PV Boost Load PV Boost = sag
— Converter f— — Converter f—
TEG Boost Load TEG Boost ™) jag
— Converter f— — Converter |—
(a) (b)
MPPT
— _— TEG
PV Boost Load
Converter p— Boost I
— 00S
:I PV — Converter
TEG _I_ Load
(c) (d)

Figure 1 The configurations for the PTCS (a) SBFM; (b) SBPM)
[14]; (c) SSBM; [15]. (d) PBMST [16]
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The cost of the boost converter and the MPPT needs
to be considered during the design. Since the SBFM
requires 2 boost converters and 2 MPPTs, the cost of
this configuration is the highest among other
configurations. The cost for the SBPM is lower than
SBFM but higher than the SSBM and PBMST. This is due
to the reduction of 1 MPPT controller. The SSBM and
PBMST have the lowest cost compared to the SBFM
and SBPM. It requires only 1 boost converter and 1
MPPT. Although the cost of the boost converter and
MPPT is lower, the cost of the TEG may get high. For
this study, the size of the TEG is the same for all
configurations. Nonetheless, the size of the TEG can
be smaller for the SBFM and SBPM since the PV and
TEG is an independent systems. For the SSBM and
PBMST, the TEG is affected by the PV. Since both
configurations are in series, the oy equals lteg.
Therefore, the Np_teg Needs to be appropriate with
the PV, for which a proper design is unavailable in the
literature and the adjustment needs to be
conducted using the fry-and-error method. If the is
Np_teg foO small or too large, the energy from the TEG
cannot be exiracted. Therefore, the cost may be
higher due to the increase in the number of TEG
needed to operate properly. Since the input current
of the boost converter, i, is larger compared to the
output current of the boost converter, lo, the Np_teg for
the SSBM is higher compared to the PBMST.

3.0 RESULTS AND DISCUSSION

The simulation aims to determine whether the PV and
TEG able to operate atf the MPP for each
configuration. If the MPP is achieved for the PV and
TEG, it means that the configuration fully utilizes the
energy generated from these sources. This
achievement is observed if the results are close to the
MPP. The G starts at 1000 W/m?2, then step-changed
to 600 W/m2, and lastly step-changed to 300 W/m?2.
The interval for each change is 1 s. The Tq is kept at
27°C. As aresult, the Tm is 59.5°C at 1000 W/m?2, 46.5°C
at 600 W/m?, 36.8°C at 1000 W/m2, Note that the
transient changes in Tm is out of the scope of study.

One of the ways to determine whether the
configuration achieved the MPP is by observing the
Vpv and Vieg. The maximum power is extracted from
the PV and TEG if the operating voltages are located
at the MPP. By referring fo Figure 2(a), the Vpv can
operate near the MPP for all configurations.
Nonetheless, this is the opposite of the TEG. The
waveforms in Figure 2(b) show that only the SBFM can
operate at the MPP. Since the SBFM operate
independently, the performance is expected to be
quite good. The SBPM is almost close to the MPP.
Since the SVPM doesn’'t have an MPPT algorithm and
relies on a fixed D, it is not able to properly adjust its
operation at the TEG. As a result, there is a slight error
in its operation. The operation of the SSBM and PBMST
highly depends on Ipy and lo, respectively. The Vieg is
higher when the lieg is lower. While the Io is lower than
the Ii for the boost converter. Since the TEG is placed
at the input of the boost converter for SSBM and
received a high leg, the SSBM has a lower voltage
compared to the PBMST.

The PV power (Ppv) and TEG power (Pteg) are also
observed during the simulation. Similar to the Vpv, the
Ppv is close to MPP at all G. Therefore, the maximum
power is extracted from the PV for all configurations,
as shown in Figure 3(a). For the TEG, only the SBFM
and SBPM can operate close to the MPP based on
Figure 3(b). Since the Vieg for the SSBM and PBMST is
far from the MPP, the Pteg also much lower, especially
during 1000 W/m?2,

The P-V characteristic curve allows a clearer view
of the operation of the PTCS. The Ppv and Vpy is
plotted together to become a power-voltage (P-V)
characteristic curve, as shown in Figure 4(a). The
result shows that the maximum power able to be
extracted from the PV when compared with the PV
model. The Pieg and Vieg are plotted together to
become P-V characteristic curve, as shown in Figure
4(b). The results show similar results, in which the SBFM
extract the maximum power from the TEG. While the
SBPM operate closely to the MPP. While the SSBM and
PBMST are far from the MPP.
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The maoximum power point efficiency, Nmpp, is
used to determine whether the configuration can
fully extract the energy from the PV and TEG. A higher
Nmpp Shows higher performance. The nmpp of
PV (Nmpp_pv.) and Nmpp of TEG (Nmpp_teg) are calculated
using Equation (?9) for the PV and Equation (10),
respectively. The Nmpp_pv is all above 98.5% regardless
of configuration and G, as provided in Figure 5(a). For
the Nmpp_teg, the SBFM has 99.9% regardless of the G,
as shown in Figure 5(b). The Nmpp_teg for the SBPM starts
with 98.4% at 300 W/m2, 98.9% at 600 W/m2, and
99.1% at 1000 W/m?2. The Nmpp_teg is still quite high even
though there no MPPT algorithm for the TEG.
However, based on the calculation of D shown in
Equation (8), the D needs to be recalculated when
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the Ro changes [21]. If the load is constant, the SBPM
is suitable. Nonetheless, if the Ro kept changing, the
SBPM is not suitable since the D is required to maintain
MPP changes. The Nmpp for the PV and TEG, Nmpp_pvteg,
is calculated using Equation (11) and the result is
shown in Figure 5(c). The results show that all
configurations can maintain Nmpp_pvteg Abbove 98%
regardless of the G. This is due to the low power
production by the TEG that results in only a minor
reduction of Nmpp_pvteg.
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where the Ppvimpp) and Piegimpp) are the theoretical
maximum power point taken from the PV model for
PV and TEG, respectively.

105
100

o
o wu

nmpp_pv (%)

PV MPPT Efficiency,
(o)
(9]

(0]
o

300 W/m? 600 W/m? 1000 W/m?

ESBFM mSBPM HSSBM EPBMST

(a)

105
&
c 100
Qo
O R
£ < 95
e ‘é 90
[a £ , 7
S c 85 7 ?
2 . NE
B 80

300 W/m? 600 W/m?2 1000 W/m?

EISBFM mSBPM HSSBM EPBMST

(b)

85

PV and TEG MPPT
Efficiency, Nompp puteg (%)

(o) (o]

o o

300 W/m* 600 W/m? 1000 W/m?

ESBFM M SBPM OSSBM  EdPBMST

(c)
Figure 5 The nmpp for different configurations and G. a) PV.
b) TEG. c) PV and TEG

4.0 CONCLUSION

The paper discusses various configurations of the
PTCS and its effect on efficiency. The results show that
the efficiency of the PV is not affected regardless of
its configuration. All configurations can maintain
more than 98.5% efficiency. However, the efficiency
of the TEG is highly affected by the configurations
used. The SBFM configuration can maintain 99%
efficiency. While the SBPM configuration can
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maintain 98% efficiency if the load does not change
during the operation. If the load changes, a new
duty cycle needs to be calculated to obtain high
efficiency. For the SSBM and PBST configurations, the
efficiency is low as 87%. Although the TEG efficiency
is lower for these configurations, it does not affect the
overall efficiency of the system. This is due to the
relatively low power production when compared to
the PV power output. In conclusion, the configuration
chosen affects the efficiency of the TEG.
Nonetheless, the efficiency of the PV and PV-TEG is
not significantly affected by the configuration.
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