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Abstract

A dual-input boost-buck converter with coupled inductors (DIBBC-CI) is proposed as a thermoelectric generator (TEG) power
conditioner with a wide input voltage range. The DIBBC-CI is built by cascading two boost cells and a buck cell with shared inverse
coupled filter inductors. Low current ripple on both sides of the TEG and the battery are achieved. Reduced size and power losses of
the filter inductors are benefited from the DC magnetic flux cancellation in the inductor core, leading to high efficiency and high
power density. The operational principle, impact of coupled inductors, and design considerations for the proposed converter are
analyzed in detail. Distributed maximum power point tracking, battery charging, and output control are implemented using a
competitive logic to ensure seamless switching among operational modes. Both the simulation and experimental results verify the

feasibility of the proposed topology and control.
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I.  INTRODUCTION

Thermoelectric generator (TEG), as a renewable and clean
power generator, can directly convert heat energy into
electrical energy. Increasing attention has been paid to TEG for
recovering waste heat energy from vehicles, DC building, and
other distributed DC power systems [1]-[5]. By placing
thermoelectric modules (TEMS) around the exhaust pipe, waste
heat can be harvested and recycled to power the load or to feed
the energy storage element, such as a battery or super-capacitor.
The radioisotope-based TEG has also attracted attention in
deep-space exploration applications due to its long life span,
high reliability, and small size [6].

In large-scale TEG power systems, TEMs are connected in
parallel or in series to obtain increased power or voltage,
because the output power and voltage of a single TEM is low.
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However, mismatches among TEMs are inherent due to
temperature distribution imbalance, manufacturing tolerances,
and aging; hence, simultaneous maximization of the output
power of each TEM by centralized maximum power point
tracking (MPPT) control is difficult [7], [8]. An effective
method for maximizing the output power of the distributed
TEG system is to adopt an independent DC-DC converter for
each TEM [3], as shown in Fig. 1(a). With independent control
of each individual converter, distributed MPPT (DMPPT) of
each TEM can be achieved. In this setup however, the system
structure becomes complicated and the cost becomes high. An
improved solution is the replacement of these individual
converters by a multi-input converter (MIC), as shown in Fig.
1(b). Unlike individual converters, MIC has integrated
topology and control, which are beneficial to system-level
efficiency and power management.

Meanwhile, the TEM can be considered as a voltage source
and an internal resistance connected in series. The
open-circuit voltage varies within a wide range when external
temperature changes. The TEM is sensitive to the current
ripple in that, a large current ripple will affect the output
performance of a TEM [1], [2]. For the distributed TEG power
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Fig. 1. Diagram of the distributed TEG power system. (a)
Individual converter solution. (b) MIC solution.

system, as that shown in Fig. 1(b), the power converter
interfaced to the TEMs, thus, should be a step-up/-down MIC
with low current ripple in both input and output sides.

Several step-up/-down MICs for various applications have
been proposed in [3], [4], and [9]-[13]. One of these is a MIC
topology based on a Cuk converter [3], [4], [9], which can
achieve low current ripple in both input and output sides but
had opposing input and output polarities. The MIC based on a
buck-boost converter, as proposed in [10], also had the polarity
problem. In [11], the MIC generated from multiple Sepic cells
had the same ground between input and output, but the voltage
stresses of the devices were high and the output current was
discontinuous. In [13], a novel MIC was derived by the
cascading of multiple buck cells by a boost cell, the inductors
of which were shared. However, both input and output currents
therein were discontinuous. Thus, although these MICs had a
simple configuration, simple controls, and could be easily
extended, they are not suitable for TEG applications.

The major objective of this paper is to propose a novel
step-up/-down dual-input boost-buck converter with coupled
inductors (DIBBC-CI) and low input and output current ripple
for distributed TEG applications. With the coupled inductors,
reduction of the size and power losses of filters can be achieved,
leading to high efficiency and high power density in the
converter. The topology derivation process, working principle,
design consideration, and power management strategy are
presented, and the theoretical analysis is verified by both the

simulation and experimental results.

