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Abstract

In this research, the development of power factor correction (PFC) circuit and the operation with
multiphase interleaved technique are presented and experimental verified. The proposed PFC circuit is
based on the single switch soft-switching non-minimum voltage cell. By integrate two winding of the
resonant inductors on one magnetic core and apply the proposed design method, the component count
and volume of proposed PFC can be reduced, and the operation of proposed circuit is nearly same with
the separated winding type. Moreover, the multi-phase interleaved technique can be applied with the

proposed PFC circuit to increase the power rating without any effect with the soft-switching operation.
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Executive Summary
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Abstract

In this paper, we proposed the coupled-Inductor lossiess passive
soft switching boost converter for power factor correcting application.
The proposed circuit is modified from the lossless passive soft
switching methods with Non-Minimum Voltage Stress cell 111 by
integrating the separated resonant inductors on onc magnetic core. By
using this method, the number of turn windings of inductors and the
number of circuit components can be reduced, and the soft switching of
main switch can be maintain from full load tc open load . The
simulation and experimental results verified the proposed circuit

Operation at 100 kHz The maximum efficiency is 98% at 2 kW with
PF.>0.99 and current THD<3%.
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Abstract

This paper proposed the high power factor single-stage clectronic
ballast for fluorescent tamps. The proposed is archived by using a bridge
rectifier which acts as the class DE rectifier and operates at zero voltage

- swikching condition (ZVS). By using this topology the conduction angle of
the bridge rectifier diode can be increased then the low line cument
harmonic was obtained. The experimental results from 36 W prototype
ballest are given. The proposed ballast was operated at the 84 kHz
switching frequency, power factor PF > (.99, and total current harmonic
distortion THD,= 1.3%, The lamp current crest factor CF = 1.32 and
efliciency 7> 90% ot full load.

Keywords: Electronic ballast, Power factor cotrection, Class DE rectifier,
Class D parallel resonant inverter.
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Single-Stage Electronic Ballast With Class-E
Rectifier as Power-Factor Corrector

Kamon Jiraserecamomkul, Marian K. Kazimierczuk, Fellow, IEEE, ltsda Boonyarconate, and
Kosin Chamnongthai, Member, IEEE

Abstract—A single-stage high-power-factor electronic ballast
+ rith a Class-E rectifier as a power-factor corrector is proposed. A
" Jlass-E rectifier is inserted between the front-end bridge rectifier
nd the bulk filter capacitor to increase the conduction angle of
be bridge-rectifier diode current for obtaining low line-current
"armonics. The Class-E rectifier is driven by a high-frequency
inusoidal current source, which is obtained from the square-wave
utput voltage of the Class-1) inverter through an L series reso-
ant circuit. A high-frequency transformer is used for impedance
uatching. The experimental results for a 32-W prototype ballast
wre given. The switching frequency was 61.3 kHz. At full power. the
xwer factor was 0.992 and the total ballast efficiency was 88.3% .
The lamp-current crest factor was about 1.36. The simulated and
' zxperimental results were in very good agreement.

Index Terms—Class-D ZVS inverter. Class-F 2V rectifier, elec-
' tronic ballasts, fluorescent lamps. high efficiency, low-utility line-
cwrrent harmonics, power-factor correction, soft switching.

1. INTRODUCTION

HE main functions of fluorcscent lamp bailasts are to pro-

duce a high voltage to ignite the famp and 1o limit the
lgmp current for steady-state operation due to the lamp nega-
live dynamic resistance |1]. The advantages of electronic bal-
lasts are high-quality light due to elimination of Rickenng, high
luminous etficacy of Auorescent lamps al igh freyuencies, long
lamp life, high power factor and low harmonics in utility line
Current, and reduced size and weight [1]. An attractive solution
for reducing the component count is based on the integration
of two stages [1] into a single-stage clectronic ballast [2]-{5].
usually by sharing one or two switches with a power-factor cor-
fector (PFC) and a resonant inverter. The purpose of this paper is
Wintroduce a new topology of a single-stage high-power-factor
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clectronic ballast with a Class-E rectifier as a PFC. as well as 10
present ity unalysis, simulation, and experimental results.

11. PRINCIPLE OF OPERATION

A. Circuit Description

Fig. 1 shows a circuit of the proposed single-stage elec-
tronic ballast. Tt consists of an EMI filter Ly-Cy. a front-end
bridge rectifier 13- 1)2-D3-D,. a high-frequency filter capac-
itor ',, connected in parallel with the output of the bridge
rectifier. a Class-E current-driven low-du/dt rectifier {6].
[7] for input-current ..haping (1CS). and a Class-D inverter
with a series-resonant cizeuit Lp-C), and a series-parallel load
resonant circuit L,-C'r-Ce-Rp 4 {1]). The leakage inductance
of the transformer can be absorbed into the inductance L.
In the extreme case, the inductance L, can be formed by
the transformer leakage inductance. The Class-E rectifier is
composed of a high-frequency diode Dg. a capacitor Cp, a
bulk filter capacitor Cp, and a high-frequency transformer
1y for isolation and impedance matching. The series-resonant
circuit L,-Cp is fed by a square-wave output voltage of the
Class-D inverter. This circuit (1) presents the inductive load for
the Class-D inverter to ensure zero-voltage-switching (ZVS)
operation {8]. [9] and (2) converts the square-wave voltage
source into a sinusoidal current source 1o drive the Class-E
rectifier. If the fast diodes are used in the front-end bridge
rectifier Dy -D32-D3- Dy, the diode D, and capacitor Ci, can be
removed. Thus, the power loss due to the diode voltage drop can
be eliminated. The diodes D, -Dg-D3-Dy4 should perform two
functions. First, the diodes form the line-frequency front-end
rectifier. Second, they are a part of the Class-E high-frequency
rectifier. Thus, the diodes are integraled into the bridge rectifier
and the Class-E rectifier. The Class-D inverter consists of a
pair of bidirectional switches 5, and 82 with a duty cycle of
nearly 0.5. Each switch is comprised of a transistor and an
antiparallel diode. The metal-oxide-semiconductor field-effect
transistors (MOSFETs) are preferred devices because their
body diodes can be used as antiparallel diodes for operation
above resonance. A parallel-load resonant circuit is composed
of an inductor L., a capacitor C,, a coupling capacitor Cc,
and load resistor Rpa that represents the lamp resistance. The
bulk capacitor Cg supplies the Class-D inverter. The voitage
V& across this capacitor should be constant 1o obtain constant
amplitudes of the lamp current and voltage. The bulk capacitor
Cp is charged by the Class-E rectirier. Tn addition. a part of the

1057-7122/$20.00 © 2006 I[EEE
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Fig. 1.

