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A TEG Efficiency Booster with Buck—Boost Conversion
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A thermoelectric generator (TEG) efficiency booster with buck—boost conver-
sion and power management is proposed as a TEG battery power conditioner
suitable for a wide TEG output voltage range. An inverse-coupled inductor is
employed in the buck—boost converter, which is used to achieve smooth cur-
rent with low ripple on both the TEG and battery sides. Furthermore, bene-
fiting from the magnetic flux counteraction of the two windings on the coupled
inductor, the core size and power losses of the filter inductor are reduced,
which can achieve both high efficiency and high power density. A power
management strategy is proposed for this power conditioning system, which
involves maximum power point tracking (MPPT), battery voltage control, and
battery current control. A control method is employed to ensure smooth
switching among different working modes. A modified MPPT control algo-
rithm with improved dynamic and steady-state characteristics is presented
and applied to the TEG battery power conditioning system to maximize energy
harvesting. A 500-W prototype has been built, and experimental tests carried
out on it. The power efficiency of the prototype at full load is higher than 96%,
and peak efficiency of 99% is attained.

Key words: Thermoelectric, buck—boost conversion, maximum power point

tracking, power management

INTRODUCTION

Thermoelectric generators (TEGs), which can
directly convert thermal energy into electric power,
have recently attracted increasing attention as a
clean renewable energy source.™” A TEG-based
waste heat recovery system can improve the overall
system efficiency for some applications where a
large amount of energy cannot be recycled and is
wasted in the form of exhausted heat.”® However,
the thermal—electric energy conversion efficiency of
TEGs is low due to the limitations of thermoelectric
materials. To maximize energy harvesting, high-
conversion-efficiency power converters along with
maximum power point tracking (MPPT) techniques
are needed.

A TEG module can be characterized as a TEG
voltage source and an inner impedance. The inner
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impedance changes dynamically with the tempera-
ture difference between its hot side and cold
side.”'* The equivalent circuit for a TEG and its
power—voltage and current—voltage curves are
illustrated in Fig. 1.

With a constant temperature difference, the
source voltage e; and inner resistance r; can be
treated as constant values. However, when the
temperature difference varies, both e; and r¢
change dynamically in a wide range. Thus, a
power converter with step-up/down capability,
which can adapt to the wide TEG output voltage
range, is required for the TEG. Many step-up/
down power converters have been proposed for
various applications.'? However, traditional sin-
gle-switch step-up/down converters, such as buck—
boost, Cuk, Zeta, and SEPIC converters, suffer
from high device stresses, large filter volume,
discontinuous input/output currents, opposite in-
put/output voltage polarity, etc. An H-bridge
buck—boost converter can work as either a buck or
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Fig. 1. Equivalent circuit and output characteristics of a TEG:
(a) equivalent circuit, (b) output characteristics.

boost converter with a simple topology and flexible
control scheme,'®'5 but the input/output current
is discontinuous and a large filter capacitor is re-
quired. A boost-cascaded-buck converter has been
applied to TEG power systems.'®!” Both the input
and output currents of this converter are contin-
uous thanks to the input and output filter induc-
tors. As a result, double-layer capacitors with
small capacitance can be employed to improve the
reliability of the system. However, two bulky filter
inductors have to be used in this converter, which
lowers the power density and increases the cost
and size of the converter. To overcome these
drawbacks, in this paper, a boost-cascaded-buck
converter with a coupled inductor is proposed for
the TEG battery power conditioning system.

Many schemes have been proposed to implement
MPPT in photovoltaic applications. Among them, the
perturbation and observation (P&O) method is the
most popular method for its simplicity, ease of
implementation, and good performance. This method
can be directly applied to TEG power systems.'®2!
However, the traditional P&O method with a fixed
perturbation step suffers from several demerits. The
oscillations are proportional to the perturbation
steps. A larger perturbation step can improve the
dynamic performance but leads to larger oscillations
in the steady state. Hence, a tradeoff between faster
dynamic response and smaller steady-state oscilla-
tion is inherent. Many improved P&O methods have
been proposed for photovoltaic applications. Note
that the output characteristics of photovoltaic and
TEG devices are different. In this paper, a modified
MPPT method is proposed to improve the dynamic
and steady-state performance based on the analysis
of TEG characteristics.

