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Abstract.— The Asymmetrical Half Bridge converter
(AHBC) has proven to be a promising candidate for LED
lighting applications. It provides high efficiency, galvanic
isolation and it can be easily built without electolytic
capacitor. On the other hand, its main drawback isits poor
attainable bandwidth. In any two-stage ac-dc LED drier
based on the AHBC, the first stage is a Power Faato
Corrector (PFC) converter which has to be also imgmented
without electrolytic capacitor. As a consequencets output
voltage (input voltage of the AHBC) presents a lovirequency
ripple. Due to the poor bandwidth of the AHBC, thisvoltage
ripple will be transferred to the converter output voltage,
leading to flickering. Due to the complex and nonihear
transfer function of the AHBC, any analog feedforwad loop
has to be tuned for a given operating point, leadipto a poor
performance when the AHBC moves away from that poin In
this paper, a digital feedforward loop is proposedn order to
solve this problem. The digital implementation allevs the
feedforward loop to perfectly cancel the ripple uneér any
condition (e.g., output voltage variation due to dihming).
Besides, this digital feedforward loop has been dgsed and
simplified considering the specific purpose of camdling
flickering in the emitted light. In this way, it can be easily
implemented in small-size microcontrollers. Experimatal
results with a 40-W prototype prove the usefulnes®f the
proposed feedforward loop.

Keywords: Asymmetrical Half Bridge, Complementary
Control, Feedforward loop, LED Lighting, Flickering.

|. INTRODUCTION

The advantages of LEDs in lighting applications aedi-
known [1], [2]. Their luminous efficacy is very Hig
Moreover, their theoretical efficacy (not reached)ys the
highest one. Regarding reliability, the lifetimeldDs is as
long as 50,000 h or even higher. Besides, LEDs lads@

possible to classify all the LED drivers dependomy the
number of stages.

One-stage and integrated two-stage topologies [f/]]-
are used when the cost of the lamp is of primanmcem,
rather than efficiency or lifetime. On the othemtdatwo-
stage [18], [19] and three-stage [20], [21] topddsg
(optimized for reaching very high efficiency in &pbf the
number of power conversions) are preferred when
saving that represents a higher efficiency and ragdo
lifespan is more important than the saving thatresents
the cost per unit.

In [22], the use of a two-stage topology is progbss
LED driver for a street-lighting application. Thiest stage
is a PFC boost converter with an efficiency as tagl97%-
98%. As it is implemented without electrolytic cajtar, its
output voltage is affected by a 15% low-frequenipple.
The second stage, as a consequence, is in chaageiding
that this ripple reaches the load. The topologysehofor
this second stage is the Asymmetrical Half Bridgewerter
(AHBC) [23]-[25]. This topology is a promising caddte
for LED lighting applications, overcoming the
disadvantages of the Flyback topology as postrégul@he
voltage withstood by its primary switches is clanhpe the
input voltage. Its output filter is very small, #iocan be
easily implemented without electrolytic capacitBesides,
it provides galvanic isolation and its efficiengyvery high
(it reaches 94%) because Zero Voltage SwitchingSyV
can be easily obtained. Its main problem is thatféedback
loop of the AHBC cannot be fast enough to cancelldv-
frequency ripple of the PFC boost converter. In][22
feedforward technique is proposed in order to awese this
problem. This technique effectively reduces thepotit
voltage low-frequency ripple without affecting sitéi, but

the

other advantages that make them the growing trend ijt presents two problems:

lighting. For example, they are environmentallyefrdly,
they are shock resistant [3], precise control ef¢blor and
temperature of light [4], etc.

Nevertheless, LED strings cannot be directly cotewc
to the grid [5]. Hence, one of the main issues ndigg
LEDs is developing power supplies with the sameufes
that LEDs have so that the couple LEDs plus cosvert
keeps all the advantages of those. As a consequetzce/
topologies with high efficiency and high reliabjlifi.e.,
long lifespan [6]) have been proposed in order uppsy
different kind of LED lamps (retrofit, street lighg,
commercial or industrial, etc.). Besides, other mam
requirements imposed to these power supplies amelPo
Factor (PF) correction [7], [8] and galvanic is@at [9],
[10]. Any lighting device connected to the grid hts
comply with Energystar or IEC 61000-3-2 Regulatiohse
galvanic isolation may be a customer’s requirement
something established by local regulations. ObWgumst
is a feature that cannot be set aside. As a copsequit is

e The feedforward loop generates a sinusoidal
variation of the control voltage (i.e., sinusoidal
variation of the duty cycle) for canceling the
sinusoidal low-frequency ripple. Due to the non-
linear static transfer function of the convertéistis
not always the most suitable waveform for this
purpose.

