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Abstract.- High-Brightness Light Emitting Diodes
(HB-LEDs) are considered as a remarkable lighting device
dueto their high reliability, chromatic variety and increasing
efficiency. As a consequence, a high number of solutions for
supplying LED strings are coming out. One-stage solutions
are cost-effective, but their efficiency is low as they have to
fulfill several purposes with only one converter: Power
Factor Correction (PFC), galvanic isolation (in some cases)
and current regulation. Two-stage and three-stage solutions
have higher efficiency as each stage is optimized for just one
or two tasks and they are the preferred option when
supplying several strings at the same time. Nevertheless, due
to their higher cost in comparison to one-stage solutions, they
are used when high-efficiency, high-performance and the
possibility of supplying several strings arethe main concerns.
Besides, they are also used when high reliability is needed
and electrolytic capacitors cannot be used.

In this paper, a three-stage solution and its complete
design guideline for LED-based applications is proposed.
PFC is achieved by a Boost converter while the galvanic
isolation is provided by an Electronic Transformer (second
stage). The third stages (one for each LED string) are
designed following the Two-Input Buck (TIBuck) schematic,
but taking advantage of the load characteristics (i.e., the high
value of the LED string knee voltage, approximately equal to
half the string nominal voltage). Besides, a variation of the
analog driving techniqueis also proposed.

Experimental results obtained with a 160-W
prototype show an efficiency as high as 93% for the whole
topology and 95% for the cascade connection of the second
and third stages.

|. INTRODUCTION

High Brightness Light Emitting Diodes (HB-
LEDs) are considered the future trend in lightirsgtlaeir
efficacy converting energy into light is increasemgd their
reliability is very high [1]. Nevertheless, it i®tessary to
develop converters that perfectly fit the charasties of
these devices and make the best of them. Accortting
this, two driving techniques have been proposedhin
literature and topologies without electrolytic ceipar
(high reliability) [2] and high efficiency have hee
developed.

Regarding the converters for supplying the LED
strings, it should be mentioned that LEDs need ¢o b
supplied with a dc current and, consequently, acuad

This work has been supported by the AEG Power BolsiB.V.
under project FUO-EM-002-10 and by Spanish Goventraader
projects CONSOLIDER MICINN-10-CSD2009-00046 and MN®I-10-
DPI2010-21110-C02-0. Besides, a patent is pending.

Didier Balocco, Almadidi Diallo

AEG Power Solutions
Lannion, FRANCE
didier.balocco@aegps.com

dc-dc converters have been proposed in literature.
According to the number of stages, these convectaise
classified in one, two or three-stage solutionse Hain
characteristics that the converters for LED-basghltihg
need to ensure are high reliability, high efficigrand, in
some cases, galvanic isolation. Besides, the P&aetor
Correction (PFC) is mandatory in all ac-dc topoésgi
connected to the line in order to comply with END6Q-3-

2 Class C regulation [3-5].

Normally, two-stage [6-8] and three-stage [9]
solutions are the preferred option when reliabildgd
efficiency are more important concerns than cost (mit)
[10]. LED-based street lighting is an applicationwhich
the cost of the LED driver is less important thds i
efficiency due to the amount of energy consumedthset
lighting every day. Besides, the maintenance and
replacement cost of street-lighting drivers is ddesably
higher than in home applications [11-14]. Hence,
reliability is also a key issue as it representemsiderable
saving. Therefore, two-stage or three-stage topetogre
the preferred option for LED-based street lighting.

In this paper, a high-efficiency high-reliability
three-stage topology is proposed for LED-basedestre
lighting application (see Fig. 1). The first stagea boost
converter [7-9]. This topology has proven to beeafgrt
option for doing PFC in this kind of applicationsAt is
designed without electrolytic capacitor, its outpottage
ripple cannot be neglected and will strongly influe the
design of the second and third stages. The se¢agd & a
two-output electronic transformer (ET) optimizedr fo
providing galvanic isolation at very high efficignc
Nevertheless, this topology is completely unregudaand,
as a consequence, the aforementioned low-frequency
ripple affects its output voltages. The third stagea
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Fig. 1. Basic schematic of the proposed topol



topology based on the Two-Input Buck (TIBuck) coree
[15-18]. This third stage is in charge of elimimatithe
low-frequency ripple and independently adjustinge th
output current to the desired level in each LEInhgt(i.e.,
no equalizing technique [19-21] is needed as edeb L
string has its own regulator [22]). The main adaget of
this topology is that the stress on its compondsts
considerably reduced, what has a high impact osiis
and efficiency. This topology has already been psegd as
post-regulator for LED-based applications [23, 2d]that
paper, the TIBuck is used as an active equalizenitéd
regulating capability) with very high efficiency, ub
without the possibility of providing full dimmingroits
own [20]. As it will be deeply explained, the kegipt of
the TIBuck proposed in this paper is that it takesefit
from the high value of the LED string knee voltdd¢
This means that it can reach full dimming in LEDs
although its output voltage range is limited. Fipahot
only the first stage, but also the second andthind stages
can be implemented without electrolytic capacitdéence,
the proposed topology has a very high reliability.

