energies

Article

Development of a Thermal Energy Harvesting Converter with
Multiple Inputs and an Isolated Output

Yeu-Torng Yau 17, Kuo-Ing Hwu %*

check for
updates

Citation: Yau, Y.-T.; Hwu, K.-I.; Shieh,
J.-]. Development of a Thermal
Energy Harvesting Converter with
Multiple Inputs and an Isolated
Output. Energies 2022, 15, 273.
https://doi.org/10.3390/

en15010273

Academic Editor: Andrea Frazzica

Received: 26 November 2021
Accepted: 20 December 2021
Published: 31 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Jenn-Jong Shieh 3

Department of Ph.D. Program, Prospective Technology of Electrical Engineering and Computer Science,
National Chin-Yi University of Technology, No. 57, Sec. 2, Zhongshan Rd., Taiping Dist.,

Taichung 41170, Taiwan; pabloyau@ncut.edu.tw

Department of Electrical Engineering, College of Electrical Engineering & Computer Science,

National Taipei University of Technology, 1, Sec. 3, Zhongxiao E. Rd., Taipei 10608, Taiwan

Department of Electrical Engineering, College of Information & Electrical Engineering,

Feng Chia University, No. 100, Wenhwa Road, Seatwen, Taichung 40724, Taiwan; jjshieh@fcu.edu.tw

*  Correspondence: eaglehwu@ntut.edu.tw; Tel.: +88-62-2771-2171 (ext. 2159)

Abstract: In this paper, an isolated multi-input single-output (MISO) converter is developed and
applied to a thermoelectric energy conversion system to harvest thermal energy. The thermoelectric
generators have individual maximum power point tracking functions. Furthermore, such a converter
has a high step-up voltage conversion ratio. In addition, the presented converter is imposed on the
thermoelectric energy conversion system with the three-point weighting strategy adopted to realize
the maximum power point tracking (MPPT). In this paper, the basic principles of this converter are
first described and analyzed, and finally some simulated and experimental results are offered to
verify the feasibility and effectiveness of such a thermal energy harvesting system.

Keywords: coupled inductor; FPGA; galvanic isolation; MISOC; thermal energy harvesting; thermo-
electric module; three-point perturbation and observation method

1. Introduction

As generally recognized, from the point of view of industrial applications, 50% of
generated electricity is used, while the remainder is wasted via heat. Accordingly, if the
heat can be changed to electricity, then the energy conversion efficiency can be increased,
and the pollution due to exhaust heat and emissions due to exhaust gas can be decreased [1].
At present, many methods have been proposed to recycle exhaust heat into electricity—
for example, the organic Rankine cycle, combination of power and heat, thermoelectric
generators (TEGs), etc.; of these, TEGs have many features, such as small size, no noise,
easy maintenance, easy extension, etc. In fact, the process of recycling thermal energy is
quite similar to that of recycling solar energy—both of which require the maximum power
point tracking (MPPT) to harvest thermal energy efficiently.

Therefore, there are several configurations for converting heat to electricity using
a TEG. TEG-based electrical systems can be divided into three types: single TEGs [2,3],
distributed TEGs [2—4], and centralized TEGs [2]. The first type adopts a single heat source,
while the other two types use multiple heat sources. However, the first type has a limited
power level, the second type is limited in terms of size and cost, and the third faces the
problem of the failure of one TEG.

Therefore, a multiple-input TEG system is proposed to conquer these disadvantages.
To construct a single-stage thermoelectric energy conversion system with multiple TEG
inputs, a high step-up converter is indispensable. The authors of [5-14] propose several
kinds of multi-input single-output converters (MISOCs) with non-isolation. The authors
of [6] utilized a switched-capacitor circuit so that a high voltage gain could be achieved.
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The authors of [5,11,14] adopted elementary circuit configurations, leading to the corre-
sponding voltage gains not being high. The authors of [11] employed an elementary circuit
configuration together with an auxiliary circuit, such that the zero-voltage switching (ZVS)
could be achieved but the accompanying voltage gain was not high. The authors of [6,9,10]
utilized coupled inductors so that the voltage gains could be improved and the ZVS could
be realized. However, if the number of input voltages is increased, then the number of
coupled inductors and switches is increased, resulting in the huge size needed. The circuit
concept displayed in [12] is derived from [14], and this converter adopts only a single
inductor to obtain a result identical to that of [14], thus decreasing the size significantly;
however, this converter employs an elementary circuit configuration, resulting in the volt-
age gain not being high; moreover, the control of such a converter is relatively complicated.
The authors of [13,15] achieved high step-up voltage gains by utilizing bootstrap circuits;
however, these circuits have automatic current balance, making them unsuitable for MPPT
use. Consequently, the authors of [16] presented interleaved switches for the circuit shown
in [15] to conquer this problem, so that each thermoelectric generator would have its own
MPPT function.