» The feedforward loop is tuned for a given operating
point. Again, due to the non-linearity, the ripple
cancelation is far from being the optimum one when
dimming is applied and the AHBC is not in the
aforementioned operating point.

In this paper, a digital feedforward loop is praednThe
digital implementation is the most suitable oneoider to
deal with this kind of non-linear systems if thelgjange
their operating point (for instance, due to dimming
Nevertheless, the use of high-performance digigatesns
(such as FPGAs or DSPs) is not always a valid opitio
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Fig. 1. Schematic of the AHBC, including the standardibsek and feedforward looj

many lighting applications due to several reasaoost( size,
fixed operating point, etc.). Microcontrollers (u@n the
other hand, are usually used in order to carry saweral
tasks, such as communication with the DALI standard
interaction with other devices [26]-[28].

The proposed digital feedforward loop is simplifigal it
fits into a small-size, low-cost pC. This simpldi®on is
based on placing the output-voltage ripple of tE®ldriver
in a frequency range high enough so that it do¢snwolve
flickering problems (i.e., it is not perceived byrhan eyes
and, consequently, does not affect human’s heak)the
ripple is not cancelled, but only moved, the algon is
strongly simplified.

There is an additional issue regarding digital ounof
the AHBC that should be considered. The delays @dead
times) that have to be introduced in the contrghais of
the AHBC’s MOSFETSs in order to achieve Zero-Voltage
Switching (ZVS) are not equal and change dependmthe
operating point of the converter [29]. Thereforégitdl
control is highly recommendable in this converteritacan
be used for dynamically calculating the necessatsys for
each situation (increasing its efficiency). Thedfeeward
loop, due to the aforementioned simplification, che
included in the system used to implement these mita
calculation of the necessary dead times (microotiaty
FPGA or DSP) without a significant increase in tleeded
resources.

Finally, the proposed loop is valid not only foreth
AHBC, but for any converter with a non-linear reat
between the control variable and the output voltage
current (e.g., the boost converter).

This paper is organized as follows. A brief dedawip of
the AHBC topology is provided in section I, incind the
analysis of the analog feedforward loop and itdtétions.
The description of the proposed digital feedforwkralp is
presented in section Il while its optimization for
minimizing the flickering is explained in sectiorV.l
Experimental results are provided in section V.aHin
conclusions will be presented in section VI.

Il. REVIEW OF THEAHBC AND THE ANALOG FEEDFORWARD
LOOP

This section only pretends to give a brief desmipif
the AHBC, presenting the equations that will beduksger
in the analysis of the feedforward loop. A deeplysis can

be easily found in literature [23]-[25], [29]-[31].he main
issue regarding the AHBC (see Fig. 1) is that theimy
signals of the primary-side switches are compleamgrthe
AHBC is also known as HB with complementary control
[30], [31]). Due to this, the static transfer fuoct of the
AHBC can be expressed as:

V, =V, (n,+n,)-D: (& D), 1)
where \4 is the output voltage,;rand B are the turns ratios
of the center-tapped transformer and D is the dygje. As
can be seen, the relation between the input andulgut
voltage is linear (for a constant duty cycle). Neveless,
the relation between the output voltage and thg dytle is
not linear. This has a great impact on the impleaten
and range of usefulness of any analog feedforwaop. |

The input voltage of the AHBC is provided by a PFC
converter (in this case a boost converter). Theeefthe
average value of this input voltage can be consitler
regulated under any condition and equal {9 M. As the
PFC converter is implemented without electrolytpacitor
in order to increase its lifespan, its output vgéta(input
voltage of the AHBC) can be expressed as:

Vin (t) :Vin nom'[l+ r-sin(2n Zf])