Il. DERIVATION OF THE PROPOSED TOPOLOGY

The cascaded boost-buck converter (BBC), which can
achieve step-up/-down conversion with low input and output
current ripple, has been applied in TEG power systems, [1],
[2]. With the goal of reducing the size of the converter, a
BBC with coupled inductors (BBC-CI) was proposed in [14],
wherein the inductors of the boost and buck cells were
negatively coupled via a common magnetic core. The
topologies of the BBC and BBC-ClI are shown in Fig. 2.

In the present paper, a multi-input cascaded boost-buck
converter (MIBBC) is proposed to satisfy the demand in
distributed TEG applications; the input stage is composed of
multiple boost switching cells connected in parallel or in
series, and the output stage is composed of a buck switching
cell. To illustrate the MIBBC (Fig. 3), we take the dual-input
parallel approach as an example. Given the cascaded structure,
step-up/-down  power conversion can be realized.
Simultaneously, continuous current in both sides can be
achieved because all the filter inductors are placed at the
input and output sides of the converter. Thus, the MIBBC is
suitable for distributed TEG applications.

However, in the MIBBC topology shown in Fig. 3, the
filter inductors of the boost and buck cells are independent,
leading to a converter with a large size and volume. To
improve power density, we propose that the size of the filter
inductors be reduced using coupled inductors. When the input
boost inductors and the output buck inductor are coupled, the
number of magnetic cores can be lessened, and the size and
weight of the converter can then be reduced.

The topology of the proposed MIBBC with coupled
inductors (MIBBC-CI) can be derived by coupling the input
boost inductors and the output buck inductor of the MIBBC.
The primary sides of the coupled inductors are the inductors
of the boost cells, whereas the secondary sides are placed in
series and serve as the buck inductor. In accordance with the
connection of the outputs of the boost switching cells, the
proposed MIBBC-CI topologies can be categorized into two
parts—parallel and series. Taking the dual-input approach as
an example, we illustrate the proposed MIBBC-CI topologies
in Fig. 4.

As shown in Fig. 4, the proposed DIBBC-CI is composed
of two boost switching cells, denoted as 1# and 2#, and one
buck switching cell. L;; and L;,, are inductors of the boost
switching cells, and L,; and L, are inductors of the buck
switching cell; L;,, and L;,, are coupled with Lo; and L,
respectively.

I1l. ANALYSIS OF THE PROPOSED TOPOLOGY
We take the parallel DIBBC-CI shown in Fig. 4(a) for
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(b)
Fig. 2. Topologies of the BBC. (a) BBC. (b) BBC-CI
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Fig. 4. Topologies of the proposed MIBBC-CI. (a) Parallel
DIBBC-CI. (b) Series DIBBC-CI.

example, which is applied to a dual-channel TEG-sourced
system with a battery for its load. As illustrated in Fig. 4(a),
Cints Linz, Qu1, and Qi form 1# boost switching cell to
interface with TEM1, whereas Ci,, Lin, Qo1, and Q,, form
2# boost switching cell to interface with TEMZ2; C,, is the
decoupling capacitor, and Q,1, Qo2, Lo1, Lo, and C, form the
buck switching cell to interface with the load.

Fig. 5. Equivalent circuits for the two working modes. (a)
Boost&Boost. (b) Boost&Buck.

A. Working Modes

The DIBBC-CI can be regarded as a three-port power
system, which can be controlled by only two independent
control variables. The switching cell corresponding to the
highest port voltage can be maintained in the through state to
reduce switching losses, meaning the average voltage of C,,
(Vcm) is always equal to the maximum of input voltages Vi,
and Vi, and the output voltage V,. According to the
relationship of Vi, Vi, and V,, DIBBC-CI has two main
working modes—Boost&Boost mode and Boost&Buck
mode.