The objective of this paper is to propose a TEG
efficiency booster with buck—boost conversion that
can satisfy the wide output voltage range of TEGs. A
buck—boost converter with coupled inductor (BBC-
CI), its power management strategy, and a modified
MPPT method are proposed for the TEG battery
power conditioning system.
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Fig. 2. Boost—buck converter with a coupled inductor.

ANALYSIS AND DESIGN OF THE POWER
STAGE

Buck-Boost Topology

To interface with the TEG module, which has a
wide output voltage range, a boost—buck converter
with a coupled inductor (BBC-CI) is presented to
meet the demands of battery charging applications,
as shown in Fig. 2. The input stage of the BBC-CI is
a boost switching cell, while the output stage is a
buck switching cell. The inductors of the two cells,
L;, and L,, are negatively coupled via a common
magnetic core. Thus, only one magnetic core is
needed, and the direct-current (DC) bias of the core
can be reduced effectively, which can help to reduce
the size of the inductor and improve the power
density of the converter.

Since both the input and output sides have their
own filter inductor, the input and output current of
the BBC-CI are continuous. Therefore, all the filter
capacitors, Ci,, Cn, and C,, can be implemented
with multilayer ceramic capacitors.

Operation Principles

The BBC-CI can operate in either boost or buck
mode. When it operates in the boost mode, S,; is
always on and S, always off, and the converter
features a boost converter with a C—L—C-type out-
put filter. When it operates in the buck mode, S;, 1 is
always off and S;,» always on, and the converter
features a buck converter with a C—L—C-type input
filter. The equivalent circuits of the BBC-CI in the
boost mode and buck mode are shown in Figs. 3a
and b, respectively. Figure 4 shows the key wave-
forms of the BBC-CI in the two modes, where ugsin1
and ugse1 are the driving signals of S;,1 and Sy1, I1in
and I7, are the currents flowing through L;, and L,
and ®r;, and ®, are the magnetic fluxes generated
by I1;n and I1,. The total magnetic flux @, through
the core is ®r,;, — ®1,,, which is much less than ®r;,
or ®Or,.

Figure 5 gives the equivalent circuit of the nega-
tively coupled inductor, where the coupled inductor
is modeled as an ideal transformer (turns ratio 1:n),
a magnetizing inductor L, and a leakage inductor
L. Denoting the mutual inductance by M and the
coupling coefficient by &, we have
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Fig. 3. Equivalent circuits of the BBC-Cl in (a) boost mode, and
(b) buck mode.
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Fig. 5. Equivalent circuit model of the coupled inductor.
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Ly = (1 k%)La, ()
Lm = kL.

The voltage of the two coupled inductors can be
given by

(2)

ULin = Lindirin/dt — Mdir,/de,
Ulo = LodiLo/dt — MdiLo/dt.
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Fig. 6. Equivalent circuits of boost mode: (a) state |, and (b) state II.

Take the boost mode as an example for analysis.
There are two switching states in one switching
cycle. The equivalent circuits of the different states
are shown in Fig. 6.

State I [¢o to ¢1] (Fig. 6a): At ¢y, Sin1 is turned on
and S;,5 is turned off. The inductor currents ir;, and
i1, increase linearly.

{ diLin/dt = uin/[Lin(l - k2)]a

3
diro/dt = nkuin /[Lo(1 — k2)]. ®

where u;, is the input voltage of the BBC-CI

State II [¢; to t2] (Fig. 6b): At ¢, S;,1 is turned off
and S;,5 is turned on. The inductor currents ir;, and
i1, decrease linearly.