Class-E rectifier performs the function of a pass device across
‘which the voltage difference Vg — vrgc is dropped.

B. Circuit Operation

The principle of operation of the Class-E ZVS rectifier in
the ICS stage is explained by the equivalent circuit shown in
Fig. 2(a). If diodes D) - D,-D3- D are fast diades, the diode Dg
is not required and can be replaced by a shont circuit. The diode
D represents iwo diodes Dy and D3 in the diagonal of the bridge
rectifier during the positive half of the cvcle of the line vollage
Uin = Viusinwrt and Dg and D4 during the negative half of
the cycle. The model of the line-voltage rectifier output is a rec-

-tified full-wave sinusoidal voltage source vppc = |vpec| =
Vin| sin wi 2|. The shape of the current waveform i, through the
series-resonant circuit L, -C), and the primary of the transformer
T} depends on the loaded quality factor Q. of this circuit. The
typical value of QQr is 5. At this or higher values of Q.. the
current waveform of the resonant circuit that drives the Class-E
rectifier is close to a sine wave tep = Lnsin{w,t — ). There-
fore, the fundamental-frequency approximation can be used for
the analysis of the rectifier with adequate accuracy. The cur-
Tent t,, that is forced by the series-resonant circuit L,-C, on
the primary side of the transformer T} is reflected to the sec-
ondary side as i, by the tumns ratio N, /N, = 1/n, as shown
in Fig. 2(b). The inductance L,,, is the magnetizing inductance
of the transformer T; reflected to the secondary side. Assuming
that the switching frequency f, is much higher than the line fre-
quency f; and the magnetizing inductance L,, is sufficiently
large, the current through L., is approximately constant over
one switching cycle and is equal to Io. Fig. 2(c) shows an equiv-
alent circuit of the Class-E rectifier when the diode is OFF and
Fig. 2(d) shows the equivalent circuit when the diode is ON. Ide-
alized current and voltage waveforms in the Class-E rectifier are
depicted in Fig. 3. Since the current source i, is in parallel with
Ly, the current through the diode D and the capacitor Cp is a
shifted sinusoid Io + i,,, as shown in Fig. 3. This current flows
through the diode D when the diode is ON and through capacitor
_C'D when the diode is OFF. The diode begins to turn off when
Its current reaches zero. The current through the capacitor Cp
shapes the voltage across the diode in accordance with the equa-
ion icp = Cpd(ucp)/dt. Since icp is zero at turn-off, the
diode turns off at dup /dt = 0. If the switching frequency f. is
Much higher than the line frequency fz. the output voltage of
the bridge rectifier urec can be regarded as constant during one
Swilching cycle. The capacitor voltage ve p decreases gradually

m —vREc 10 —vaEc — Vpra. The voliage across the diode
VD = uRgc + vep decreases gradually when icp is negative,

Proposed electronic ballast with Class-E ZVS rectifier as the ICS stage.

Class-E ZVS rectifier in the ICS stage. (a) Model. (b) Model with
current source reflected to the secondary side. (c) Model when diode is OFF.
(d) Model when diode is ON,

Fig. 1.

reaches its mintmum value Vpras when i p crosses zero, and
rises when iop is positive. Once the capacitor voltage reaches
the rectified input voltage vrpc minus the diode’s threshold
voltage, the diode turns on. Since the capacitor current at turn-on
is limited by the series-resonant circuit and the transformer mag-
netizing inductance L, the diode tums on at a low dvp /dt,
thereby reducing turn-on switching loss and noise.

The derivation of the proposed ICS circuit is shown in Fig. 4.
Because the dc voltage source Vg, which is shown in Fig. 4(a),
looks like a short circuit for the ac component, the capacitor Cp
can be connected in parallel with the magnetizing inductance
L,, and current source i,,, as shown in Fig. 4(b). In this circuit,
the voltage sources Vg and vrgc are connected in series and can
be combined into one voltage source Vg — vrgc, as shown in
Fig. 4(c). Since the voltage source Vp — vrec looks like a short
circuit at the switching frequency f,, the capacitor Cp can be
connected in parallel with the diode, as displayed in Fig. 4(d).
This circuit is the classic Class-E rectifier [7]. The important
characteristic of the Class-E rectifier for the application in the
ICS is that the diode duty cycle D is dependent upon the load
[7]. If the load resistance of the Class-E rectifier is increased
while the amplitude of the driving-current source is constant,
the dc output voltage of the Class-E rectifier increases and the
diode duty cycle is reduced. In other words, if the dc voltage of
the Class-E rectifier is forced to a higher voltage than the nom-
inal value while the amplitude of the driving-current source is
kept constant, the diode duty cycle D of the Class-E rectifier is
automatically reduced, while the peak value of the diode cur-
rent is approximately constant at low values of the dc voliage.
Therefore, the average diode current automatically decreases as
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Fig. 3.

n ldealized current and voltage waveforms in the Class-E rectfier of
ig. 2a).

the dc voliage increases. The peak value of the diode current de-
Creases at high values of the de¢ voltage only.

Conceptual waveforms of the proposed ICS with the Class-E
rectifier are shown in Fig. 5. Fig. 5(a) depicts a sinusoidal line-
voltage waveform. Fig. 5(b) and (c) shows the rectified line
voltage v'pec and the combined voltage waveform Vg — vREC.
respectively. If the instantaneous value of v, is positive and low,
the voltage Vg — vpee of the Class-E rectifier is high, and the
duty cycle D of the rectifier diode current is low. Therefore. the
average value of the rectifier diode current over one switching
¢ycle is low. Conversely, if the instantancous value of 1, is pos-
itive and high. the voltage Vg — trec of the Class-E rectifier is
low, and the duty cycle D of the rectifier diode is high. Thus. the
tverage value of the rectifier diode current over one switching
cycle 1s hugh. For the half cyvcle with a negative line voltage, the
dndge rectfier recufies the negative values of v, to the postive
values and causes the same cffect on the diode duty cyele as the
balf cycle with the positve line voltage. The conduction angle

Fig. 4. Circuit derivation of the JCS with the Class-E rectifier. (a) Basic

simplitied model of Fig. 2(a). (b} Equivalent circuit with capacit: <), m
parallel with inductance L .., (¢) Equivalent circuit with iwo voltage s« . s 1'p
and vrec combined into a single voltage source Vg — e . (d) Equivalent

circuit with capacitor C» connected in parallel with diode, resulting 1n Class-F.
rectifier.