As the final application is street lighting, some
additional details should be considered. Wavelength
(color) quality is less important than other issui®
efficiency. Besides, the stress on the LEDs shdeldhe
lowest as a way of boosting the reliability. Thegs®nts
can be achieved by means of, among other thingsysk
of amplitude-mode driving technique as it has lower
current stress on LEDs and semiconductors thaiis!
driving technique. Two other important aspects #hde
highlighted: the whole converter operates at cartsta
frequency and it provides galvanic isolation, whiish
mandatory in certain applications or for certaistomers.

This paper is organized as follows. In section I,
the ET design is developed for this application kimg
some specific recommendations. Section Il expldires
new driving technique. The third stage is explained
section IV. In section V, a guideline on how to idas
stages two and three is provided. In section VI the
experimental results are shown and, finally, intisecVII
the conclusions will be presented.

Il. ELECTRONIC TRANSFORMER(SECOND STAGH

Before explaining the second stage, it should be
mentioned that the first stage is a Boost converter
operating in BCM. This topology may reach an eéfiay
as high as 97% without electrolytic capacitor aad, a
consequence, it is widely used in two-stage anektistage
topologies for LED-based street lighting. The most
relevant aspect is that, due to the absence ofrelgac
capacitor, its output voltage has to be expressed a

Voutl:Voutlnow'(l-'-r_é'Sin(zm in'tﬂ (1)

wherewi, = 2=-fin, fi, being the line frequency, oM 1_nom
is the nominal value of the first stage output &g and s
is the relative value of the peak-to-peak low-frengey
ripple. This ripple will affect the second stagedathe
overall design of the proposed topology.

As has been said, galvanic isolation is a
mandatory requirement. Hence, it is vital to find a
topology capable of providing it with very high ieféncy.

If the second stage is also in charge of cancéliegow-
frequency ripple as in [9], then its output voltdges to be
regulated and the ET concept cannot be used.
Nevertheless, as the third stages are regulateddier to
control the LED string current, then they can ab&oin
charge of canceling the low-frequency ripple. As a
consequence, the only requirement applicable to the
second stage is providing the galvanic isolatiomisT
opens the possibility of using an ET, which is an
unregulated topology with very high efficiency. Togher
option, using a galvanic-isolated topology for ttiérd
stages (no second stage needed), would lead toaag m
magnetic transformers as LED strings, which
unnecessarily raises cost and size.

In this LED-based street lighting driver, the ET
concept developed in [25] is applied to a two-outpeif-
bridge topology (see Fig. 2). The main idea is afieg
the primary switches at constant switching freqyesaed
with a fixed duty cycle of 50% (disregarding theade
times necessary for achieving Zero Voltage Switghin
(2VvS) and for avoiding overlapping). As a conseqgen
the dc conversion ratios (gains) between the iapagt the
two outputs are fixed (i.e., it has no regulating
capabilities). This means that any variation in theut
voltage will affect the output voltages. The readon
having two outputs will be explained in sectionk dhd
IV. Therefore, the two output voltages of the ETh dze
expressed as:

I .
Voul_z_high = G high'V out_l_non( l+EV 'Sln(z.\) in 1} (2)

Vout727|ow = G Iow'Voutlnon( 1+r_£ 'Sin(Z)\) in t} (3)

where Gig, and G, are the gains of the ET for both
outputs and are fixed values determined by the fratg’
transformer used in the topology. It should be ddteat
the term “magnetic” is going to be used in order to
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Fig. 2. Schematic of the Electronic Transforr



differentiate between the topology (electronic sfanmer)
and the component (“magnetic” transformer).