Boost&Boost Mode: When V<V, and V;,»,<V,, Qo is
kept on and the two boost cells work in step-up state. Shown
in Fig. 5(a) is the equivalent circuit of this mode, wherein the
output side features a C-L-C type filter. The boost cells are
controlled independently to regulate their output voltages
according to V,.

Boost&Buck Mode: When Vi1 >Vin and V>V, Qqy is
kept off, and 2# boost switching cell works in step-up state
while buck switching cell works in step-down state. Shown in
Fig. 5(b) is the equivalent circuit of this mode, wherein the
input side of 1# boost switching cell features a C-L-C type
input filter. In this mode, the buck switching cell is controlled
to regulate output voltage V,, whereas 2# boost switching cell
is controlled to regulate its output voltage according to V.

B. Operational Analysis

We assume the following: (1) Ly =Lin2=Lin, Lo1=Lo2=L,, the
coupling coefficient and mutual inductance of L;; (L) with
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Fig. 6. Key waveforms of the converter in each of the two
working modes. (a) Boost&Boost mode, 1#, 2# boost cells work.
(b) Boost&Buck mode, 2# boost cell and buck cell work.

Lo; (Lo) are k and M, respectively; (2) All the switches are
ideal devices, and Q,; and Q, work in interleaved mode with
the duty cycles d, and d,, respectively, whereas the duty cycle
of Qo1 isds.

1) Boost&Boost Mode: In Boost&Boost mode, DIBBC-CI has
four switching stages in one period. The key waveforms as
based on the assumption that d,>0.5, d,<0.5, d;-d,<0.5 are
shown in Fig. 6(a), wherein Vgsi1, Vgsz, and Vs are the
driving signals of Qq1, Q,1, and Qq, and ijn1, ipin2, and iy, are
the currents of Ly, Lin, and Loy (Lo).

Stage | (to-t;): Q11 and Qo are on, Q, and Q, are off, iy
increases, i i and i, decreases, and

diLinl _ Vinl (V|n2 _le -V )k
dt in(l_k ) 2I-m(:l- k )

digin2 (V|n2 Vo) (le Vin2 +V, )k2 Q)
i LKD) 2L,k

%: (Vint +Vin2 _Vo)k2

dt 2M (1-k?)

Stage Il (t;-t5): Q1 and Q,; are on, Q;, and Q,, are off, iy,
iLin2, and i, increase, and

TABLE |
SWITCHING STAGES OF SIX SITUATIONS IN BOOST&B0OOST MODE
Situations| Relationship of d; and d, | i ||V
(a) d,<0.5, d,<0.5 N x| N A
(b) d;>0.5,d,<05,d,-d,<05 | ¥ | ¥ | ¥V |
(C) d1>0.5, d2§05, dl—d220.5 \/ '\/ X '\/
(d) d1§05, d2>0.5, dz_dl<0.5 \/ '\/ '\/ '\/
(e) d1§05, d2>0.5, dz—d120.5 X '\/ '\/ '\/
0) d,;>0.5, d,>0.5 NNV X
dipjng _ Vin1 (V|n2 V|n1)k
dt G-k 2L, -k
diLin2 _ Vin2 (le Vlnz)k (2)
dt L,a-k?)  2Ly-k?)
dip _ (Viny JrVinz)k
a  2M(@1-k?)

Stage 11 (t,-t3): Q. and Q,, are off, Qq, and Q,; are on,
i i and i, decrease, i, increases, and

: 2
diving _ (Vins =Vo) , (Ving ~Vim +Vo)K
dt Lp-k?) 2L,k
diging __ Ving (Vi1 =Vin2 =V, Wk? 3)
dt -k ) 2Lin(1-K?)
diLo _ (Vinl +Vin2 _Vo)k2
dt 2M (1-k?)