0
F 4 2y eyt
(a)\/
0
D, w4 D, L, D, sd D, , ™
, | oN { o !
R
°r \V- ] “l ar
J U

C)

Fig § Conceptual waveforms of proposed ICS. (a) Line voltage waveform
tn 10 The recuified line voluage 1'upc (c) Voltage Vg = 1'nec at the output of
Class-E rectifier causes the conduction-angle modulanon of diode duty cycle D

(d) Input current waveform r,,. 13 the filtered average diode current and followns
the shape of the Line voluage 1.,

modulation of the rectifier diode over the line frequency f; and
the line-input current 1., are shown in Fig. 5(d).

The pninciple operation of the Class-D ZVS inverter in
the propased circuil is explained by the equivalent circust in
Fig. 5ta). The input impedance of the Class-E rectifier 1s repre-
sented by a scnes combination of the input resistor R,. and the
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(d)

Fig. 6. Circunt of the Class-D resonant inverter. (a) Circuit with a Class-E
rectificr and a parallel-resonant circuit. (b} Class-E rectificr 1s replaced by the
equivalemt circun C,, - R, . (c) Transformauon of the R, 1-C. circunt into the
R,-C.. circuit and the C..-R,. circvit imo the C,,.- R, circuit. (d) Equivalen
Sircuit of the 1nvener.

input capacitor C,,, as shown in Fig. 6(b). The R,,-C,, circuit
is reficcted to the primary side of the transformer T, as the
R,.-C,, circuit, and the capacitor (7, and the lamp resistance
Ry 4 are converted 1o a series R,-C., circuit. as shown in
Fig. 6(<). The C,,-C, circuit is replaced by an equivalent ca-
pacitor Cyy, = € (7, /(Cop + Cp). The MOSFETS are modeled
by switches whose on-resistances are rps; and rpsz. The
resistances rp, and r;, represent the equivalent resistances
of the inductors L, and L,, respectively. Fig. 6(d) shows a
Successive equivalent circuit of the Class-D inverter, which is
modeled by a square-wave vollage source 1, with an cquivalent
FSistor rs = (rpgy + rpsz)/2 = rpsx and is loaded by two
senies-resonant Circuits rpp-R,,-L,-Cyp and rp.-R,-L.-Coy.
The 1dealized voltage and current waveforms of the Class-D
imverter are shown in Fig. 7.

The proposed clectronic ballast can be divided 1nto two parts.
0 ICS semi-stage and an inverter semi-stage Fig. 8(a) shows
& equivalent circuit of the 1CS semi-stage A high-frequency
$quare-wave voltage source and a senies resonant circait Ly, -y
are reflected from the pamary side of the transformer T to the
scondary side. as shown 1n Fig. Sitb). Fig Ric) shows a sim-
Plificd circun of the ICS Class-E recufier. Fig. 8td) shows an
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Fig. 7 Idealized voltage and current waveforms of the Class-D ZVS inverter
in Fig. 6(a)

cyuivalent circuit of the inverter semi-stage. From Fig. 8(a), the
minimum load resistance ;... of the Class-E rectifier is

"t wnn V, _‘/ln
Rme = He = B 1)

10 max lm

where 1, = Vg - vgec 1s the output voltage of the Class-E
rectifier and 1, = [1,,] is the load current flowing though
voltage source vo = Vu — vpee: vo. 1o, and Ry vary with
time at frequency 2, = 120 Hz. From [7]. D, depends on
2w Cp Ry wun as lollows:

1
2%

-

< UKy mn = {l - 212{1 -~ Dm“)i - Cf)s2l'Dm“

T 1 - o 22D,

. (2x{1 - D), ..) + sin 2![),,,..)’}

(2)
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+
(1)

Fig. 8. Eguivalent anuaits of electionse hallast 130 ICS Class | rectibier with

equivalent sinc- ware voltage sourve ¢ thi Components om primary wide ol

the ransformer 7', reflecied 1o secomdany side 101 Simplified equivalent circun
of (b). (dy Equivalent ciecuit of inverter sem stage

From (1), we have
. Ve - b
W-(-'LIRL mun = w0 — T" -2

() - 1)

zw,('p—

I

a) - 1] V2
———————[ ( v 2 b (3)
where P, = V,,/,./2. The ratio Va/V., ‘was obtained from
simulation of the Class-E rectifier at fixed value Vi, = 170 V,
fo = 60kHz, and Cp = 20 nF. For lower values of Vg, Ly, and
the amplitude of t,, were also reduced in accordance with the
Class-E rectifier operation. Fig. 9 depicts Vg /Vi, as a function
of the maximum duty cycle of the Class-E rectifier diode £2,ax-
Table I gives the parameters of the Class-E rectifier derived in
(7). The only new column is Vg /V,,. which is calculated from
(1)3) and expressed as follows:

=w,Cp

Va_ . Pa
Vie | 7 (VZuCp)

%x {1 — 2x%(1 — Dpax)? — 0827 Dax

. 2
+ [2m(1 — Dppx) + sin 27 Dinax} } L@

1 —cos2nDax

oS 05 [ Arg (s3] 09

Fig 9 VaiVaasafumuonof [2,.,

I DESIGN PROCEDURE

A Design of ICS

To exemplity the design procedure of the proposed electronic
ballast, the 32-W cl~ctromic ballast will be designed for a line
rms voltage V... ©f 170 ¥ and the hne frequency fy of 60 Hz.
Assume that the total balkast efficiency o is equal to 0.9 and
the ballast draws a sinc-wave mput current. The input power
15 therefore obtained from 15, = 32/09 = 355 W, The
amphitede of the ballast input current is calculated from [, =
Forman = V2P0 /Vigae = 1112 A To design the ICS Class-E
rectificr, the no-load condition at duty cycle {2 = 0 and the
full-load condition at Juty cycle 1) = [)g. are considered.
If a tow value of 12, 15 used, a low THD of «,,, is achieved,
but the mamn switches have high voltage stresses. If a high value
ol [3,.4 15 chosen, the man switches have low voltage stresses,
but a high THD of 1,,, occurs. The maximum duty cycle DD, .. =
0.4 was sclected because 1t gives a good compromise between
a low distortion of 1,, and a rcasonable value of the switch
voltage stress. Hence, from Table |, Vg /V,, = 1.27 and the
voltage transfer function of the rectifier Mr = 1.8443. The
amplitude of the line voltage V,,, = V2V, . = 170 V, the dc
bus voltage Ve =~ 216 V, and full-load resistance Rp .., =
(Vg — Vin)/ 1o max = 110 52 are oblained. The switching fre-
quency f. is 60 kHz, and. therefore, the angular frequency is
wy =27 fa 7= 377 krad/s. Assume that the inverter efficiency is
m; = 0.95 and the loaded-quality factoris Q1 = 5 at Ry min =
110 2. From Table 1 at D .x = 0.4, we have

0.8276

Wy Re min
0.8276

=377 x 10° x 110
=19.96nF; letCp = 20nF

R;, =0.294R min
=0.294 x 110
=3234 012 (6)

Cis =2.444Cp
= 48.88 nF.