High efficiency is one of the objectives of this
three-stage topology. Hence, ZVS and Zero Current
Switching (ZCS) are mandatory in this stage in oride
reduce the losses. ZCS in diodes can be easilyneltéy
means of the resonance between the output capacitbr
the leakage inductances of the “magnetic” transéornt
should be taken into account that this resonanpessible
because there is no filter inductor in the outpBissides,
the primary switches (MOSFETS) are quite close @52
This is all perfectly explained in [25], where ahe
equations needed for calculating the output capafir a
given leakage inductance, frequency and dead tiree a
provided. Nevertheless, these equations are thofayht
only one output. Hence, they need to be carefuligdu
taking into account the worst possible load sharing
between both outputs in order to always achieve.ZCS

I1l. BRIEF DESCRIPTION OF THE PROPOSED
DRIVING TECHNIQUE FORLEDS

Normally, the converters in charge of regulating
the dimming of the LED string current are always
designed in such a way that they can vary theipwut
voltage from zero to nominal value (i.e. Buck tampf).
Nevertheless, if the special characteristics of L&Bngs
are taken into account (i.e., the high value of kinee
voltage and the dynamic resistance), it is possible
propose a new driving technique which opens a neld f
for novel topologies.

In Fig. 3, a relation between the voltage supplied
to a string of N LEDs and the corresponding currient
given. Besides, this current is related to the hous flux
of the string. As can be seen, LED strings emitiarount
of light (Ax) nearly proportional to the current driven by
them (L). Nevertheless, they have an electrical model
which involves an ideal diode, a dynamic resisteemg a
voltage source, whose value is equal to the kn&agm of
a single LED of the string (¥ ep) multiplied by the
number of LEDs (N). Hence, current driven by a LED
not directly proportional to the voltage appliedtt@v,). It
is necessary to apply a threshold voltage (i.evpltage
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Fig. 3. Relation between input voltage, current ndainous flux in a
LED string. Saturation is enlarged for clarity rees.

slightly higher than the previously mentioned vgéa
source) in order to have some current through tB® L
(i.e., some light emitted). Hence, for totally r&ging the
amount of light emitted by a LED string, it is macessary

to use topologies with the capability of reachingraz
voltage at their output. In fact, it is possible tize
converters (topologies) which have a minimum output
voltage higher than zero, as far as this minimuttage is
lower than the equivalent knee voltage of the LEfng

(N-Vy_tep)-

This new approach to the driving technique (from
this point, it will be defined a$Total Current Dimming”)
allows the development of new topologies that §iaeri
output voltage range but, as a counterpart, raissr t
efficiency and reduce the stress on their semicciods.
As has been mentioned, due to the knee voltagbeif t
load (i.e. LED strings), these new topologies stilve the
possibility of totally turning off the strings (i.stopping
the emission of light) even with a considerabletagd at
their output.

Finally, it should be mentioned that this approach
to the driving technique is compatible with both
amplitude-mode and PWM-mode dimming. Besides,
adding communication options, such as DALI (Digital
Addressable Lighting Interface), to this driver is
straightforward. It can be easily turned into a DACG
(Electronic Control Gear) simply adding some addial
components (essentially, a microcontroller or eajigint).
This modification would provide the proposed drivéth
the possibility of storing the power-on level, 16eget
scene levels, etc.

IV. TIBuck CONVERTERS(THIRD STAGES
a) Brief description and steady-state analysis

The third stages are responsible for eliminating
the voltage ripple coming from the ET outputs (doi¢he
first stage) [26-28] and adjusting each LED stringrent
to the desired level.

As can be seen in Fig. 4, the TIBucks are to some
extend similar to the conventional Buck converigssd to
drive LEDs, but the anode of the diode is connetted
voltage \; 0w lower than 4 pig, Which would be the input
voltage of a conventional Buck. Hence, for a givkry
cycle, the input voltage of the output filtef i similar to
the one shown in Fig. 4. Applying the volt-secoathhce
in the output inductor results in:

(V37high _Vout73)'D + (V 37|OW_V outi}(l_ D) = 0 (4)

where D is the duty cycle of the MOSFET anglp, and
V3 0w are the input voltages of the TIBuck. From (4k th
output voltage equation can be obtained:

V, :V3_higHD +V 3_|0v&(1_ D) . (5)

out_3

Compared to a conventional Buck, the main
advantages of this topology are mainly two. Fiest,can
be seen in Fig. 4, the input voltage of the filkeeasier to
filter and, consequently, its size is smaller, iahédlows us



to implement it without electrolytic capacitor. $ad, the
voltages withstood by the MOSFET and the diode are
considerably lower than in a traditional Buck:

V. =V =V \ 3_lov (6)

S_max D_max
where Vs max and Vb max are the maximum voltages
withstood by the MOSFET and the diode of the TIBuck
respectively. As can be seen, they can be rated kawer
voltage (in the Buck converter, they should beddta a
voltage equal to ¥hg) and, consequently, this fact
increases the efficiency of the proposed converter.
Besides, the MOSFET is referred to ground for this
application, so its gate driver is easy to impleten

3_high

It should be noted that the energy processed by a
Buck converter controlling a LED string comes fraine
single input port of this converter, while the peesed
energy in the case of each TIBuck comes from its tw
inputs. However, the total energy in both casesiriglar
(actually, it is lower in the case of the TIBuckedto its
improved efficiency and better processing of engrgy

The main disadvantage of the TIBuck is that its
minimum output voltage is limited to the value of M.
Hence, it is not possible to reach 0 V or any \getéower
than Vs o, at the output. Nevertheless, as has been
explained in section lll, the special charactarsstof the
load allow the use of this topology without lositige
possibility of reaching full dimming in the string¥he
only requirement is that 3, has to be chosen in such a
way that, for the minimum duty cycle of the TIBuck,
voltage slightly lower than N-VMp is achieved. This is
one of the key points of the design procedure aifidoe
deeply explained in the following section. A minimu
output voltage higher than zero also presents al@mo
when the output is short-circuited. Neverthelessthis
particular case it is possible to solve the problbym
turning off the second stage (i.e. the electronic
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Fig. 4. Schematic of the proposed TIBuck convesteposed for
driving each LED string

transformer) when this situation is detected. Tiheud for
detecting this situation in the third stages anus® the
turning-off signal to the ET is quite simple. Aneth
possible solution is implementing fuses in the inpu
output of each TIBuck. In this way, it is not nes&ay to
turn off the ET and the strings which are not short
circuited still can be used. If part of a string skort-
circuited, total dimming of that string currentl@st and
turning off the lamp (i.e., all strings) can onlg bchieved
by turning off the second stage then. In this casing
fuses is the most recommendable solution. Neverskseit
is possible to reduce the impact of partially-steartuited
strings if a security factor is added when caléatathe
low input voltage of the TIBucks. In this way, stpossible
to totally control the string current even when goaof its
LEDs are short-circuited. Obviously, a trade-oftvieen
this security factor and efficiency has to be mettlae
lower V3 ,,wthe lower the efficiency.

As has been said, it should be taken into account
that, the closer Yyigh and V4 ow, the lower will be the
voltages that the semiconductors (MOSFET and diode)
will have to withstand. Besides, the size of thegnaic
component will also be lower. Taking into accouhe t
high value of the LED-string knee voltage (aroumadf the
nominal voltage), the improvement in efficiency aside
is considerably high when using the TIBuck for LED-
based applications.

b) Small-signal and

Audiosusceptibility

analysis:  Stability

As has been mentioned, the third stages have to,
not only regulate the current provided to the LEBbng,
but also cancel the low-frequency ripple that dfethe
output voltages of the first and the second stagéss
cancellation is achieved by means of the closeg-loo
controller and, consequently, the audiosuscepibili
analysis is a key point in the design of the TIButke
linear equations that define the behavior of thiedtstage
topology are:

Vi = V37high'd+ V37low'(1_ d (7)
di
Vi =Vou 3= I-f'd_Ltf (8)
dv
i :C . out_3 9
«=C—q ©
Vour_ 3~ N'vaLED = N'RLED i (10)

out_3
s

where V is the input voltage of the output filteg; is the
current through the filter capacitor and is the inductor
current (see Fig. 4). Perturbing these equatioesplytain:

Vi = Va_tigh'D+ Va_iow (1= DY+ 0-(V¥ 1ign = Vb iow ) (11)
Vi =Vou_3 = L, S , (12)

i =C, -s-Ava, (13)

Vou_3= N-R TLU, (14)



where quantities in capital letters corresponchtodteady-
state values of the quantities in lower-case Iett&¥ith
these equations, the following transfer functiors de
obtained:

,i\out 3 1
G (8)= === (15)
ST WS4 G NRp + skt NR,
/i\out_3_ (16)

Giout_d(s): = (V3_high_ V3_|ow)'G iout_vf(s)

P
Analyzing the control loop shown in Fig. 4, it can
be seen that the inductor current is sensed by snafamvo
current transformers (which merge their outputs)spa
low-pass filter. Hence:

d= '(Airef - R'F(S)A'ij |

where R is the gain of the current transformerg, the
peak value of ¥, PI(s) is the regulator and F(s) represents
the low-pass filter at the output of the curreansformers.
Considering (16) and (17), the equation of theesystn
close loop can be expressed as:

PI(s) Va_tigh ™V 3_iow
LG NRy+ sir NBy Y,
3’mgh_Va’IOW-F(S)-R-Pl(S‘ (1+3'Q 'N'FSED )
v, (LG NRy+ s+ NR;)

lout_3 _

Tret 1+ V, (18)

For analyzing the audiosusceptibility, equation
(17) can be expressed as:

d _ PI(s)-R-F(s
Gy ir (8)=r—=- (<) ( .
IT; \

(19)

Considering that the second stage has a fixed gain
for each of its outputs, equation (11) can be esqeé as:

Vi = [Gign' D+ Gy, - (= D)]:\\but_l_nom"'
+a'(V::Lhigh Vi o) )

low

(20)

Therefore, the audiosusceptibility, defined as the
output current (i.e. LED string current) divided kiye
input voltage of the second stage, is representethé
following equation:

iouLS G\ouz,w (s)
Vour_1nom [ 1= G 1o )G ()W ign™ Vo )-( S€ N |) (21)
'(Gmgh D+ Glow '(1_ D))

which, as can be seen, is not adimensiofd).(With this
equation, it is possible to design a suitable @iletr PI(s)
that obtains a reasonable ripple in the outputerurfor a
given low-frequency ripple in the input voltage.
Considering that a Pl controller is enough for hiag
stability, the only variables for adjusting thekslity and
the audiosusceptibility are two: the gain of thetcoller
(its pole would be located at a very low frequeray)l the
pole defined by the filter at the output of the reat
transformers. In the next section, some tips wid b
provided regarding this point.

V. OVERALL DESIGNGUIDELINE

The design of the three-stage topology should

begin with the third stages (TIBucks) but fixingetkalue

of the first-stage output voltage and its ripple.typical
ripple value, taking into account that no electtigly
capacitor is going to be used, is about 10%. THrot
values that should be known are given by the LEDgs:
number of LEDs per string (N), knee voltage of ehElD
(Vy_Lep), its dynamic resistance (f) and its nominal
current (hom) (or its nominal power (Bn)).

The maximum and minimum values of the output
voltages of the TIBuck can be calculated as:

Pnom
Vout_3_max: NVy _LED+ N'BLED 4 nom— N—=%, (22)
Voul_3_min = N'vy _LED_ (23)

Considering (5) and definingqf and Dy, as the
maximum and minimum duty cycles attainable by the
control circuits of the TIBucks, we have:

V = D ma>'<V 37high+ (1_ D ma)(v 3_lo

out_3_ max

Y/

out_3_min

(24)

= D min'V 37high+ (1_ D mir)'v 3_lov (25)

As has been explained, the ET has no regulating
capability. Hence, its output voltages (i.e. theun
voltages of the TIBucks) will have a consideralifgple
(equal, in relative value, to the Boost output ag#
ripple). As can be seen in Fig. 5, there are twiticat
situations:

. Trying to obtain the maximum output
voltage (Mu 3 ma) When the input voltages are the lowest
due to the ripple.

. Trying to obtain the minimum output
voltage (Mu s mip When the input voltages are the highest
due to the ripple.

Hence, taking into account (2), (3), (24) and (25),
we obtain:

fy
Vouthfmax: I:D ma)ZG high+ (l_ D ma))G |O\J 'VomilinoE ]‘_Ej ’ (26)

r

Vout737min = I:D m\n'G high+ (1_ D min)'G\ow] 'Voutilino{ }éj ) (27)

_Ghigh'vout_1_nom'(1 'AVr/Z)

Ghigh 'vout_1_nom (1+AV,/2 )_

Glow'vout_1_nom'(1 -AV,/ 2) Glow'vout_1_nom'(1 +AVr/2)
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Fig. 5. Influence of the ripple in the second dricttstages.




This system of two equations and two unknown
variables can be easily solved, obtaining the \&abfeG,q,

and Gy,

Once the two gains of the ET have been obtained,
its “magnetic” transformer can be designed. Fifsdll the
turns ratios of this transformer (gt and Rt,) can be
defined as:

_ Mhign
high —
" n

Rt (28)

pri
)

n
Rt — _low
low npri (29)

where B, is the number of turns of the primary winding
and njgn and ny,, are the number of turns of the secondary
windings of each output (see Fig. 2). Considertmaf the
ET operates with a fixed duty cycle of about 05 t
relation between its input and its two output vgéis can
be expressed as:

1
Vou_2_righ = E'Rt high' Vin_2 (30)
21
Vout_2_|ow - E Rt low 'Vin_2 (31)
SO,
Rthigh = 2'Ghigh’ (32)
Rtlow = 2'Gfow (33)

In equations (30) and (31), the dead times
required for achieving ZVS have not been considered
Although their influence is low, a conservativeatdétion
would imply a total dead time of 10%, which wouthdl
to a duty cycle of 45%.