Stage 1V (ts-ts): Q. and Q,, are off, Q., and Q,, are on,
iLin, ILin2, @nd i, decrease, and

diging _ (Vi =Vo) , (Vin2 ~Vin)k?

dt Lya—kd)  2L,a-k?)

diLin2 (V|n2 V) (le V|n2)k2 (4)
dt Lin@-k? ) 2L, -k?)

% _ (Vinl JrVin2 _2\/o)k2

dt 2M (1-k?)

According to the operational analysis, i and ipin
increase linearly when the corresponding main switches are
on and decrease when the switches are off. Additionally,
though Lo; and Lo, work as C-L-C type filters along with C,
and C,, Lo; and L, also receive induced current ripple from
inductor coupling.

According to the relationship of d; and d,, six possible

working situations (a)-(f) exist in the Boost&Boost mode, and
three or four of the aforementioned switching stages may
exist in one switching period under different situations, as
described in detail in Table I.
2) Boost&Buck Mode: When V;, >V, for example, Q; is
kept off while Q,; and Q.; are working in interleaved mode.
The key waveforms as based on the assumption that d,<0.5,
d;>0.5, d;-d,<0.5 are illustrated in Fig. 6(b). As shown in
Fig. 6(b), the four switching stages I-IV are defined as
follows: (1) stage I, Qo is on and Q,, is off; (2) stage II,
Qo1 and Qy, are
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TABLE II
SWITCHING STAGES OF SIX SITUATIONS IN BoosT&Buck MODE
Situations Relationship of d, and d3 | ||V
(a) d,<0.5, d3<0.5 N x| N A
(b) d2§05, d3>0.5, d3_d2<0.5 \/ '\/ '\/ \/
(© d,<0.5,d5>05,d3-d,>05 | v | vV | x |
(d) d,>0.5,d3<05,d,~d3<05 | v | ¥ | ¥ |
(e) d2>0.5, d3505, dz—d320.5 X '\/ '\/ \/
® d,>0.5, d3>0.5 NNV X
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Fig. 7. Standard magnetization curves of powder magnetic cores.
(a) B-H curve. (b) p-H curve.

on; (3) stage I, Q,, is off and Q,; is on; (4) stage IV, Qq
and Q,; are off. According to the relationship of d, and ds,
six possible situations (a)—(f) exist in the Boost&Buck mode,
and three or four switching stages may exist in each situation,
as described in detail in Table Il. Similarly, though L;,, works
as a C-L-C type filter along with C;,; and C,,, L, receives
current ripple from inductor coupling.

C. Characteristics and Design Considerations

1) DC Flux Reduction: As described in Fig. 4(a), the
inductors of the boost cells and buck cell are negatively
coupled. In Lj; and L., for example, the two negative
coupled windings charge the magnetic core in opposite ways
and the DC flux in the core is greatly reduced. Furthermore,
when the coupling tightness of the two windings is increased
(coupling coefficient k is increased), DC flux cancellation is
increased.

Fig. 7 shows the standard B-H curve and u-H curve of

powder cores. When the two inductors are individual
inductors, the operation points of the cores are M and N,
respectively. When the inductors are coupled negatively, the
final operation point of the core will be P, which is close to
the initial point and has an increased efficient magnetic
permeability value, due to the decreased DC flux. As a
beneficial result of the DC flux cancellation of the core, the
proposed DIBBC-CI has few magnetic cores and shortened
inductor windings, consequently reducing the power loss,
size, and weight of the converter.
2) Current Ripple: TEMs are sensitive to the current ripple of
converters; hence, a large current ripple will affect the output
performance of TEMs. Thus, the current ripples of the input
inductors are analyzed as follows.

100 /
< 80 V,.,=16V
e V,=24 Vi increasey
g 60 | V,=12v~24V ‘
2 V,,,=24V
£ 40 N ¥,
© 7
o /
Q.
g /4
: M Vina =12V
30

0 025 04 05 0.75 10

Coupling Coefficient (k)
Fig. 8. Curve of inductor current ripple increment versus
coupling coefficient k.