@)

where r is the relative peak value of the rippld &is the
line frequency. If the desired output voltage of #hHBC
has to be constant and the input voltage is affielojea low
frequency ripple, (1) can be rewritten as:

Vo) =V poi(1* 1-sin@T-249) -(F 0 )-d@-1 o (3)

where d(t) is the time-varying duty cycle, whosduea
changes in order to counteract the input-voltapplei and
keep the output voltage constant. Hence, consigéti) (2)
and that n and n are designed according to nominal
conditions (Rom Vo nom @nd Vi nom), (3) can be used for
obtaining the required duty cycle that keeps thépuiu
voltage constant:

1_ 1_ 4 VO ) Dnom ) (1_ Dnom )
[1+r-sin(2-2F0) Y 1on )
d(t) = 5 S

As can be seen in Fig. 1, the control voltagét)v
satisfies:

Ve(t) =V, (D) + Ve (1) (5)

where v (1) is the control voltage coming from the output
of the feedforward loop and; y(t) is the control voltage



defined by the feedback loop. Consequently, thevexdar  to just a partial cancelation of the ripple and, as

duty cycle will verify: consequence, to some flickering (see Fig. 3).
Besides, (8) has some parameters that are not going
= 6
d(t)=d, (9+d, (v, ©) change ([om Vo nom. Nevertheless, & r and f are not

where gy(t) is the component of the duty cycle determinednecessarily constant. ovmay change due to dimming,
by the feedback loop and:(d) is the variation in the duty something very common in LED lighting applications,
cycle introduced by the feedforward loop. It shooddtaken ~ While r may change due to the PFC converter omerati
into account that the feedback loop will deterntine value ~ depending on the demanded power or the capacitor
of the duty Cyc|e for Obtaining a given averagepuut degradation, for instance. Besides, fis deflnediteygrld
voltage defined by u (see Fig. 1), whereas the feedforward and the corresponding tolerances. The analog feedfd
loop will introduce a variation in the duty cycle order to  |00p may partially compensate variations in r arginte it
attenuate the effect of the input-voltage ripplee Variation ~ uses V, as input variable (see Fig. 1). Nevertheless, its
of the parameters of LEDs (dynamic resistance, knedransfer function is optimized for a given value\. As a
voltage, light-current ratio) is defined by theiamming-up ~ consequence, its effect for different dimming staee.,
and, therefore, it is a slow process. Besidesyé#nation of  different values of ¥) is nothing but optimal (see Fig. 3).
the output voltage due to dimming (i.e.e)vhas slight Digital control is a perfect candidate in this apgtion in
requirements regarding dynamic response. LED lacgms Order to reach the maximum ripple rejection. Duethe
be then considered as very slow load. Therefore dity ~ complex expression presented in (8), the most Ideita
cycle defined by the feedback loop can be consitleredevices for implementing the feedforward loop aRGRAs
constant in each r|pp|e period a|th0ugh it may gqaﬂﬂong or DSPs. Nevertheless, including this kind of desidn
time in a very slow way. LED drivers may be excessively expensive due toctyet
The value of the g{t) can be easily obtained from (4) and limitation in many lighting applications. On thehet hand,
(6) Cance”ing the effect of the input Vo|tage ﬁmpas the inclusion of a |J.C in LED drivers is a more exted

follows: practice due to the new range of functionalitieat thre
4N, D_-(=D_) being included in them (communication under DALI

1—\/1— S \"/"m e @) standard, dimming depending on the amount of ligbyr

dy, (t) = O-rom and/or presence of people, etc.). Therefore, tlupgmed

2 ' digital feedforward loop will be specifically desied for its

The duty cycle variation that should be introdubgdhe implementation in a pre-existing pC. The main peais
feedforward loop can be obtained from (4), (6) @fd that the design will have to face are mainly two:

\/1_ 4\, Dy & Do) e The calculation of (8) in a reasonable period wfeti
d, (t,\,,r.f)=