Although conventional transformers have no
airgap in the magnetic core, in this design it @snaatory
to reach ZVS in the primary switches. As has been
explained, due to the low value of the input currethe
ET, the best option is adding the necessary aithap
assures a high-enough magnetizing current.

The next element to be designed is the output
capacitor of the ET. Its value is defined by theiapns
presented in [25]. In this case, it is quite difficto
estimate the leakage inductance due to the congasign
of the transformer (one input winding and two centr
tapped output windings). Hence, the best optiomaking
the “magnetic” transformer with the parameters vl
during the theoretical design and, once this is
accomplished, measuring the leakage inductancesch
winding. With these values, it is possible to cidtel the
capacitor of each output of the ET in order to eehiZCS
in secondary switches and nearly ZCS in the prinoags.

Finally, the component selection is immediate.
The MOSFET and diode of the TIBuck are going to
withstand a voltage equal to the difference of biogut

voltages (see (6)). The average currents passimogigh

the MOSFET and the diode, in the worst case, analdq

the nominal current demanded by one LED string

multiplied by Dy and (1-Dyi,) respectively:
I =1 _.D

S_max — ' nom~ ma
)

ID_max = l nom'(l_ D min)

(34)
(35)

In the case of the ET, the MOSFETSs are going to
withstand a voltage equal to the maximum valuehef t
input voltage of the ET obtained from (1):

(36)

rV
VMOSFETﬁET =V out_1_ nor{l"' Ej

The output diodes rating voltage should be:

rv
VdiodefhigthT: V outlno;v(l—'- Eth hig (37)

rV
Vdiode_low_ ET— \% out_1_ nor{l-‘- Ej Rt lov (38)

The current should be calculated taking into
account that this stage is common to all the s¢riftgnce,
considering that the duty cycle is fixed and thweg tvorst
situation corresponds to all the current drainennfronly
one of the two outputs (the other would be drivimy
current), the average values of semiconductor otsrare:

| = Nbon oy
MOSFET _ET 2 high

(39)

N i InOm
|di0de_ET = 2 (40)

Finally, the design of the third stages controllers
needs to be made. First of all, it should be takeo
account that the pole of the filter of the current
transformers should be located at a frequency hititen
that of the low-frequency ripple that needs to &maved.
Hence, this pole has no influence in the audioqigubty
at around 100 Hz. Besides, the zero defined by §- &d
C; is considerably higher than this frequency. Thanefit
has no influence in the audiosusceptibility at that
frequency either. Considering this, the design edoce
should be as follows:

. Adjusting the gain of the PI controller so
that a valid audiosusceptibility is reached at HX) The
higher the gain, the lower the audiosusceptibility.

. Placing the pole of the current
transformers filter at a frequency that providesvadid
phase margin in the stability analysis.

. If it is not possible to obtain a stable
system, the gain should be reduced until stabilgty
reached. Obviously, adding poles and zeros to the
controller may help in reaching stability witho@ducing



the gain (i.e., without affecting audiosusceptipilat 100
Hz). Nevertheless, a Pl controller is normally egiou

V1. EXPERIMENTAL RESULTS

A 160-W prototype has been built (see Fig. 6).
Four TIBucks (one for each LED string) have been
connected at the outputs of the ET. Hence, theofyqo
has the capability of independently driving 4 LEirgs.
The LEDs used for the lamp are W4218T2-SW from $eou
Semiconductors (distributed by Avnet). They beltmghe
Z-Power LED family. Their nominal forward currerg i
0.350 A and their nominal forward voltage is 3.25tke
nominal power of each LED is 1.14 W). In each sfri85
LEDs are connected in series. Therefore, the ndmina
output voltage of each string is around 115 V (38%3V)
and its nominal power is around 40 W (115 V x 0.250
The total power demanded by the lamp is 160 W.

Regarding the Boost converter (first stage), it
operates in Boundary Conduction Mode (BCM) in orier
reduce switching losses. The output capacitancek30s

\ ]
y
5

c)
Fig. 6. a) Prototype of the PFC Boost; b) Prototypthe 160-W
ET; c) Prototype of the four 40-W TIBucks (one éach LED
string).

obtained by means of Metallized Polypropylene Film
Capacitors (MKP) from EPCOS high density serieg.[29
In the prototype shown in Fig. 6, three [IB-capacitors
rated for 450 V are implemented. Another possipilit
would have been using a 3 capacitor rated for 800 V if
a higher security factor had been required reggrdated
voltage.