For galvanic isolation to be considered, the authors of [17,18] proposed an isolated
MISO high-step-up converter; however—considering that the higher the turns ratio, the
greater the leakage inductance and the larger the primary-side current—the actual voltage
conversion ratio remains not particularly high. In [19], the multiple inputs had individual
resonant networks and coupled inductors, causing switches to have ZVS turn-on, the
number of components to be relatively large, and the corresponding maximum voltage
gain to be less than 1.5. In [20], a single coupled inductor was used to harvest energy from
multiple heat sources; however, the duty cycle for each input has its own limitations, and
the overall voltage gain is determined only by the turns ratio.

In fact, none of the converters described previously—except for the converter dis-
played in [16]—are used in thermoelectric systems. Accordingly, an isolated MISOC circuit
is proposed herein and imposed on a thermoelectric energy conversion system.

2. Features of the Thermoelectric Module

The operation of the thermoelectric module is based on the Seebeck effect; this means
that the movement of major P-type and N-type carriers due to temperature differences
between the hot side and the cold side forms a current. In Figure 1a, the model of the
thermoelectric module is represented by one open-circuit voltage V,. and one internal
resistance Ryeg. In this figure, the voltage across the variable load resistance Ry, is Vieg, and
the current flowing into Ry, is Ie. In Figure 1b, if R; is infinite, then Vi, is equal to Vi; if
Ry is zero, then I is equal to Is: (In Figure 1c), which is V. divided by Ry.e. Therefore,
based on the maximum power transfer theory under the condition that R;, = Ry [21,22],
we can find the maximum power point (MPP) at:

‘/teg = O.SVOC and Iteg - O.SISC (1)

(a) (b) (c)

Figure 1. Deduction of the TEG MPP.
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Hence, the maximum power—represented as Pmpp—is identical to:
Prnpp = 0.25V - Isc (2)

Accordingly, the P-I-V curves of TEG are drawn in Figure 2. From this figure, it can
be seen that these curves are of high symmetricity.
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Figure 2. TEG P-I-V Curves.

3. Three-Point Weighting Strategy for MPPT

Based on Figure 1, the three-point weighting strategy was adopted to derive the
maximum power transfer from the TEG to the output. Figure 3 displays the operating
procedure of this method, and the corresponding operation is shown in Figure 4 with three
cases: for case 1, P, > P, > P; for case 2, P, < Py, < Pg; for case 3, P, > P, and P.. As in
case 3, the point of the maximum power can be obtained. Note that Dy, D,, Dy, and D,
are defined to be the duty cycles at the maximum power point, point a, point b, and point
¢, respectively.

No
0 e
Yes
Dy = Dy
w=1
Vo=V,
1,=1,
B=V,xI,
D, =D,+AD
D,,, =D,
Ve=Va
1.=1,
F.=F.x1,
D,=D,-AD
D,,, =D,
V.=V
1,=1,
F=VuxI,

Figure 3. Operating procedure of the three-point weighting strategy for MPPT.
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Figure 4. Three cases for the three-point weighting strategy. (a), P; > P, > P¢; (b), Ps < Py < P¢; (c), Py
> P, and P,.

4. Proposed Isolated MISOC

Figure 5 shows the proposed two-input single-output isolated high-step-up converter,
which is composed of one input inductor L, one output inductor L,, one coupled inductor
constructed by one inductance, one leakage inductance with the primary winding N,
the secondary winding N, a turns ratio of ( n = N,,/N;), two main switches S; and S5,
three charge pump capacitors C1, Cy, and Cg, three diodes D1, Dy, and D3, and one output
capacitor C,. As for the output load, it consists of one output resistor R,.

sz—_.

) Ly Inp NN Lwe s _wpy 4 _>iL0 + Vi, —
— ~ — ptiYs b s— I~ . I~
- Dz + Lo
‘ ’ VN Cz VCZ
i T.
I,
+
v + +
i = Cs =7, oL g 34
inl 3oVes o T— 02" o
+

Vps &K Ds

Figure 5. Proposed isolated MISOC circuit.