As an example, we take L;; under situation (a) in
Boost&Boost mode as listed in Table I. In accordance with
the operational analysis, the current ripple of L;,; can be
obtained as

\ﬂ_‘_ (Vinl +Vin2 _Vo)k2
Lin 2L, (1-k?)
Normalized by Vi, d; T/Li., the per unit value of AL;y, is
(Vin1+vin2 _Vo) . k2 (6)
NVim (1-k?)

where the 2™ term, denoted as & and described in Eq. (7),
represents the increment of the inductor current ripple as
compared with the result when Ly, is an individual inductor.

5= (Vinl+Vin2 _Vo) . k2 (7)
2Vinl (1—k2)

In the condition where DIBBC-CI is working under
situation (a) in Boost&Boost mode, and V;,;=16 V and V,=24
V, when V;,, changes from 12 V to 24 V, the relationship of
normalized inductor current ripple increment ¢ and coupling
coefficient k is illustrated in Fig. 8. From Fig. 8, we can
conclude that when k is less than 0.4, ¢ is less than 10%, the
increment of current ripple is slight, and the influence on the
TEMs can be ignored. However, ¢ increases rapidly as k
increases, especially when k is near 1. The normalized
increments of AL;,; under the six situations in Boost&Boost
mode are listed in Table Ill. The same conclusions can be
drawn under the five other situations, indicating that an
excessive value of k will greatly increase the input current
ripple, which is harmful and undesirable for TEMs.

Therefore, for an optimal coupling coefficient and for
well-designed coupled inductors, the counteraction of DC
flux and the increment of current ripple should be taken into
consideration comprehensively. Appropriate compromise
should be made; the coupling coefficient should not be
excessively big or small, the preferred value of which is from
0.3-0.4.

Al = diTs 5)

A"y =1+




904 Journal of Power Electronics, Vol. 15, No. 4, July 2015

TABLE 11

NORMALIZED INCREMENT OF INDUCTOR CURRENT RIPPLE UNDER
SIX SITUATIONS IN BOOST&BOOST MODE

Situations Inductor Current Ripple Increment
(a) Vin1+Vin2 _Vo i k2
NVim 1-k?
(b) 2O/inl'*'vinz)dl Vo . k2
Wiy 1-k?
© (Ving Ving)dy ~Vo (0 ~dp) _k?
QVimdy 1-k?
o) (Ving #Vin2)0y ~Vo (0 —d,+05)  k?
Qimty 1-k?
(e) Vint +Vin2 . k2
Qi 1-k?
) 2(VintVin2)dy —Vo  k?
WNimdy 1-k?

Additionally, with consideration for the reflected current
ripple due to magnetic coupling, the following principle
should be obeyed: the maximum current ripple when an
inductor works as a C-L-C filter should be smaller than that
when the inductor works as a boost or buck filter inductor.

IV. POWER MANAGEMENT AND CONTROL

The power management and control strategy proposed for
the converter is illustrated in Fig. 9, wherein the following
four regulators are employed: input voltage regulators (IVR1,
IVR2) for DMPPT of the distributed TEMs, a battery voltage
regulator (BVR), and a battery current regulator (BCR) for
maximum voltage or maximum current charging control.

A competitive logic is introduced to generate the control
voltages, that is, the minimum of the regulator outputs
(Ve vr1s Ve vres Ve pvr and Ve ger) is selected to control the
corresponding cell. When the battery charging current and
voltage is lower than the given maximum value, the
following are true: all the power generated from the two
TEMs are transferred to the battery, the converter works in
the MPPT mode controlled by the IVR, both BVR and BCR
will stay in positive saturation, and v, gyg and Vg gcr are
equal to the positive threshold. Meanwhile, once the battery
charging current or voltage reaches its maximum value, the
following are true: the battery power is lower than the
maximum power that the TEMs can supply, V. gcr Of V¢ gvr
will decrease to replace v, yg, and the BCR or BVR will then
control the converter instead of the IVR to satisfy the demand
of constant current (CC) charging or constant voltage (CV)
charging, named CC mode or CV mode, respectively.