The ET nominal output voltages are 80 V and 144
V (when the input voltage is 400 V). They have been
chosen taking into account equations (24) and é28)the
characteristics of the LED strings: they need 130 Yully
turn on and around 90 V to totally turn off. As damseen,
a 10-V security factor has been added in both dutpu
voltages in order to deal with the tolerance in Kmee
voltage of the LEDs and in their dynamic resistance
Besides, this security factor also allows the driedeal
with partially-short-circuited strings. The inputltage of
the ET is intended to be 400 V with a maximum pe&gak-
peak ripple of 10%. The control of both MOSFETsg @
100 kHz. The transformer is an ETD-39 with 3F3
magnetic core and 0.8-mm gap in order to achievé av
any load range in primary switches. For achievir@SZ
the equations presented in [25] imply that a 20@nfput
capacitor is necessary.

The four TIBucks are operated at 100 kHz. The
output filter is implemented by means of an E2Ceawith
a value of 0.350 mH and an output capacitor of 4b0
Due to the low voltage that both semiconductorsgaiag
to withstand (144-80=64 V), it is possible to use a
IRF540 MOSFET and an 11DQ10 diode. These low-
voltage-rated devices allow us to boost the efficieof
these converters. A very simple Pl controller (with pole
located at very low frequency and a dc gain of al&fu
dB) is implemented in each TIBuck so that the autrman
be independently controlled while maintaining an
audiosusceptibility as low as 0.00@B' at 100 Hz (see
Fig. 7).

In Fig. 9, it can be seen how the primary switches
(MOSFETSs) of the ET achieve Zero Voltage Switching
(ZVS) condition at full load and at no load. It h@sbe
taken into account that the energy for doing sstased in
the leakage inductance and, therefore, is defirgdnly
by the load current, but also by the magnetizingent of
the “magnetic” transformer. Hence, if some gapddeal
to the core of this transformer, it is possible have
enough energy stored in the leakage inductance for
achieving ZVS even with an output current equateco.

In this particular case, the gap was added becthese
amount of energy determined by the output curreas w
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Fig. 7. Audiosusceptibility in closed loop for twiifferent duty cycles.
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Fig. 9. ZVS in ET MOSFETSs at a) full load and b)load.
not enough for achieving ZVS even at full load.

At this point, it may be interesting to determine
whether it is better decreasing the magnetizingidgtehce
of the transformer or not. If some airgap is adde,
switching losses of the MOSFETSs are going to beiced
(2VS is achieved). Nevertheless, the current |éwelugh
them, and through the transformer, is going to be
increased, and so is going to be increased theuumion
losses. For solving this, the same topology has bested
with and without airgap for the same testing cdonditand
adjusting dead times for achieving ZVS (with airgap
being the closest to it (with no airgap). The efficy was
1% higher when adding some gap to reduce the swich
losses than when minimizing it to reduce conduction
losses.

Another characteristic of the ET is the possibility
of achieving Zero Current Switching (ZCS) at seamyd
switches (diodes). In Fig. 8, this characterigtistiown for
one of the diodes of the higher-voltage output. staering
that the amount of current extracted from each ututpll
strongly depend on the TIBucks operation, the bpsbn
is calculating the output capacitors of the ET abersng
that the nominal current is extracted from eachpwattin
this way, diodes will always achieve ZCS in nominal
conditions. The primary switches of the ET will albe
closed to ZCS as the input current is the output on
multiplied by the turns ratio, but adding the magzeg
current.

Regarding the TIBucks, Fig. 10 shows the voltage
withstood by semiconductors and the input voltahéhe
output filter. As can be seen, the voltage withdtisoequal
to the difference between both input voltageshia way,
switching losses are considerably reduced. Besitles,
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@ Stop
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ubuu
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s
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Fig. 8. a) Current through one of the ET outputldi b) detail.

necessary MOSFET and diode are going to be rated fo
lower voltage, what means lowepfn, Coss VOItage drop
and reverse recovery time, what also reduces losses
Analyzing Fig. 10b, it can be seen that the oufjidr is
going to be considerably smaller than in a conwext
Buck. This also leads to a reduction of the lossethe
inductor.