Before dealing with this section, we must first define some symbols shown in Figure 5
and several constraints, as follows: (1) the two input voltages are signified by V;,,;1 and Vj;2;
(2) the two input currents are indicated by i;,1 and ij,,»; (3) the output current is expressed
by I,; (4) the output voltage is denoted by V,; (5) the voltages across Cy, Cp, and C3 are
represented by V1, Vo, and Vs, respectively; (6) the pulse-width modulation (PWM)
signals for S; and S; are signified by vgs1 and vgs», respectively; (7) the voltages across L,
L, Lo, Np, N5, and Ly are indicated by vy, 1, vr,, UNp, UNs, and vy, respectively; (8) the
voltages across Dy, D;, and D3 are described by vp1, vpy, and vps, respectively; (9) the
currents in L, Ly, Lo, Np, and N; are signified by i1, i1, iro, in, and iy, respectively; (10)
the currents in D1, D5, and Dj3 are denoted by ip1, ipy, and ip3, respectively; (11) the duty
cycles of vgs1 and vgs) are expressed by D, and Dy, respectively, under the same switching
period of Ts; (12) all the components are regarded as ideal, except for S; and Sy; (13) the
converter works in the continuous current mode (CCM); (14) all of the waveforms are
drawn in the steady state, and four states over one cycle are illustrated in Figure 6, to be
analyzed as follows:
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Figure 6. Illustrated waveforms relevant to the proposed isolated MISOC circuit.

4.1. Operational Behavior

State 1 [t, < t < t;]: As illustrated in Figure 7, S; and S, are turned on, whereas
Dj, Dy, and D3 are reverse-biased. During this time interval, L is magnetized by V;,1,
whereas L, Ly, and L, are magnetized by Vj,; and C;. At the same time, C; and C3 are
series-connected, and release energy to the load. In addition, D is reverse-biased with the
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Lin2

voltage of Vi1 + V1, Dy is reverse-biased with the voltage of (V2 + V1) /n + Vo, and
Dj is reverse-biased with the voltage of (V2 + Vc1)/n + Vs with Vep = Vs,

+ Vi —
N

Iy,
e

Virl2 .=

le Lim fL
Lm

Ing

<«

N, i N,

EV]VS

»
>

Lo
- Vo2 + —+ Vi -

DQ 1+ Lu

(&%

VC 2

iinZ

Cy =

A

Figure 7. State 1 power flow.

State 2 [t; < t < #p]: As illustrated in Figure 8, 51 remains in the on-state, but S, is
turned off, whereas D1, D5, and D3 remain reverse-biased. During this time interval, L is
still magnetized by V1, whereas Ly, Ly, and L, are demagnetized. Since iy, remains in
the positive direction, the second-side circuit operation is the same as in state 1. In addition,
the leakage inductance iy releases energy as well as charging the parasitic capacitor of
Sy, leading to a spike voltage on S;. The moment iy falls to zero, this state proceeds to

the end.

+ Vik —

Y\

NP

ViuZ—_ r

+

Ly,
Np,

L[k iLm¢=L” -

Lm 3

=+

>

Vim VN;

LN,

i Ns
<«

~ ;
‘ ‘ Vs
.

C3 -

D;

Figure 8. State 2 power flow.

>~

+

N

State 3 [t, < t < t3]: As illustrated in Figure 9, S; remains in the on-state, but
S, remains in the off-state, whereas D, is turned off but D, and D3 remain in the on-
state. During this time interval, L is still magnetized by V1, whereas L,; and L, are still
demagnetized, and charge C; and Cs, thereby causing C, and Cj to be paralleled with V)
= V3. Once the switch S7 is turned off, this state ends.
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Figure 9. State 3 power flow.

State 4 [t3 < t < t4]: As illustrated in Figure 10, S; and S; are both off, whereas D,
D,, and Dj are all reverse-biased. During this time interval, L releases energy to Cj. In the
meantime, Ly, is still demagnetized, so the secondary-side circuit operation is the same
as in state 3. As soon as S; and S, are turned on, this state comes to an end, and the next
period starts.

3 . . i
; i . . Lo
Lin2 + r‘f{’ﬁ - Moy N, : N, N -V + S+ Vi -
< P ot D ,,,,,,,, i — S >
i 2 + 4
%VNV GTVa
i+ _
< i [§?
+
Va2 || i *
Vi - GV Co = RZ3V,
+|
_ Vb3 D3
Vel
+
W 4
< Ve Ve ¥

Figure 10. State 4 power flow.