{ diin/dt = (win — up)/[Lin(1 — k)],

4
diLo/dj’L = nk(uin - ub)/[Lo(l - kz)] ( )
where uy, is the output voltage of the BBC-CI
Denote the duty cycle of S;,; and S,; as D;, and
D,, respectively. According to Egs. (3) and (4), the
inductor current ripples, Aiy;, and Air,, in the boost
mode can be obtained as

{ AiLin = 1oTsDin(1 — Din) /[Lin(1 — £2)],

5
Airo, = nku,TsD1(1 — Dy)/[Lo(1 - k%)), ®

where T is the switching period.
By following similar analysis processes, the cur-
rent ripples in the buck mode can also be obtained as

{ Airin = kupTs(1 — Do) /[nLin(1 — £?)],

Airo = unTs(1 — Do) /[Lo(1 — k?)]. ©

Design Consideration of the Coupled Inductor

Using u,Ty/L;, to normalize Aiy;, and u,T/L, to
normalize Air,, the normalized current ripple can be
given as
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o _f Rio(1 ki) /(1 — k%) when ks, < 1
lLin_nor = k / ]_ k2 when ki, > 1

(7

Ap [ rRRio(1 = ko) /(1 — k2) when ki < 1
Lo_nor = (1 _ 1/kio) (1 — kZ) when k;,>1

(8)
In Eqgs. (7) and (8), ki, = tin/Up.

Assume the turns ration n =1, the normalized
current ripples versus the conversion ratio K;,, with
different coupling coefficients, are shown in Fig. 7.
It can be seen that the current ripples increase with
increase of the coupling coefficient. When %k < 0.4,
the increment of the current ripple is slight.

As illustrated in Fig. 7, when the converter
operates in the boost mode, a current ripple will
reflect to the output side through the coupling
inductor and vice versa. When selecting the cou-
pling coefficient of the inductor, the following prin-
ciple can be obeyed: the maximum current ripple of
L;,, in the buck mode should be smaller than that in
the boost mode, and the maximum current ripple of
L, in the boost mode should be smaller than that in
the buck mode.

Pulse Width Modulation

A two-carrier-based pulse width modulation
scheme is applied to the BBC-CI, as shown in
Fig. 8. In Fig. 8, u1 and w2 are the two carri-
ers, and u.y is the control voltage shared by the
two carriers. The valley value of u.i; equals the
peak value of wuio. When u;, < uy, ey intersects
with wu; and the converter works in the boost
mode. When u;, > up, Uy intersects with wiyo
and the converter works in the buck mode. When
the input voltage varies, the converter is able to
switch between the boost mode and the buck mode
smoothly.
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CONTROL ALGORITHM OF THE TEG
BATTERY POWER CONDITIONING SYSTEM

Control Algorithm

Figure 9 shows the proposed control diagram of
the TEG battery power conditioning system. The
controller has only one PI regulator and can achieve
MPPT control, battery voltage control, and battery
current control, simultaneously. The battery
charging strategy is shown in Fig. 10. The power
conditioning system has three possible working
modes, namely MPPT mode, constant current mode,
and constant voltage mode. As shown in Fig. 10,
when the TEG module cannot provide enough power
and the battery charging current and charging
voltage are lower than the maximum values, the
system works in the MPPT mode. Once the charging
voltage or charging current reaches the maximum
value and the battery cannot absorb the maximum
power supplied by the TEG module, the system will
switch to the constant voltage mode or the constant
current mode.

The work mode is determined by the power con-
ditions such as the available TEG power and the
state of charge (SoC) of the battery. In order to
implement smooth work mode transitions, a seam-
less mode transition controller is proposed by
employing a competitive algorithm, as shown in
Fig. 9. u;,,, which is provided by the MPPT con-
troller, is the reference for the input voltage, while
i,y and uy,, are the references for the maximum

VNN

u tri2

Ugsor || | | | i L
Ugsing

+— Boost mode «—— Buck mode <

Fig. 8. Pulse width modulation scheme.
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Fig. 7. Current ripples versus conversion ratio: (a) Aiiin_nor, @nd (b) Aio nor.
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Fig. 10. Battery charging strategy.