Cp =

)

)
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TABL Y |
PARAMETERS OF L AN F Ricrime as IUS

i Do 2, o Rnm Vatity | /D My
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02 6 3295 1063 celed | 1ise #1578
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To simplity the design prisedure, assume that the capacitance
Coq is much hugher than input capacitanee €5, Therctore, the
total capacitance €', = 7,07 ;- - £ s approvmately
equal to (7, The magnitude of 2, at the tull load s deternined
by I1]

7 RS W T

Iy
qf \' .’I',.
frovaz o o2ie 1T
TV T '
=T 043 A (R)
The magmitude of 1o 1~ g1ven by
‘:-.. - ’.-..11/17 )

where the magnitude of the impedance of the senes resonant
circuit is

Atthe zero-crossing of the line voltage 1. the output current I,
of the Class-E rectifier and the diode duty cycle 12 must cqual to
zero, which is the no-load condition of the Class-E rectiher. The
input resistance R, is equal tu zero and the input capacitance
Ci. is cqual 1o Cp. The magnuude of the voltage across (',
must be equal to Vg for obtaining a luw line-current distortion.
Otherwise, the line current cannot reach sero if the capacitor
voltage is (oo high and the line current shows a dead band if the

; capacitor voltage is too low. The magnitude of 1., at the no-load
condition is determined by

Ve _
-

Therefore, the magnitude of the equivalent voltage source veq is

(10}

216 _ 620 A,

an
1326

Tean = E

V. (12)

. 7
wq = qun JWaleq - —F5—

w.Cpl|’

The values of V,q and the inductance L., are obtained
by solving (9), (10), and (12). The resulting values are
Veq = 278.8 V and L, = 0.7976 mH. The relationship among
the cquivalent voltage source veq. the fundamental voltage

source 11, and the equivalent inductance L, are described by
the fallowing formulas;

wylem
1., = ny (13
q i lw.(L',.+n2Lp)_ ﬁ: )
Log =n?L Welom — (14)

’. a
whi{ly, + u2l,) — o

The amplitude of the fundamental component v of the bottom
MOSFET syuarc-wave voltage 1'psy is

2
V= =V = 06366 x 216 = 1375 V. (15)
x

Assume that the capacitance €', /n? is very large so that its re-
actance 1s approumately zeroat f,. Letusselect £, = 2n4L,.
Thus. tum ratio n, inductance Ly, and magnetizing .ductance
l..m are determined as

Vo (I..,. ' n’l.,.)
"N —
1 Lun

w | 5

-—

- i1
‘I|'I.

te 0l g

R

Loy (v 0L,
".. I-'u
07976 « 103
TR o422 x 1.5
= 1293 uH
L, =20%L,
=2 x 30428 x 1293 x 1B°°

= 2.393 mH.

(16}

[

:

1

(17

(18)

For a finite value of capacitance C), an additional inductance
L. can be added to the inductance L, to compensate for the re-
actance of the capacitance C,,. Assuming the capacitance (', =
100 nF, the value of the additional inductance is given by

1
L= w2C,
_ 1
(27 x 60 x 10%) x 100 x 10-9
= 70.35 uH. 19
The total inductance L., is
Lep = Lp + L, = 129.3 + 70.35 = 200 uH. 20)

Since the high power-factor ICS draws an instantaneous power
Pin(t) = JinVipsin?w,t from the ac line, the energy storage
component is necessary for stabilizing the bus voliage V. By
storing the excessive energy when the instantaneous power is
higher than the average power F,, and then providing this en-
ergy to the load when the instantaneous power is lower than P,,,,
the dc bus voltage can be kept nuearly constant with an accept-
able value of the ripple voltage. The bulk filter capacitor Cg is
used for energy storage and its capacitance can be obtained by
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using the same formula as for the boost PFC circuit. The peak
value of the ripple voltage ¥} p1e across Cg is

P

2Vgw i Cg ' 2D

‘/npplr =

For less than 2% ripple vollage, the value of the bulk filter ca-
pacitor is
) P
Ca 22— —
0.04V3w,
_ 35.56
T 004 x 2167 x 2 x 7 % 60
= 50.54 uF. (22)

Therefore, a standard value of 56 uF 1s selected for ('g.

8. Ballast Design

The Class-D parallel resonant inverier shown in Fig. 8(d) is
designed to drive an F32T8 fluorescent lamp by using the design
procedure given in [3]. For the steady-state lamp operation, the
mns value of the lamp voltage and current are V4 = 120V

" and Ip 4, = 0.265 A. Hence, the lamp resistance is Rp 4 =

Via/ILa = 453 2, and the output puwer is 32 W. Assume that
the comer frequency f, = f. for full power and that capacitance
Cc is very large. The relationship among loaded-quality factor
QL. dc bus voltage Vg, and rms lamp voltage V7, 4 is described

by il]
Vi a ™ x 120 )
= = = 1.231. (23)
Qu V2V /2 x 216
The characteristic impedance Z, is
Rpa 453
Z, = kA . T2 _ 367100 (24)
QL 1.234
The resonant inductor L, is
Z, 367.1
L,=22= = 0.9737 mH. (25)
T w, 2xwx60x10%
The resonant capacitor C, is
1
Cl" - Ung
_ 1
T 2xw x 60 x 103 x 367.1
= T7.226 nF; let C, = 7.2 nF. (26)

IV. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

Fig. 10 shows the simulation results of the input line-current
waveforms of the Class-E rectifier ICS of Fig. 4(c) driven by
a high-frequency constant-amplitude sinusoidal current source
for different ratios of Vg/Vin. The total harmonic distortion
(THD) of the input line current for the worst case at Vg /Vj,, =
1.011 was about 12%, which is far better than the limit for
lighting equipment of the IEC-6000-3-2 Class-C standard. The
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Fig 10. Simulaled waveforms of the line current in the Class-E rectifier
ICS dnven by a high-frequency constant-amplitude sirusoidal c1.  nt source
for different ratio of Vg /1., Horizontal scale: 2 ms/div. Venicai »cale: 100
mA/div.
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Fig. 11.  Simulated waveform of the dc bus voltage 1y . Horizontal scale: 20

ms/div. Vertical scale: 40 Vidiv.

waveform of the input line current was nearly a sine wave for
Vg/ Vi, = 1.27, whose THD was about 3.5%.