4.2. Output Voltage

To conveniently obtain the voltages on Cq, Cy, C3, and C,, only states 1, 3, and 4 are
taken into account, and Ly is omitted. First, the turns ratio of the transformer is defined
as follows:

N P
ﬁ <1 and n < 1 (3)

S

As illustrated in state 1 in Figure 7, based on Kirchhoff’s voltage law, the respective
voltages across the input inductor L, the magnetizing inductance L, and the output
inductor L, are:

oL = Vim 4)
Um = Vio + V1 @)
1
Vo = ﬁ(Vinz + V1) + Voo +Ves = Vo (6)

As illustrated in state 3 in Figure 9, based on Kirchhoff’s voltage law, the respective
voltages across the input inductor L, the magnetizing inductance L, and the output
inductor L, are:

oL = Vim )
O = —nVeor = —nVcs3 8)

Vo =Ver—Vo=Vez =V, )
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As illustrated in state 4 in Figure 10, based on Kirchhoft’s voltage law, the respective
voltages across the inductor L, the magnetizing inductance L;, and the output inductor
L, are:

v =—Vo (10)
U = —nVep = —nVcs3 (11)
Vo =Veo—Vo=Vez3 =V (12)

In the steady state, the input inductor L, the magnetizing inductance L, and the
output inductor L, should obey the volt-second balance, so the respective associated
equations can be attained based on (4) and (10), (5) and (8), and (6) and (9):

Vi1 DaTs + (_VCl)(l - Da)Ts =0 (13)
(Vinz + V1) DypTs 4+ (—nVea) (1 — Dy) Ts = 0 (14)
[ (Vinz + V1) + Viez + Vies — Vo] Dy T (15)
+(ch — Vo)(l — Db)TS =0
Rearranging (13), (14), and (15), respectively, yields:
Vel D,
= 16
Vinl 1- Du ( )
1 Dy
Ve =Ves = n(szJrVa)(l_Db) (17)
2 D
Vo= ;[‘/IHZ + VCl] (1 — lb}]) (18)
By substituting (16) into (17) and (18), the voltages Vp and V3 can be attained
as follows: . D D
. _ Ly : a b
VCZ_VC3_n{m”2+‘/’”1<l—Da>}(1—Db) (19)
Therefore, the voltage V,, can be represented as:
2 D, Db
Vo =V, Vs == |V, V; 2
o =Vea+ Ves n[zn2+ ml(lDﬂ>}<1Dh) (20)

4.3. Boundary Condition for L

For convenience of analysis, it is assumed that the input power and the output power
are identical, the input power is separated, and the input currents for the two thermoelectric
generators are the same, namely, 1;;;1 = Ij = Iy,

As there is no power loss in this operating converter, the following equation can
be obtained:

Py = Piy1 + Pinp = Po1 + Pz (21)

where P, is the output power, and P;,1 and P;,;» are the two input powers of the two inputs,
whereas P, and P, are the corresponding output powers of the two inputs.
From (21), the formula of the first output power is:

Py1 = Py

22
= Ver % It = Vi % Iin 2)

where I is the DC current in Cy.
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For convenience of analysis, by assuming that the load resistance of the first input is
Ry, the current flowing through R; can be represented as follows:

Vet
Iy = CL 2
=g, (23)

Therefore, substituting (16) and (23) into (22) yields:

Vv 2 D 2 vV 2
L = Vi x iy = 2 4)
Ry (1—D;)” x Ry
Since the ripple current in L—represented as Ai;—can be indicated by:
. At
Aip = L8t (25)
L
Substituting (4) into (25) yields:
V.
Aij = Zﬂ D, T, (26)
Hence, as 2I; > Air, L will work in CCM; that is:
2I1 > Aig
Dy x Vi Vim
:Z;Z (1-Dg)* xRy f £ Dals (27)
= g1 = (1= Da)

= KL Z Kcrit_L(Da)

where K; = % and Kjt 1 (Dg) = (1 — D,)*.

From (27), it can be seen that if K; > K,;; 1 (D) holds, L works in CCM; if not, L will
work in the discontinuous current mode (DCM). Hence, the boundary curve between two
modes can be plotted as shown in Figure 11.

09

08

0.71

0.6

051

Km‘r L (Da)

04f
DCM
03[
02f

0.1

CCM

0 0.1 0.2

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
D,

Figure 11. Boundary curve between CCM and DCM for L.

4.4. Boundary Curve of Ly,

For convenience of analysis, it is assumed that the input power P;,, is identical to the
output power P,, that the input power is separated, and that the input currents for the two
thermoelectric generators are the same, namely, I;;;; = [;;;» = I;;. At the same time, from
Figure 5, it can be seen that the average current is zero for the charge pump capacitors Cp
and Cs. Therefore, the average current in the secondary-side winding, Iys, is identical to
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the average current in the output inductor, Ir,. Figure 12 shows the equivalent model for
the DC current analysis of the coupled inductor.