battery charging current and the maximum battery
charging voltage. u;ne, Upe, and iy, are three errors,
being calculated by the following equations:

Uine = u;kn — Uinr
ibe = Ibr — Iy, 9)
Upe = Ubr — Uy,

where ui,, iy, and up, are the sampled values of the
input voltage u;,, battery current i;,, and battery
voltage uy,. All three errors, uine, Upe, and iye, are
normalized by their references, ui,., Uy, and iy,
respectively. Then, the minimum value among the
three normalized errors is selected as the input to
the PI regulator. Thus, the input of the PI regulator,
Uerr, 18 derived from the following equation:

. Uine Upe ibe
uerr:mln( — . (10)
Uinr Upr Ibr

According to (10), when the output power of the
TEG is insufficient to make u; or i, reach the
maximum value, the battery charging voltage uy,
and charging current ij, are smaller than the refer-
ence values, and uy. and iy, will be greater than
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zero. In this scenario, ui,. will equal zero, which
makes (Uine/Uiny) the minimum value and “ = (u;,¢/
Uinr). As a result, the input voltage will be under
control and the system works in the MPPT mode.
Once uy, or i}, reaches the maximum value, e OT ipe
will decrease to zero and make the system switch to
the constant voltage mode or constant current mode
automatically. Because all three control loops share
only one PI regulator, the converter is always under
control of this PI regulator, and there is no dead
zone or response time during mode transitions.
Hence, seamless mode transitions can be realized
with the proposed control algorithm.

Modified P&O MPPT Algorithm

Perturb and observe (P&0O) methods have been
widely used in photovoltaic power systems for
MPPT due to their simplicity, ease of implementa-
tion, and good performance. To overcome the
drawbacks of the traditional P&0O method, which
uses a fixed perturbation step, and attempt to
improve the dynamic and steady-state performance,
a modified P&O MPPT algorithm is applied to the
TEG battery power condition system.

As mentioned above, a TEG electrical model can
be simplified as a voltage source ¢; in series with an
inner resistance r;. Assuming the input voltage of
the BBC-CI is u;,, the input power of the converter
can be given by

 Uin(ey — Uin)

= 11
Pin - (11)

According to (11), the maximum input power P»m=x
occurs when u;, = ey/2, i.e.,
2
e
Pinmax = 4__;t . (12)

The power curve of the TEG shows that the
derivative of p;, is positive before reaching the MPP,
zero at the MPP, and negative after passing the
MPP. On the other hand, according to (11), we have

dpin et — 2uiI17 { >0, before MPP (13)

duiy, 1t <0, after MPP

To track the MPP, the following behaviors are
required: (1) increase u;, when (dp;,/du;,) > 0, (2)
decrease u;, when (dp;,/du;,) < 0.

On the other hand, according to Eq. (13), (dp;,/
du;,) is proportional to the distance between the
operation point and the MPP. Therefore, to improve
the dynamic performance of MPPT, the perturba-
tion step of the input voltage can be proportional to
(dpin/du;n), which is

dpin

duy’ (14)

Auin,step =k-
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where % is a positive constant value. It is obvious
that (dpin/duin) > 0, Alin gtep > 0, and (dpin/
duin) < 0, Autin_step < O are the same as the behav-
iors required by the MPPT process. Therefore, the
discrete-time expression of the MPPT scheme is
written as

Uinr [n + 1] = Uinr [n] + Auin_step [I’L + 1]7 (15)

Apin[n]

Attin stepln +1] =k -5 ——— <
n_step| ] Atin_step[n]

(16)

where [n + 1] and [n] represent the quantized val-
ues at the (n + 1)th and nth sampling intervals,
respectively.

Based on this analysis, the flowchart of the mod-
ified P&O MPPT algorithm is shown in Fig. 11.
Large perturbation steps are applied to reach the
MPP quickly when the operation point is far from
the MPP, and as the MPP is approached, the per-
turbation step is correspondingly decreased to avoid
large oscillations around the maximum power
operating point. As a result, both the dynamic and
steady-state performance can be improved.