A prototype of the proposed electronic ballast was simulated
and implemented using the component values cbtained from
the design procedure given above, using IRF740 MOSFETS as
switches S and 53, four MURA460 fast diodes connected as a
bridge rectifier (D-Dy). Ly = 10 mH, Cf = 220 nF, Cp =
20nF,CP = 100nF, Lp = 200 uH, »n = 3, Cg = 56 puF,
Ly = 974 uH, C, = 7.2 nF, and Co = 1 uF. The switching
frequency was f, = 60 kHz, the rms value of the line voltage
was Vigems = 120V, and the line frequency was fr = 60 Hz,
The simulation waveform of the dc bus voliage Vg is shown
in Fig. 11. The average bus voltage for steady-state Vg was
208.4 V, and peak-to-peak envelop ripple was 8 V or 3.84%.
Fig. 12 shows the simulation waveform of the input line current
tin for steady state. The waveform was close (0 a sine wave.
The amplitude of line input current I;, was 0.41 A. Fig. 13
depicts the envelope of the simulation lamp voltage vz 4 for
steady-state operation. The average value of the lamp-voltage
envelope Vi qavg Was 161.2 V and the envelope ripple voltage
V.. was 7.3 V, which is 4.53%. . ne difference between calcu-
lated and simulated values of Vg was 7.6 V or 4%. The differ-
ence between calculated and simulated value of [;,, was 0.1 A or
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Fig. 13. Simulated envelope waveform of the lamp voltage v+ . Horizontal
scale: 5 ms/div. Vertical scale: 40 V/div.

Fig. 14. Experimental waveforms of input line voltage 1., and current ¢,q.
Horizontal scale: 5 ms/div. Vertical scale: 50 V/div. and 200 mA/div.

2.4%. The simulation showed that the lamp current crest factor
was 1.474, which is well below the maximum allowed value of
1.7.

B. Experimental Results

The measured input line voltage and current waveforms are
shown in Fig. 14. The THD of input line voltage and current
were about 5.4 and 12.6%, respectively. The input power factor
was 0.992. A good sinusocidal line voltage waveform was un-
available due to the isolation transformer in the laboratory facil-

Fig. 15. Experimental envelope waveform of lamp current i, 4. Horizontal
scale: 5 ms/div. Vertical scale: 100 mA/div.

Fig. 16. Measured waveforms of switch voltage of 53 and switch current of
5} for Class-D inverter. Horizontal scale; 5§ us/div. Vertical scale: 50 V/div. and
2 Aldiv.

Fig. 17. Measured waveforms of switch voltage of 53 and switch current of
5, for Class-D inverter. Horizontal scale; 5 us/div. Vertical scale: 50 V/div. and
2 Addiv.

ities. Fig. 15 shows the measured waveform of the lamp current.
The peak value of lamp-current envelope was 283 mA and the
rms value of the lamp current was 208.5 mA. The lamp current
crest factor was 1.36. The waveform of the switch voltage of Sz
and the switch current of 5, of the Class-D inverter are shown
in Fig. 16. Fig. 17 shows the waveforms of the switch voltage
and current of S3. It can be seen that the inverter was operated
above resonance because the switch current was negative after
the switch was turned on.

There was ringing in the switch current just after the switch
was tumed on due to a step change in the antiparallel diode
and MOSFET current. This ringing can be aitributed to the
inductance of the loop required for the current probe and a
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ipi

Fig. 18. Measured waveforms of diode current of D} and capacitor voltage of
Cp for the Class-E rectifier near the peak of line voltage. Horizontal scale: 10
ipwdiv, Vertical scale: | A/div and 100 V/div.

i

Uco

Fig. 19. Measured waveforms of diode current of D, and capacitor voitage of
Cbp for Class-E rectifier near the zero crossing of line voltage. Horizontal scale:
10 ses/div. Vertical scale: | A/div and 100 Vidiv.

parasitic capacitance. Figs. 18 and 19 show the experimental
waveforms of the diode current ip; and the capacitor voltage
ve p for the Class-E rectifier near the peak and the zero crossing
of the line voltage, respectively. As expected, the duty cycle of
the diode current decreased as the instantaneous line voltage
decreased. The duty cycle of the diode current at the peak
of the line voltage was 0.54, whereas the calculated value of
the duty cycle was 0.4. This difference can be attributed to
power losses in the actual circuit. The measured dc bus voltage
was 183 V and its calculated value was 216 V. The total
measured efficiency of the ballast was 88.3%. The operating
switching frequency was 61.3 kHz.

V. SIMPLIFIED CIRCUIT

The circuit of the proposed electronic ballast can be simpli-
f_'ed by combining two resonant circuits driving the Class-E rec-
Ufier and the tamp into one as shown in Fig. 20. A high-leakage
c‘7ftlpling transformer can be used. The advantages of the sim-
Plified circuit are: 1) the number of inductive components is re-
duced; 2) the switch peak currents are reduced: and, thus, 3) the
Coaduction losses in the main switches are reduced. The disad-
Vantage is a difficulty to design the circuit because the current in
e ICS semistage interacts with the current in the lamp resonant
Grcuit. When a low THD of the line current £,,, is achieved. the

P current has the crest factor higher than the recommended
Yalue of 1.7 from lamp manufacturecs.

Fig. 20. Simplified ballast circuit by combining two resonant circvits driving
the Class-E rectifier and the lamp into one.

VI. CONCLUSION

A single-stage high-power-factor electronic ballast with a
Class-E rectifier as a PFC has been proposed in thi~ paper.
The Class-E rectifier is inserted between the front-end bridge
rectifier and the bulk filter capacitor to increase the conduction
angle of the briage-rectifier diode current for obtaining low
line current harmonics. A high-frequency sinusoidal current
source, which is used to drive the Class-E rectifier, is obtained
from the square-wave output voltage of the Class-D resonant
inverter through an LC resonant circuit. A high-frequency
transformer is used for impedance matching. The experimental
results for a 32-W prototype ballast are given. The switching
frequency was 61.3 kHz. At full power, the power factor was
0.992 and the total efficiency was 88.3%. The lamp-current
crest factor was about 1.36, which is a very good result.
The proposed PFC can be used in other applications. The
proposed ballast can be simplified by combining two resonant
circuits driving the Class-E rectifier and the lamp into one
resonant circuit at the expenses of the circuit performance, i.e.,
line-current power factor or lamp-current crest factor. A study
of EMC performance of the proposed ballast is recommended
for future research.
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Abstract

This article describes a battery charger, which is powered by thermoelectric (TE) power modules.
This system uses TE devices that directly convert heat energy to electricity to charge a battery. The
characteristics of the TE module were tested at different temperatures. A SEPIC dec-dc converter was
applied and controlled by a microcontroller with the maximum power point tracking {MPPT) fea-
ture. The proposed system has a maximum charging power of 7.99 W: that is better than direct
charging by approximately 15%. The objectives are to study the principle of TE power generation
and to design and develop a TE battery charger that uses waste heat or another heat source as
the direct input power.
© 2005 Elsevier Ltd. All rights reserved.
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Nomenclature