[1' [Np Np : Ns INS:ILG
ILm¢ + +o -
Lm Vim va ‘ ’ Vs
- - .+

Figure 12. Equivalent model for DC current analysis of the coupled inductor.
According to state 2 and (5), the primary-side voltage vy, can be expressed as follows:
UNp = ULm = Vino + Ve (28)

Since there is no power loss in the circuit, the resulting equation can be attained as:

Py =Py =V, x I, (29)
Rearranging (29) yields:
Vo xIo = (Vina + V1) X Lin (30)
where: v,
I, = R (31)

From Figure 12, the average current of i;,, can be represented by:

Iim = INp + Iin (32)
and:
I I
= o
Rearranging (30) yields:
Vo
| — x I 34
in = gy <o (34)

Substituting (18) and (28) into (34) yields:

Ii—;x(l_Db)xIO (35)
Substituting (33) and (35) into (32) yields:
_L(1+D,
=2 (155 6)
Substituting (31) into (36) yields:
_ Vo (14D,
ILm—nRo(lDb> (37)

In addition, the ripple current of if,, Air,,, can be obtained as follows:

At
Bigy = 2 (38)
m
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Substituting (28) into (38) yields:

\% Vi
in2 + Vc1 D,T, (39)

Aip,, =
ILm L,

Therefore, as 2I;,, > Air,, the magnetizing inductance L, will operate in CCM;

that is:
2l > Ay
2V, (14D, Vino+Ve1
= 2% (17Db) = DT
2L Vip+Ver Dy
= Ru'}qs Z nXx = Vo x (—1tgb)
2Ly o o n(1-Dy) Dy (40)
R, =" 2D, (E)
lbe
2L, ~ [r(1-Dy)]*
= R1 = 205D,
= KLm > K crit Lm(Db)

1-D
where K, = g4 and Kerig_n(Dp) = %‘

From (40), under the turns ratio n = 0.5, if K1, > K¢jt 1 (Dp) holds, the inductance

Ly, will operate in CCM,; if not, L, will work in DCM. Accordingly, the boundary curve
between CCM and DCM can be drawn as shown in Figure 13.

Kcri/ Lm (Db)
e
S
T

e
3
=

T

I
o
=)

T

Figure 13. Boundary curve between CCM and DCM for L.

4.5. Boundary Condition for L,

The average current of the output inductor I, is identical to the output current

I,, namely:
Io=1o (41)
Additionally:
Vo
I, = R (42)
According to (41), and by substituting (20) into (42), the following equation can be
expressed:
D, D
i+ v o55)] (%)
Io = R (43)
0

Moreover, the ripple current of i, represented as Aij,, can be obtained as follows:

Vro X At

0 (44)

Airy =
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Substituting (4) into (44) yields:
1
. =(Vina +Ve1) + Voo + Vs — V,
Aig, = n( in2 Cl) Cc2 C3 0 Dst (45)
L,
Substituting (16) and (20) into (45) yields:
. %[Vin2+ (%)‘/ml}
AILO = Dst (46)
L,
Substituting (4) into (25) yields:
. Vi
Aip = ’L’“ D, T, (47)
Therefore, as 211, > Aij,, the output inductor L, operates in CCM,; that is:
Dy D
2 % % [VinZ"‘Vinl (1;;7[),1)] (ﬁ)
1 [‘/in2+(%)vinl]
> n a D T
= Lo b (48)

2L, (1_Db)
Ry Ts 2 2

= Kpo > Kcrit_Lo(Db)

1-D,
where Kj, = I%f]qs and KCrit_Lo(Db) = 2 b)‘

From (48), it can be known that if K1, > Kt 1,(Dj) holds, the output inductor L,
works in CCM; if not, L, operates in DCM. Therefore, the boundary curve between CCM

and DCM can be sketched as shown in Figure 14.

0.5
0.45
0.4
0.35.
0.3

025 DCM CCM

Kcril Lo (Dh)

0.2

0.1

0.05

0 01 02 03 04 05 06 07 08 09 1
Dy

Figure 14. Boundary curve between CCM and DCM for L,.

4.6. Topology Extension

As displayed in Figure 15, the proposed converter can be expanded to N inputs, where
N is a positive integer; hence, its input count will be increased such that the thermal energy

from all of the sources can be recycled.
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Figure 15. Expanded circuit.

5. Design Considerations
5.1. Thermoelectric Module Specifications

The thermoelectric modules adopted herein are called TGM-199-1.4-0.8, made by
Kryotherm Co. There are two inputs in the proposed converter: the first input is fed
by four series-connected thermoelectric modules, while the second input is fed by two

series-connected thermoelectric modules. The associated specifications are displayed in
Tables 1 and 2.

Table 1. Specifications for the first thermoelectric module.

Part Name TGM-199-1.4-0.8
Size 40 x 40 x 3.2 mm
Number Four in series
Maximum Power (Pppp1) 232 W
Voltage at MPP (Vipp1) 14V
Current at MPP (Ipp1) 1.653 A
Open Voltage (Voc1) 27.6 V
Short Current (I501) 325 A
Cold-Side Temperature 80 °C

Hot-Side Temperature 180 °C
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Table 2. Specifications for the second thermoelectric module.