The proposed pulse width modulation (PWM) scheme for
the converter is given in Fig. 10, wherein Vgys: and Vegosto
are the triangle carrier waves of the two boost cells, whereas
Veuek 1S that of the buck cell, and the phase shift between
VBoost1 and

Vinl iinl ib Vb
TEG1| . v Dual - input i
| E v,, i, |BOost-Buck converter Load
TEG2 | E 1 == | with coupled inductors
e —— N te %
v V¥V i i v
|MPPT1| |MPPT2| |PWM||PWM||PWM| é—) (-94
L__ ' ...... A A H Vbrel
; *Vmpptl ; y "‘PPIZ ' c2 'Vcl % '
[ vr1 | VR2 | | Mm || Mln H—n—J' BCR || BVR|
ch IVRL Yo wme | : 'Vc,BCR Vo BwR
i S P 4 I

Min
Fig. 9. Block diagram of power control for the converter.

Veoosz 1S 180°. To achieve smooth switching between
Boost&Boost mode and Boost&Buck mode, we set the valley
values of Voo and Viagoso t0 €qual the peak value of vigy.

We define v, Ve, and ves as the control voltages for
generating the gate signals of switches Q1, Q21, and Qo
respectively. According to the aforementioned competitive
logic, v, Vo, and vgs can be selected as

Ver =Min(Ve vr1, Ve BVR: Ve_BCR)
Vez =Min(ve_jvr2: Ve_BVR: Ve_BCR)
Vea = Min(Veg, Ve2)
=min(Ve_vr1, Ve_1vR2: Ve_BVR: Vc_BCR)

If Vinu<Vina<V,, 1# and 2# boost cells work in the step-up
mode, and the duty cycles satisfy d, < dy, then v, < Ve, Vea =
V. Qo1 is kept on because v is always higher than vy, as
shown in Fig. 10(a).

If Vina<V,<Vin, 2# boost cell works in the step-up mode,
and the buck cell works in the step-down mode, then v < v,
and v = V. Qqy is kept off because v, is always lower than
Vioostt» @S shown in Fig. 10(b).

With the proposed control and PWM strategy analyzed,
automatic control mode transitions between the MPPT mode,
CC mode, and CV mode can be achieved. Furthermore, when
the relationship of the input voltages, Vi, and Vi, and the
output voltage, V,, changes, a smooth working mode switch
between the Boost&Boost mode and the Boost&Buck mode
can also be obtained automatically.

(®)

V. SIMULATION RESULTS

The DIBBC-CI shown in Fig. 4(a) is modeled and
simulated using PSIM software to verify the feasibility of the
proposed topology and control strategy. The TEMs and the
load are modeled using a voltage source and a resistor
connected in series, respectively. The parameters of the
coupled inductors are Ly =Lin=22uH, Ly =L,=5uH, k=0.3.

Fig. 11 shows the steady-state waveforms in different
modes. In Fig. 11(a), the DIBBC-CI works in Boost&Boost
mode, the two boost cells work in step-up mode, and Q,; is
kept on. In Fig. 11(b), the DIBBC-CI works in Boost&Buck
mode, 2# boost cell works in step-up mode, the buck cell is
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Fig. 10. PWM scheme of the converter.
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Fig. 11. Simulation results of the steady-state waveforms. (a)
Boost&Boost mode, 1#, 2# boost cells work. (b) Boost&Buck
mode, 2# boost cell and buck cell work.

working in step-down mode, and Q. is kept off.

Fig. 12 shows the comparison of the current ripples of the
two solutions; individual inductors and coupled inductors
under the Boost&Boost mode. As shown in Fig. 12, when
Ly and L, are coupled inductors, the current ripples are
slightly larger than that when L;,; and L;,, are independent,
but the differences are slight and can be ignored. Meanwhile,
as shown in Fig. 11(b), when L, works as a C-L-C filter
inductor, the current ripple is smaller than that when L,
works as a buck filter inductor.