A cross-sectional area of thermoelement (mm)?

b % duty cycle of gate signal

I load current (A)

L length of the thermoelement (mm)

L¢c thickness of the contact layer (mm)

M conversion ratio

N number of thermoelements per module

n electrical-contact parameter

P, power output (W)

r thermal-contact parameter

Rine internal resistance of TE generator (Q)

Ry load resistance (£2)

¥ input resistance at the maximum power point (Q)
T, cold-side temperature of module (°C)

Ty hot-side temperature of module (°C)

Vi input voltage of converter (V)

Vs output voltage of converter (V)

5 input voltage at the maximum power point (V)
Voc open-circuit voltage of TE generator (V}

Greek symbols

o thermoelectric material Seebeck coefficient (V/K)
AT temperature difference (°C)

i thermal conductivity of thermoelement

Ag thermal conductivity of contact layer

P electrical resistivity

Pc contact resistivity between thermoelements and copper contacts
T material electric conductivity (2~ em™")
Abbreviation

CCM continuous-current mode

MPPT maximum power point tracking

SEPIC single-ended primary inductance converter
PWM pulse width modulation

1. Introduction

Currently in Thailand, the electrical-power demand is increasing which prompts the
government to build new power plants. Electrical energy is important for modemrn day liv-
ing. However, some areas in Thailand do not have electricity and the residents desire some
of the advantages and conveniences that electricity provides. Nowadays, the electrical
power in remote areas is generated primarily by gasoline motor-generators. But, most peo-
ple believe these generators are too noisy, require too much maintenance. and have high
fuel costs [6)




J. Eakburanawat, | Boonyarocnate | Applied Energy xax (2005 vxu-xxa k]

Renewable energy, such as solar energy. wind energy or hydropower is preferred, but it
has limited use and is dependent on weather and topography. Thermoelectrics can convert
heat energy to electrical power directly. Thermoelectric power generation has the advan-
tages of being maintenance free, silent in operation and involving no moving or complex
parts.

In the past years, much work has becn reported on the TE power generator. Killander
[1] developed a stove-top generator using two TE power modules, model HZ-20. During
the operating time, the output of the generator was about 10 W and supplied the battery
with a net input from 1 to 5 W. Rahman (2]} developed the thermoelectric generator to sup-
ply portable electronic equipment or to charge a lap-top computer battery. The generator
is powered from butane gas: it has a potential power output of about 13.5 W. Roth ¢t al.
[3] developed and tested a photovoltaic/thermoelectric hybrid system as a power supply
for a mobile telephone repeater. The developed system supplies enough for 50 W perma-
nent loads. All of the above research uses the converter to boost-up the output voltage to
charge the battery but do not use the maximum power point tracking control in the
system.

2. Thermoelectric power generator
2.1. Theory af thermoelectric power generator

The TE effect was first discovered in 1822 by Secbeck. who observed an electne flow
when one junction of two dissimilar metals, jomnted at two places. was heated while the
other junction was kept at a lower temperature [4] A typical multicouple thermoelectnie
power module is shown schematically in Fig I n-type and p-type semiconductor thermo-
elements are connected in series by highly-conducting metal strips to form a thermocouple.
Based upon an improved theoretical model which takes into account the thermal and elec-
trical contact resistance. the output voltage g, current /i and power Py when the module
is operated with a matched load. are given by [5]:

& &

'
L 4 * Pl e ie & Haat mpul
Y § &
N — 4 . H‘a' .
i ‘P reject
L N P 1l Owecnon

& Positrve charge

@ Negalive Charpe

B2 Elecincal contucior

[ Ewcincal nsuistcr

Fig | Schematw of a single thermociectnecouple
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_ oN(Ty — T.)

Vo =i oo/t (1)

oAd(Ty — T,)
Io = )

© =30 + n)(1 + 2rLc/L) @)
o? NA

Po 3 (T = T, (3)

T 20 @ m + 2rLe/L)

where n = 2pc/p, r = A/Ac, a is the TE material Seebeck coefficient (V/K), p is electrical
resistivity (£2 cm), pe is electrical contact resistivity, NV is the number of the thermoele-
ment in the module, A is the cross-sectional area of the thermoelements (mm)?2, L is
the length of the thermoelement (mm), L_ is the thickness of the contact layer (mm),
Ty, is the temperature at the hot side, T, is the temperature at the cold side, 2 is the ther-
mal conductivity of the thermoelement and Aic is the thermal conductivity of the contact
layer.

2.2. Thermoelectric module characteristics

TE power modules from Taihuaxing Co. Ltd. are used in the exveriment. The specifi-
cations of the module are as follows.

e Part number TEP1-1264-1.5.

e Size: 40 mm x 40 mm.

e Open circuit voltage: 8.6 V.

o Internal resistance: 3 Q.

e Match load output-voltage: 4.2 V.

e Match load output-current: 1.4 A.

e Match load output-power: 59 W,

e Heat flux across the module: about 140 W.
e Heat flux density: about 8.8 W/cm?,

2.3. Finding the electrical characteristics of TEP1-1264-1.5

In this research, we designed and built the TE power generator (see Fig. 2). The electnc
heater is used as a heat source to supply heat energy to the hot side of TE modules. A heat
sink was mounted on the cold side of the TE modules te maintain a constant temperature.
The electrical characteristics of TEP1-1264-1.5 were tested by setting the hot-side temper-
ature at 100, 125, 150, or 175 °C, and maintaining the cold-side temperature at 40 °C. A
rheostat was connected to the thermoelectric modules as a load, and the resistance set at 1,
2,3,...,0or 10Q and the voltage and the current measured in each step. The voltage, cur-
rent and power which 1 TE module can produce for each degree of temperature is shown
in Figs. 3-5.

The variation of the output ¥V-I characteristics of a TE module as a function of temper-
ature differential (A7) between the hot side and cold side of the TE module is shown in
Fig. 6. The AT changes affect mainly the TE output power.
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Fig 3 Output voltage of single TE module (TEPI-126d-1 %3 compared with load resstance at 30 “C cold-side
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3. Converter and controller
3 1 Basic operation principle of the SEPIC comerter

The SEPIC converter 1s a non-invering Jde de converter and can generate voltages
either above or below the input The input current 1s non-pulsating, but the output current
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Fig. 4. Output current of single TE module (TEP1-1264-1.5) compared with load resistance at 40 °C cold-side
temperature.
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4.5

Output Power (W)
N
Q

T T T —T — T T T

3 4 § 6 7 8 9 10
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Fig. 5. Output power of single TE module (TEP1-1264-1.5) compared with load resisiance at 40 °C cold-side
temperature.

is pulsating. The name SEPIC is an acronym for single-ended primary inductance con-
verter. A typical circuit diagram is shown in Fig. 7. This circuit has three dynamic energy
storage elements, L,. £, and C,. The ratio of the output voltage to the input voltage and
the duty cycle are defined as:

Vo

M=2, (4)
= fon
D==C. (5)

D as a function of AM is:
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Fig. 6. V-I curve of a single TE module {TEP}-1264-1.5) at 40 °C cold-side temperature.