Part Name TGM-199-1.4-0.8
Size 40 x 40 x 3.2 mm
Number Two in series
Maximum Power (Pppp2) 11.68 W
Voltage at MPP (V) 75V
Current at MPP (Iynpp2) 1.56 A
Open Voltage (Voc2) 1395V
Short Current (I5q») 3.246 A
Cold-Side Temperature 80 °C
Hot-Side Temperature 180 °C

5.2. System Configuration Together with Design Concept and Experimental Strategy

Figure 16 shows the proposed isolated MISOC converter along with two thermoelectric
generators, with an FPGA control kernel. According to Tables 1 and 2, the first TEG under
MPPT has an output voltage of 14 V, and its output current is 1.653 A, whereas the second
TEG under the MPPT has an output voltage of 7.5 V and an output current of 1.56 A.
Therefore, the sum of the power generated from the two TEGs is 34.88 W. Accordingly, based
on the above-mentioned factors, and by prescribing the output voltage of the converter
at 100 V, Tables 3 and 4 display the system specifications and the respective converter
specifications. An efficiency curve can be attained under the output voltage regulated at
100 V. Afterwards, the MPPT algorithm is imposed on this converter to harvest thermal
energy; hence, some waveforms are measured. Moreover, under the control of MPPT, the
needed digital signals—containing the input voltages and currents—are created after the
analog-to-digital converters (ADCs), the field-programmable gate array (FPGA) shown in
Table 5 is utilized to control such a system, and the gate-driving signals generated by the
FPGA are passed to the switches. Note that since this circuit focuses on harvesting thermal
energy, the output voltage sensor and the corresponding voltage mode controller are not
displayed in Figure 16.

Table 3. System specifications.

Operating Mode CCM
First Input Voltage (V1) 75V
Second Input Voltage (Vj;;2) 14V
Rated Output Voltage (V,) 100 V
Rated Output Current (I, ;100) / Power (P, rateq) 348.8 mA/34.88 W
Minimum Output Current (I, ;) / Power 34.88 mA /3.488 W
(Po,min)
Switching Frequency (fs)/Power (Ts) 100 kHz/10 ps

n=Np/N; 0.5
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Figure 16. Thermoelectric system with the proposed isolated MISOC.
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Table 4. Component specifications used in the isolated MISOC.
Components Specifications
MOSFET Switch S4 IRF3205 Z
MOSFET Switch S STB120NF10T4
Diode Dy STPS30L30CT
Diodes D, D3 STPS20H100CT
Charge Pump Capacitor C; 150 pF Electrolytic Capacitor
Charge Pump Capacitors Cp, C3 47 uF Electrolytic Capacitor
Output Capacitor C, 68 pF Electrolytic Capacitor
Input Inductor L 100 uH
Output Inductor L, 432 mH
Coupled Inductor Ly =330 uH, n=0.5
Isolated Gate Driver FOD3182
Table 5. EP3C5E144C8N specifications.
. Logic Total RAM 18 x 18 User I/O
Device Elements Bits Multipliers PLLs Pins
EP3C5E144C8N 5136 423936 23 2 94

5.3. Calculation of Duty Cycles
Based on (39), with D, equal to 0.6, the value of D;, will be calculated to be 0.4975.

Vo = %{VMZ + Vinl (1?71{5“)} (%)

49
=100 = 5 [14+75(1%5)] (12; ) = Dy = 04975 )

5.4. Design of L

By assuming that the inductor L works in CCM above 0.1 Immp1, and according to the
following equation, the value of L,,;, can be derived as follows:

Lo o xDax Ty 7.5x062x10
M 2% 00Lyppr + Dy 2% 0.1 x 1.56

= 86.54 uH (50)

Eventually, the value of L is set at 100 pH.

5.5. Design of L,

By assuming that the inductor L, works in CCM above I, ,,;,, and according to the
following equations, the value of L, ,,;; can be derived as follows:

1 D 1 0.6
Vo = n[vszr (1_”D>le] = 05{14+ (1 _06) X 7.5] =505V (51)
a . .

0o X Dy x Ty 50.5 x 0.4975 x 10
2% Iomin  2x348m

Lo,min -

=3.6mH (52)

Eventually, the value of L, is set at 4.32 mH.
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5.6. Design of Ly,

By assuming that the inductor L, operates in CCM above I, ,,;;, and according to (40),
the value of Ly,,;;, can be derived as follows:

_ [n(0-DyP

Loy i = L8200 2
m,min 4(1+Dy)

Io,mi n

X Ts X
(53)

_ [0.5(1—0.4975)? 100 _
= o X 10w x gigge = 302 uH

Eventually, the value of L, is set at 330 pH.