These steady-state switching waveforms under different
modes match the analysis well, verifying the working
principle of the proposed topology.
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Fig. 12. Comparison of the current ripples of the two solutions:
individual inductors and coupled inductors proposed.
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Fig. 13. Simulation results of working mode transition from
Boost&Boost mode to Boost&Buck mode.

Fig. 13 shows the dynamic transition waveforms from
Boost&Boost mode to Boost&Buck mode when V;,, changes.
In this case, V=16 V and V,=24 V, and V;,, steps up from
22 V to 26 V. As shown in Fig. 13, before V;,, changes, both
Vi and V;,, are smaller than V, and the DIBBC-CI works in
the Boost&Boost mode. After V,,, increases, Vi, is bigger
than V,, Q,; is kept off, 1# boost cell works in step-up mode,
the buck cell works in step-down mode, and the DIBBC-CI
works in the Boost&Buck mode. When the input voltage
changes, smooth switching between different working modes
is achieved.

Fig. 14 illustrates the dynamic transition waveforms from
MPPT mode to CV mode when the output power changes. In
this case, the open-circuit voltages of the DC sources are set
as V;=20 V and V,=30 V and the inner resistors are both 1 Q.
The output power is changed by an adjustment in the output
resistor. As shown in Fig. 14, before the output resistor
changes, both the TEMs are working at the maximum power
point. When the output resistor increases, the desired output
power is reduced and the output voltage increases to the
maximum value. When the output power changes, free
switching between different control modes is achieved.
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Fig. 14. Simulation results of control mode transition from
MPPT mode to CV mode.

TABLE IV
PROTOTYPE PARAMETERS
Vin 8V-32V Vo 24V
Lint, 219 uH Lo L 5.0 uyH
L KS130-060A ol o2 KS106-060A
k 0.3 Switches IPP084N06L3G
DSP | TMS320F2808 | Switching frequency 100 kHz
TABLE V
COMPARISON OF THE SIZE AND NUMBERS OF INDUCTOR CORES
Individual inductors Coupled inductors
Lo L 4 cores, 2 cores,
il =2 1 33 mm (@)% 11 mm (h) | 33mm (®)*x 11 mm (h)
L 1 core, 2 cores,
© 27mm (®) X 11 mm (h) | 27 mm (®)x 11 mm (h)

The results of the dynamic mode transition simulations
verify the feasibility of the proposed power management and
control strategy.

VI. EXPERIMENTAL RESULTS

A 450-W DIBBC-CI prototype is built and tested for
distributed TEG applications. The key parameters are given
in Table IV.

Pictures of the inductors in the proposed coupling and
individual solutions are compared in Fig. 15. A comparison
of the size and numbers of the inductor cores is presented in
Table V. With the negative-coupling, only one core can fit
the inductance of L;,; and L;,, benefiting from the low DC
flux as analyzed; however, with a large DC flux, two cores
have to be used individually.

The much decreased DC flux from negative coupling
results to lower core-loss. In the proposed coupling solution,
the conduction loss in Lj,; and L;, is reduced from the
shorter length of the windings with only one core than from
that of the windings with two cores (Fig. 15). As a result, the
total power loss in the inductors is reduced, which is helpful
for thermal distribution and reliability.

Individual inductors Coupled inductors

T# Core

1# Core it Core

pa

2# Core

Fig. 15. The inductors of the two solutions: individual inductors
and coupled inductors.