L, * C1 _ D1
—_—
Iy
- )81

Fig. 7. A 1ypical circuit diagram of the SEPIC DC-DC converter.

M
D= 6
M+1 (6)
and M as a function of D is:
D
- 7
M=1—F5H (7)
By substituting (4) into (7). the output voltage can be expressed as:
D
="V, 8
° D (8)

where M is the conversion ratio of converter, ¥ is the input voltage, V, is the cutput volit-
age, and D is the percentage of the gate drive signal.

The behavior of any switchmode circuit is dependent on the continuity of the currents
in the inductors and the voltage on the capacitor. In this research, the converter is oper-
ated in continuocus-current mode (CCM); the sequence of operation and the waveforms

being shown in Figs. 8 and 9.
3.2. System simulation

The proposed electrical behavior of the system operation was simulated using the Orcad
PSpice Program [9]. The electrical model of the TE power generator in the circuit
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Fig. 8. Topology sequence of the SEPIC DC-DC converter.

simulation (see Fig. 10) was developed using the tested parameters of the TE power gen-
erator. It consists of a voltage source and a resistor connected in series. The value of a volt-
age source in the model is the open-circuit voltage of the TE power-generator and the
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! ] } — t
0 T 2T
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Fig. 9. Theoretical waveforms of the SEPIC DC-DC converter.
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value of the resistor is the internal resistance of the TE power-generator. From Fig. 11, the
procedure for testing is connecting 6 TE modules in series, input heat energy to the hot
side of TE module, measuring the open-circuit voltage ( ¥y ), switching-on the S, to con-
nect the R; in the circuit and measuring the load current (I ). Then, the internal resistance
of the TE power-generator is calculated by:

I".oc = IL - (Rinl + RL)! (9)
R = 2% _ Ry, (10)
I

where V. is the open-circuit voltage, /; is the load current, Ry is the load resistance and
Ri,. is the internal resistance (see Fig. 12).

From the test results of the TE power generator internal-resistance in Table 1, 17.8 Q
internal resistance and the 27.8 V open-circuit voltage were chosen for the electrical model
of TE power generator. The simulation was at 18 kHz, 35% duty cycle of gate signal and
the load was a 6 V battery with 0.1 Q internal resistance (see Fig. 10). The simulation re-
sults for the input voltage, the input current, the output voltage and the output current of
the dc—dc converter are shown in Fig. 13. The output power of the de—dc converter that
charges the battery was about 9 W.

3.3. Maximum power point tracking [6-9]

The TE battery-charger system was implemented by using the parameters from the sim-
ulated circuit. The maximum power point was changed as the temperature varies (see

TE powsr generator Converter Battery
r——==—=- |-~ =T TS ST oS TrT TTSTT T TTTT f===——==-- 1
1 11 | ]
1 ——t T ]
{ [ ] ; :
! R S V7B | ' Sow
) i l 1
1 iv Ca 1 '

+ 1 1

HEVARE =S L | Vo= ov

1 'T N 1 13

1 [} ] 1

1 At 1

1 I I - 1
]

-

Fig. 11. The circuit diagram of the internal-resistance testing method.
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Table |
Testing results for the TE power generator internal-resistance
Module hot-side Open-circuit Load current (/). A Internal resistance (R,..). £
temperature { T3,), °C voliage (V). V
90 13.00 0.55 13.63
100 14.20 0.60 13.67
110 16.50 0.70 13.57
120 18.00 0.75 14.00
130 19.80 0.80 14.75
140 21.20 0.85 14.94
150 23.20 0.90 15.78
160 2490 095 16.21
170 26.00 0.98 16.53
180 27.80 1.00 17.80

Ry = 10 £; the module cold side temperature = 40 °C,

Internal registance (£))

[+] L B E— T—T S Em—

93 100 110 ¥20 130 140 150 ¢ 170 180
Hot -gide tamperature (‘C)

Fig. 12. The intemal-resistance of the TE power generator.

5 ias xS Inm 25 Ims 2E dmB 1. Sms X5 ems 25 Tms 25 . Sma 6. P  24.0ma
a JivI} + DD 4 Time

Fig. 13, The simulation results of the TE battery charger sysiem.
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Fig. 14. The relation of duty cycle and output power which transfers to a battery.

Fig. 14). From Fig. 15, the maximum power transfer to the battery occurred when the in-
put impedance of the de—dc converter was equal to the cutput impedance of the TE power
generator, The input impedance of the dc—dc converter can be controlied directly by
changing the duty cycie of the gate driving signal; then we can find the maximum power
point of the power transferred to the battery. The rate change of the input power with re-
spect to input voltage and input resistance can be shown as follow [7}):

Pi=Po =%, (11)

_ 4 vi_iari_ (12)

o
T bt

s %

+

A
3
1
3

Fig. 15. Equivalent circuit of a thermoelectric power generator connected to a converter.,
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Oy; v;
! a2’ (13)

where v; and r; are input voltage and input resistance at the maximum power point
respectively.

In the battery charging application, where the dc-dc converter output voltage can be
assumed almost constant, a feed-forward MPPT controller may be applied [8]. The value
of the battery-charging current is directly controlled by the duty cycle of the PWM control
signal, which is applied to the dc—dc converter. An output power increase results in both a
higher output current and a higher PWM control signal duty cycle, until the maximum
power is transferred to the load.

4. Proposed system

A detailed circuit diagram of the proposed system is shown in Fig. 16. A SEPIC dc—dc
converter is used to interface the TE power-generator output to the battery and to track
the maximum power point of the TE power generator. The TE power generator consists of
6 TE power modules connected electrically in series and thermally in parallel, giving a
27.8 V open-circuit voltage at 180 °C hot-side temperature and 50 °C cold-side tempera-
ture, The SEPIC dc—dc converter consists of a RFP50NO06 power MOSFET rated at
60V 50A Ry,on; = 0.022 Q, the fast-switching type diode D), the capacitor values are
C,=47uF, C; and the inductors Cy;=1000pF, the inductors values are L,,
L, =500 uH and the inductors are wound on a ferrite core. The output of a SEPIC dc-
dc converter is connected to A 6V, 12 Ah battery.