5.7. Design of C;

By assuming that the maximum ripple voltage of C; is 1% of V1, and based on the
following equations, the value of Cy ,;;;, can be worked out as follows:

- X Vinl = 0.6

V p—
T 1D, 1-06

x75=1125V (54)

Ly (1=Dy)T, 156 (1-0.6)10n
Cl,mln - X - X -
D, 001xVe 06 ~ 001x11.25

Eventually, the value of C; is set at 150 uF.

92 uF (55)

5.8. Design of Cy and C3

By assuming that the maximum ripple voltage of C; or Cj is 0.1% of V¢, or Vs,
respectively, and based on (17), the value of C, ,;,, or Cj ,,, can be worked out as follows:

1 Dy 1 0.4975
Ver = Ves = (Vima + Ver) <1 — Db) = 55 (14+11.25) (1_04975> —50V  (56)
e (1—-Dy)Ts (1-04975) x 10n
CZ,I’HZTZ - C3,mzn - Io,mtgd X m = (0.3488 x 0.001 % 50 =351 LLF (57)

Finally, the value of C; or Cj is set at 47 uF.

5.9. Design of C,

By assuming that the maximum ripple voltage of C, is 0.1% of V,, and based on [21],
the value of C, ,,,;, can be worked out as follows:

Aig = L(Viya + V1) x Dy x Ts + L,

= 0% x (14 +11.25) x 0.4975 x 10p +4.32m (58)
= 0.0587 A
0.001 x V,  0.001 x 100
ESR = = =1.704 Q)
S Aip, 0.0587 0 (59)
80n
ESR x Cy min = 50 ~ 80u = Cy pin = 1704 = 46.08 uF (60)

Eventually, the value of C, is set at 68 LF.

5.10. Converter Topology Comparison

In Table 6, two circuits shown in [19] and [20] are employed as comparisons. The
number of components is used as a comparison item, to be described below. From Table 6,
it can be seen that the proposed converter has the smallest number of components.
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Table 6. Comparison between the existing [19,20] and the proposed circuits.

Component No. [19] [20] Proposed
Input 2 2 2
Inductor 3 3 2
Coupled Inductor 2 1 1
Switch 4 2 2
Diode 4 5 3
CharseFamp ; : ;

6. Simulated and Experimental Results
6.1. Simulated Results

A PSIM-based simulation was utilized to demonstrate the feasibility of this system
with the designed resistance of 313 () (100 V/348 mA) used as a load. Since in the PSIM
software only a solar cell model can be utilized, the parameters of this model were modified
to simulate TEG operation. There are three examples to be discussed, as follows:

In example 1, displayed in Figure 17, it can be seen that the generated power relevant
to TEG1 is 22.976 W, and this value is close to the MPP power of 23.142 W, while the
generated power relevant to TEG2 is 11.029 W, and this value is close to the MPP power
of 11.7 W. Summing the two powers yields 34.005 W, and this value is almost the same
as the output power of 34.065 W. Moreover, the output voltage is 98.81 V, which is close
to 100 V. In addition, the corresponding duty cycles of D, and D, are 0.578 and 0.52,
respectively, and these values are somewhat different from 0.6 and 0.4975 under voltage
mode control, respectively.

Pmax 1=23.142W Powerl=22.976W
Pout=34.066W
@
Xl
oA
cL Vout=98.81V

s>

Figure 17. Simulation example 1.

In example 2, displayed in Figure 18, the short current I of TEG1 is three times that
of TEG1 in Figure 17. From Figure 18, it can be seen that the generated power relevant to
TEG1 is 67.004 W, and this value is close to the MPP power of 69.426 W, while the generated
power relevant to TEG2 is 10.45 W, and this value is close to the MPP power of 11.7 W.
Summing the two powers yields 77.454 W, and this value is close to the output power of
76.835 W. Moreover, the output voltage is 148.39 V, and this is because the more the power
is transferred, the higher the output voltage.
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Pmax 1=69.426W Powerl=67.004W Pout=76.835W

9

A

o A

=0 .

TVout=148.39V

&

Figure 18. Simulation example 2.

In example 3, displayed in Figure 19, the open voltage V. of TEG1 is four times that
of TEGI in Figure 17. From Figure 19, it can be seen that the generated power relevant to
TEG1 is 85.951 W, and this value is close to the MPP power of 85.956 W, while the generated
power relevant to TEG2 is 11.28 W, and this value is close to the MPP power of 11.7 W.
Summing the two powers yields 97.231 W, and this value is close to the output power of
93.81 W. Moreover, the output voltage is 163.97 V, and this is because the more the power is
transferred, the higher the output voltage.