EXPERIMENTAL RESULTS

A 500-W BBC-CI prototype was built and tested
to verify the effectiveness of the power stage and
proposed control strategies. The key parameters are
as follows: u;, =8V to 32V, up, =20V to 28V,
L;, =19.5 uH, L, = 28.8 uH, coupling coefficient of
L, and L;, =0.35, and switching frequency =

Wu, Sun, Zhang, and Xing

80 kHz. The TEG is emulated by a DC voltage
source in series with a variable resistor.

The steady-state waveforms of the BBC-CI in the
boost and the buck mode are shown in Fig. 12.
Figure 12a is measured with 16 V input voltage and
125 W output power, while Fig. 12b is measured
with 32 V input voltage and 500 W output power. It
can be seen that, with the coupled inductor, both the
input current and output current are continuous
independent of whether the BBC-CI operates in the
boost mode or the buck mode. The experimental
waveforms accord with the theoretical analysis well.

The start-up process was tested, and the wave-
forms are shown in Fig. 13. It can be seen that the
converter can reach the maximum power point very
quickly, and once there, the perturbation steps are
very small and the voltage oscillation is also very
small. It has been verified that the modified MPPT
strategy can achieve good dynamic and steady-state
performance.

To verify the smooth transitions between differ-
ent working modes, the BBC-CI was tested with a
resistance load. As a result, the output voltage and
current can be changed by adjusting the load
resistance. The working mode transition waveforms
are shown in Fig. 14. Figure 14a shows the mea-
sured results when the working mode changes from
the MPPT mode to the constant voltage mode. The
load is reduced by increasing the load resistance.
Before the load reduction, the output voltage uy, is
less than its command of 28 V, and thus the con-
troller operates in the MPPT mode. After the load is
reduced, uy, reaches its command and the working
mode is switched to the constant voltage mode. The
working mode is returned to the MPPT mode again

Initialization
p,[nl=u,i, , Au,

in~in in_step [n] = AU
u; [n] = Llinr +AU- [H]

nr n_step
sampling u, i,
pin [n+ ]] = uinlin

!
Au,  [n+1]= i Pun+11-p;, [n]

Au in_step [n]
[u,, [n+1]=u, [n]+Au,  [n+1]]
u, [n]=u, [n+1]
Auinistep [n] = Auinislep [n+ 1]

pin [n] = pin [n+ 1]
I

Fig. 11. Flowchart of the modified P&O MPPT algorithm.
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Fig. 12. Steady-state waveforms in: (a) boost mode, and (b) buck
mode.
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when the load is increased by decreasing the load
resistance, as shown in Fig. 14b.

The efficiency curve of the BBC-CI over the whole
input voltage range at full load is shown in Fig. 15.
The battery voltage is 24 V. When the input voltage
is lower than 24 V, the converter operates in the
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boost mode, and when the input voltage is higher
than 24 V, the converter operates in the buck mode.
It can be seen that high conversion efficiency over
the whole input voltage range has been achieved by
using the BBC-CI.

CONCLUSIONS

In this paper, a boost-buck converter with cou-
pled inductor (BBC-CI) is adopted for a high-effi-
ciency TEG battery power conditioning system to
operate over a wide input voltage range and maxi-
mize the TEG output power. An inverse-coupled
inductor is employed in the BBC-CI to achieve
smooth current and power with low ripples on both
the TEG and battery sides. A power management
strategy integrating MPPT, battery voltage control,
and battery current control is proposed, which
employs competitive logic to determine the control
commands. Using this strategy, smooth mode tran-
sitions are achieved. A modified perturbation and
observation MPPT method is employed to maximize
the output power of the TEG, which improves both
the dynamic and steady-state performance.

Experimental results on a 500-W BBC-CI proto-
type verify the feasibility and effectiveness of the
power stage and the proposed control strategies for
the TEG power conditioning system.
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