The MPPT control-system consists of the 8-bit ATMEL microcontroller unit
T89C51AC2 and features 5-1/0 port, 8-bit PWM on-chip, 10-bit resolution A/D converter
with 8 multiplexed inputs and the signal conditioner. The microcontroller unit used by the
control program measures the signals required for the power fiow control. This type of

Le o D
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TEG C, % [ Ly Cy =

WAT—
(-3 =
ad am
-
VWA
'; -\
) }/ AAA
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(4 N LA A
n
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Fig. 16. The proposed system’s circuit-diagram.
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microcontroller was chosen because it has the necessary features for the proposed system,
such as an on-chip A/D converter, PWM output, high clock rate, low power consumption
and low cost.

The signal conditioner consists of a 0.5 Q carbon-metal film resistor connected in
series with the battery to measure the charged current from the system and send it
to the non-inverting amplifier circuit. The output signal of a non-inverting amplifier
is sent to the internal A/D converter of a microcontroller to convert it to digital data
for use in the control program. The output PWM channel of a microcontroller is con-
nected to the complementary transistors to amplify the output PWM signal. For higher
accuracy, a Hall-effect sensor could be used. However, the Hall-effect sensor is more
expensive.

The algorithm of the proposed program with the MPPT feature can be explained by the
flowchart, which is shown in Fig. 17. The output of an A/D converter is used to calculate a
PWM command duty cycle to drive a power switch. When the system starts operating, the
program variable is set to an initial condition. The first PWM command is 25% duty cycle
and the reference current [, is zero. The dc—dc converter starts operation and the current
flows to the battery. The first signal captured from the signal conditioner is set to [ ;ceen tO
compare it with the reference current /... If /peqen: is more than /.., the program in-
creases the duty cycle. Then, the battery-charging current increases. The system operates
at the maximum power point by adding the PWM command duty cycle. On the other
hand, if I;,,css is more than Jpesene, then the duty cycle is over: the program goes to the next
loop to decrease the duty cycle and returns to the previous loop when /., was more than
Ireceny again. Finally, the program can operate at the steady-state operation range auto-
matically. The detailed MPP tracking process is shown in Fig. 18. The range of the 8-
bit PWM is 256 steps that change the on time of the duty cycle. The Ad is a program var-
iable with values either | or —1, indicating the direction that must be followed on the hill-

shaped charging current curve.
5. Experimental and results

A prototype of a TE battery charger system has been developed and tested in the lab-
oratory. The temperature was measured using K-type thermocouples which determine the
hot-side and cold-side temperatures of the TE power modules. The K-type thermocouples
were mounted just below the copper plate and the heat sink (see Fig. 2) and connected to a
data logger which recorded one set of readings every 4 s. The power was recorded using a
power analyzer (FLUKE 43B) to measure and record data every 4 s. The experimental
procedures is as follows:

(a) Connect the TE power generator to a battery directly for direct charge. Switch-on
the power supply to provide power to the heater. Start recording all data. The max-
imum power transfer to the battery is 6.35 W in the steady state.

(b) Connect the TE power generator to the input of the de—dc converter and connect
the output of the dc-dc converter to a battery; use a function generator to
generate the 18 kHz 35% duty cycle drive gate signat provided to the power
switch. Switch-on the power supply to provide power to the heater. Start record-
ing all data. The maximum power transfer to the battery is 7.63 W in the steady
state.
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Initialized data

Outy cycle = 25
Ipast = 0

Duty = Duty+1
Ipass=Ipresent

Ipresent > tpast

Duty = Duty-1
ipass=Ipresent

ipresent > |past
Yes

Fig. 17. Program flowchart of MPPT tracking process.

(c} Connect the MPPT control unit to the system to use the automatic control
function. The maximum power transfer to the battery is up to 7.99 W in the steady
state.

For the direct charging method, the system starts operation at the ambient temperature.
The TE power generator could not produce a voltage because the temperature of the hot
side and the cold side of TE were not different. Then, the TE module connected to the bat-
tery acted as the load. The current must flow to the TE power generator. Some loss of
power was expected. For charging with the dc—dc converter, the converter topology has
a flyback diode which can block the current flow up to the TE power generator. So, the
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Fig. 18. The MPPT tracking process.

system can start operating although the generator voltage is less than the battery voltage.
The hot-side and cold-side temperatures is shown in Fig. 19. A comparison of the battery
charging power is shown in Fig. 20.

The maximum powers transfers from each method, i.e. direct charging, charging by
using a dc—dc converter and charging using the dc—dc converter with MPPT control are
6.35, 7.63 and 7.99 W, respectively. The comparison of the power from each method is
shown in Fig. 20. The input power measured at the front of the de—dc converter is about
8.4 W_ It is the maximum power that the dc—dc converter can get from the TE power gen-

Hot side temp. =+ - - Cold side tamp.

Temperature(*C)
o8s88sg8saaEE

rr.rn,r ., rfrr+rrr-rrkrrrryrrv.. . r

0 120 240 %0 80 00 20 250
Time (sec)

Fig. 19. The comparison of hot-side and cold-side temperatures of the TE power module.
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Fig. 20. The battery charging power.

erator, namely the power source and the load matches. The outout power of the dc—dc
converter is 7.99 W. The efficiency of the dc-dc converter is 95.11% when using the MPPT
control. It is better than the direct charging method by about 15%.

Using the same experimental procedure, we staggered the heat supply at intervals;
(switch-on the heater power supply 6 min, switch-off 2 min and switch-on again) providing
the heat to the TE power generator. The comparisons of the battery charging power are
shown in Fig. 21. The waveform of gate signal, input and output current of the de—dc con-
verter when using the MPPT control are shown in Fig. 22.

2
- - « -Directcharge — - -Fixed 35% duty cycle With MPPT
b | ]

o 120 240 360 480 600 720 840
Time{sac)

Fig. 21. Response of the battery charging power to tumning the heat source off and on.
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Fig. 22. The waveform of the gate signal; and the input and output currents of the dc-dc converter.

6. Conciusion

The advantage of the TE battery-charger system using MPPT is that the system can
charge the battery by using the heat energy directly, and not having moving parts. It
can be applied to heating devices such as a cook-stove, a boiler or another heat source
for waste-heat recovery. This system is the most feasible to use in a rural community or
a remote area. The photovoltaic system provides electrical power during sunshine, while
the TE battery charger system provides power as long as the heating device is in use.
The best power output of the system depends on the heat dissipation of the heat sink.
However. the system design may be improved by redesigning the heat exchanger (heat re-
ceiver and heat sink) appropriate to the ambient temperature. The aim of this paper is to
provide a new method for generating electrical power: it might not be economic initially,
but the results derived here may lay a foundation for further investigations of TE battery
charger systems.
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