In Fig. 11a and Fig. 11b, the current through one
of the strings is shown when second and third stage
connected in cascade and when the input voltagieof
second stage has no ripple. As can be seen, thecelow-
frequency ripple and the high-frequency one is
considerably reduced, especially for an applicatite
street-lighting. This high-frequency ripple could bven
more reduced if the output capacitor of the thteye were
increased (it has a value of 150 nF, so its cagaoé could
be easily increased without using electrolytic texdbgy).

In Fig. 11c, the output current is shown when thgut
voltage of the second stage has a ripple of 10%hik
system, the audiosusceptibility of the third stags been
defined as output current of the third stage didibg the
input voltage of the second stage (see equation).(21
Taking into account the nominal values of these two
variables, audiosusceptibility should be around031™

at twice the line frequency. In this way, a 10%ptgin the
input voltage (40 )p) of the second stage will produce a
12-mA,, low-frequency rlpple in the output current of the
TIBucks (40 \fp-0.0003 1. This represents a 3.5%
relative ripple in the output current (12 850 mA),
which is an excellent current ripple for streetligog
applications.

In Fig. 12 the efficiency of the second and the
third stages is shown. Fig. 12a shows the effigieafoone
of the TIBucks for different input voltages, whidre
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Fig. 10. a) Voltage withstood by theBlck diode and MOSFET; |
Gate signal of the MOSFET and filter input voltage.

defined by the maximum, nominal and minimum input
voltage of the ET. Fig. 12b shows the efficiencytioé
second stage for the maximum, nominal and minimum
input voltage. In both cases, the power consumpifahe
control stages is not included. This total power
consumption is around 2 W for the 4 TIBucks plus BT
control stages. Hence, the efficiency of the seiade in
cascade with the four third stages operating atidad is
nearly 96.0% (see Fig. 12c for the whole-rangecigfficy).

If the power consumption of the control stages@uded,
this efficiency is as high as 94.8%. Consideringt tthe
second stage proposed in [9] has an efficiencyigls &s
97% and considering that the third stage of thpolimgy
(the conventional Buck converters) has an efficjens
high as 94%, the overall topology has an efficieasyigh
as 91%. Hence, the topology proposed in this pépér
plus the TIBucks) implies an improvement in effiug of
about 4-5%.

Finally, as the BCM-PFC Boost converter may
reach an efficiency as high as 97%, the overaitieficy
of the proposed three-stage topology may be asdsgi2-
93%. In Fig. 12d, the efficiency of the three stage
cascade for different ac input voltages is shown.

VIl. CONCLUSIONS

HB LEDs are gaining consideration in lighting
due to their high efficacy when converting electric
energy into light. Nevertheless, this new technplogeds
power supplies different from the rest of lightidgvices.
The main issues when analyzing these new conveaters
high efficiency, high reliability, color quality antotal
dimming. Nevertheless, there are applications irickwh
some of this features are more important than sthier
street lighting, light quality is less important ath
reliability and efficiency.

In this paper, a converter for LED-based street
lighting application is presented. It is based three-stage
topology. Each stage is designed for one spea8g,tin
such a way that the overall efficiency is above 93%
Besides, it is a solution without electrolytic cappar;
hence, it has high reliability.

The first stage of the proposed solution is the
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Fig. 11. ET Input voltage and LED string currentemta) the input voltage has no low-frequency ripb)edetail when the input voltage has no
low-frequency ripple; c) the input voltage has a\4p 100-Hz ripple.
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stages connected in cascade for different ac vgtages.



very-well known boost converter. Its main task is
achieving PFC with high efficiency. The second stagan
Electronic Transformer. It provides two output aglés
with a fixed gain (unregulated) between input antpats.
Its task is providing galvanic isolation. The thsthge is a
TIBuck. While the first two stages are common, eBED
string is connected to a TIBuck. In this way, therent of
each string can be regulated independently. Besities
first stage has a considerable output voltage eighle to
the absence of electrolytic capacitors. As the sgctage
is unregulated, this ripple has to be cancelledhigythird
stage.

The three stages have been implemented without
electrolytic capacitor. The first stage has thréeg.g MKP
capacitors from EPCOS high density series. The BI h
two MKP capacitors of 100 nF in each output. Finall
each TIBuck (third stage) has a 150-nF output MKP
capacitor.

The experimental results have been obtained with
a prototype designed for 4x40-W LED strings achigwin
efficiency at full load as high as 95% for the set@nd
third stages in cascade. If the first stage is atstsidered,
the proposed three-stage LED driver may reach an
efficiency as high as 93%.
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