W/\/\/ 2A/div
5
- g , , 20V /div
B — i e V5521 | et (U
/_\LU/—\\ R TN 2A/d|V
i
MM 2A/div
Wt (4usidiv)
g e [ | 4 20V /div
1
T =l T T T sAddiv
&
oV, ma— oo s
e 'b.-lGS:lld by [——— w 20V /div
2A/div
5A/div
t(4us/div)
’ - : v 20V /div
i-'- u vGSOl u u h

(b)
Fig. 16. Steady-state waveforms. (a) Boost&Boost mode, 1#, 2#
Boost cells work. (b) Boost&Buck mode, 2# Boost cell and buck
cell work.

Fig. 16 shows the steady-state experimental waveforms of
the DIBBC-CI under different working modes. In
Boost&Boost mode, 1# and 2# boost cells are working in
step-up mode and Q,; is kept on. In Boost&Buck mode, Q4;
is kept off, 2# boost cell is working in step-up mode, and the
buck cell works in step-down mode. As shown in Figs. 6 and
11, the steady-state switching waveforms match the analysis
and simulation results well.

Fig. 17 shows the dynamic waveforms when the load steps
in MPPT mode. When the output load resistors step up and
down, the input voltages (vi,; and v;q,) stay constant, and all
power generated from the TEMs can be delivered to the load.

Fig. 18 shows the waveforms when the working mode is
switched between the Boost&Boost and Boost&Buck mode
as the input voltage changes. When V;,,=16 V and V,=24 V,
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Fig. 17. Waveforms when output load changes in MPPT mode.
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Fig. 18. Working mode transition between Boost&Buck mode
and Boost&Boost mode.
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Fig. 20. Waveforms of operation mode transition between CC mode and CV mode: (a) from CC to CV; and (b) from CV to CC.

and V;,, transits between 22 V and 26 V, the converter
smoothly switches the working mode.

The DIBBC-CI was tested with a resistance load to verify
the mode transitions between different working modes. Fig.
19 illustrates the waveforms when the working mode changes
between the MPPT mode and CV mode. As shown in Fig.
19(a), when v, is lower than the command value of 24 V, the
converter operates in MPPT mode. After the load resistance
is increased, the desired output power is reduced, v, reaches
24 V, and the converter switches to the CV mode. As shown
in Fig. 19(b), when the load resistance is decreased, the
converter returns to the MPPT mode. Fig. 20 shows the
waveforms when the working mode changes between the CC
mode and CV mode. The set values of the output voltage and
current are 24 V and 15 A, respectively.

The experimental results of the working mode transitions
verify the feasibility of the proposed power management and
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< - =30

‘é 96 . N

:g U T 4% |
& o2 i
|

90 — — T I T : )

0 100 200 300 350 400 500

Power (W)

Fig. 21. Tested efficiency.

control strategies described in Figs. 9 and 10.

The efficiencies of the DIBBC-CI are tested using a
WT1800 power analyzer with the two inputs connecting to
one source (Fig. 21). The efficiency is high over a wide
power and input voltage range. Under the input voltage of 32
V, maximum efficiency is at 96.8%; efficiency under full
load is at 94.8%. The DIBBC-CI works in buck mode (i.e.,
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only the buck cell works) under 350 W; meanwhile, it works
in Boost mode (i.e., 1#, 2# boost cells work) above 350 W.
Under the input voltages of 20 V and 24 V, the two boost
cells work in step-up mode with a maximum efficiency of
96.4% ( a decrease in voltage translates to a decrease in
maximum power—an outward characteristic of TEM).

VII. CONCLUSION

The proposed novel DIBBC-CI, which can achieve
step-up/-down power conversion with low current ripple in
both input and output sides, is suitable for distributed TEG
applications. The number of the magnetic cores and size of
converter are reduced, as benefited from the DC flux
cancellation of the coupled inductors, leading to improved
power efficiency and density. With the proposed power
management and PWM strategy, the converter switches among
different operational modes freely and seamlessly. Both the
theoretical and the simulation and experimental results verify
that the proposed converter operates under a low current ripple,
which is critical in distributed TEG applications. The proposed
principles can also be applied in multiple-input boost-buck
converters where front boost cells can be connected in parallel
or in series.
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