Pmax1=85.956W Powerl=85.951W Pout=93.81W
@
S
T (L.. Vout=163.97V

s
b4 <o

Figure 19. Simulation example 3.

6.2. Efficiency Curve

An efficiency curve can be attained under the output voltage regulated at 100 V, with
the electronic load working in the constant current (CC) mode. From Figure 20, it can be
seen that the efficiency at 10% load is ~72.2%, the efficiency at 100% load is ~85.2%, and the
maximum efficiency is ~87.2%. The reason that the efficiency is not high is the low current
in the load.
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Figure 20. Curve of efficiency versus load current.

6.3. Measured Waveforms

After the efficiency curve is finished, the MPPT algorithm is applied to the proposed
converter to demonstrate the maximum power transfer, with some illustrated waveforms
given. Note that for MPPT experiments, an electronic load works in the constant voltage
(CV) mode.

In the following section, the waveforms shown from Figures 21-26 are measured under
MPPT. Figure 21 shows the gate-driving signals vgs1 and vgs, for S1 and Sy, respectively, and
the voltages across S1 and Sy, called vy51 and vy, respectively; Figure 22 displays the gate-
driving signal vgs for Sy, the voltage across D1, the current flowing through L—represented
as i—and the voltage across Cy; Figure 23 shows the gate-driving signal vgs; for Sy, and
the voltages across D, and D3, represented as vp, and vps, respectively; Figure 24 displays
the gate-driving signal vgs, for S, the input current i;,, the secondary-side current iys, and
the output current if,,; Figure 25 shows the output voltage V,, and the voltages across Cp
and Cs, represented as V-, and V3, respectively; Figure 26 displays the output voltage V,,
and the input voltages V;,,1 and V5, which are created from TEG1 and TEG2, respectively.

/ vg.\ 1

" lh-ﬂr-f-l p— S 1 Ipu-.:—q |
2> t-q-:ﬁ;-‘ s gened “eetard ket LA

: s Vs

’ i i i ! i 1 20V

v L-d—n‘ }-u» +

Vis2

allalafalall®

Sus

3

v

4>

Figure 21. Waveforms measured under the thermoelectric system: (1) vgs1; (2) vgs2; (3) Ugs1; (4) Ugs2-
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Figure 23. Waveforms measured under the thermoelectric system: (1) vgs; (2) vp2; (3) vp3.
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Figure 24. Waveforms measured under the thermoelectric system: (1) vgsp; (2) 7iy2; (3) ins; (4) iLo-
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Figure 25. Waveforms measured under the thermoelectric system: (1) Vy; (2) Vc2; (3) Ves.
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Figure 26. Waveforms measured under the thermoelectric system: (1) V; (2) Viy1; (3) Vino.

From Figure 21, it can be seen that the maximum voltages across S; and S, are
approximately 20 V and 50 V, respectively. From Figure 22, it can be seen that the maximum
voltage across the diode D is ~25 V, with high-frequency oscillation due to the parasitic
capacitance of Dj resonating with the line parasitic inductance, while the voltage across
C1 is ~13 V, and the average value of i} is ~2.3 A, implying that the average value of i;;;
is ~1.6 A, and that TEG1 works at MPP. From Figure 23, it can be seen that the maximum
voltages across the diodes D, and D3 are ~100 V, with high-frequency oscillation due to
the parasitic capacitances of D, and D3 resonating with the line parasitic inductance and
the secondary-side leakage inductance Lj,. From Figure 24, it can be seen that the average
value of iy, is 350 mA, and the average value of i;,5 is ~1.5 A, implying that TEG2 works at
MPP. Figure 25 shows that the value of V, is ~100 V, while the values of V¢, and V3 are
~50 V, meaning that the voltages across the two capacitors C, and Cs can be kept constant at
the desired value. Figure 26 shows that the value of V, is ~100 V, the value of Vj,; is ~7.5V,
and the value of Vj,5 is ~14 V, implying that the two TEGs operate under individual MPPs.
Figure 27 shows photos of the proposed thermoelectric system containing the MISOC
circuit and the thermoelectric platform.
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Figure 27. Photos of the proposed thermoelectric system: (a) MISOC circuit; (b) thermoelectric plat-

form.

7. Conclusions

The presented isolated MISOC circuit was analyzed and imposed on a one-stage
thermal energy harvesting system. In this system, TEGs possess individual MPPT functions,
thus rendering the thermal energy harvesting more efficient. Moreover, the presented
converter has a relatively high step-up ratio. Furthermore, the input count can be increased,
indicating that more TEGs can be connected to such a converter with individual MPPT
functions. Finally, future works should aim to increase the power level along with the soft
switching technology applied.
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