Vo nom is impossible for a low-cost uC. Therefore, look-up
2 - tables will be the most suitable option.
, (®) * Memory is limited in this kind of devices. Theredor
\/1- 4'V0.'Dnom'(1_ Dom ) the number and size of the look-up tables will have
~ [1+r-sin(2-2:f-4) Y o to be thoughtfully analyzed.
2 It should be taken into account that the objectbie

which representsydas a function of the input voltage ripple, implementing the feedforward loop in a low-cost d@es
the output voltage and the line frequency, whica tre not prevent it from being used with FPGAs or DSPs.
main variables that define it. In the next section, the proposed feedforward Mitipbe
Fig. 2 shows the optimum duty cycle variation thatdescribed. Nevertheless, the optimization of itsigig
should be introduced by any feedforward loop (eiqnat trying to minimize the output-voltage low-frequenggple
(8)) and also the duty cycle variation generatedtiy  Will be presented in section IV.
analog feedforward loop proposed in [22]. The tfans
function of this loop is linear and it uses theusioidal I1l. LOW-FREQUENCY RIPPLE ATTENUATION TECHNIQUE
input-voltage ripple as input variable (see Fig. Ap a Fig. 4 shows the schematic of the proposed control
consequence, its output signak ds also sinusoidal. I_ﬁ"snection VIl presents a simplified block diagrantiué code
Nevertheless, as can be seen in Fig. 2, the optimumyniemented in theiC). For the sake of simplicity, the
v_vaveform is not sinusoidal. Therefore, it is easysee the  taagback loop is not included in the because the duty
first problem of the analog feedforward loop. Evehen .y qje g defined by this loop can be considered constant in
the gain of this loop is different for each halfipe (see  g5ch period of the ripple and, consequently, dagsfiect
[22]), there is going to be a mismatch with theimpin

waveform of g(t), as shown in Fig. 2. This mismatch leads A&’;’
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Fig. 2. Representation of(@) according to equation (8) (optimum

feedforward) and according to the analog circuippsed in [22]
(analog feedforward). f3=0.33, \b_non=21 V, r=0.1.
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0.002 0.004 0.006 0.008 t(s)
Fig. 3. Output voltage ripple for different dimmistates when the
analog feedforward loop is use@el=0.33, Vb non=21 V, Vin non=385
V, r=0.1, n=0.177, n=0.07.




the feedforward loop analysis. Moreover, the feeilaop

is not fast enough to be affected by the changesduaced
by the feedforward loop (this is represented byldhepass
filter that senses the output voltage in Fig. 4erefore, the
stability of the system (provided by the feedbaotpl) is
not affected by the digital feedforward one. In amal

implementation, both loops can be easily includethepC

code.

In broad outline, th@C converts both the average output
voltage (set by the feedback loop) and the inplicge
ripple (sensed with a band-pass filter and a pedtage
detector) to digital format @/apc and Fkpc). Both
conversions are carried out by the standard artalaligital
converter (ADC) that most of theCs include. The.C also
senses the ripple frequency by detecting the zeyssing of
the sensed input-voltage ripple. This detectiop$dhepC
to generate a feedforward signal synchronized \tlith
ripple. Depending on the value of these three bée& the
feedforward loop will choose one of the look-up lésb
Each of these tables stores the information neeted
compute v« for different grid angle intervals (i.e., for
obtaining the y# waveform during a ripple period).
Obviously, the values stored in each table haven lpre-
calculated according to given conditiong(V,.c).

Each look-up table stores;Nalues (fromt; to Tyy).

T
chﬁ (tx) = —XIVPWMiuC
PWM_uC ,
where \bwm uc and Tewm uc are the amplitude and the
period of the PWM signal generated by the uC. Qlmslig
the frequency of the PWM module of the uC has to be
considerably higher than the ripple frequency.

From Fig. 4, it can be easily seen that:

©

dy == (10)

Vm 1]

where \f, is the amplitude of the sawtooth waveform of the
converter PWM (different from the pC PWM module).

According to (8), ¢ depends on the output voltage Vo,
the line frequency f and the input voltage ripple r
Therefore, v« also depends on these variables. As a
consequence, it is mandatory to have different gk
tables for different values ofd/f and r. As the number of
possible look-up tables{Ns limited by the size of the uC
memory, a reduced number of look-up tables cantdred
init:

N; =N, NN, (11)

Ny being the number of tables calculated for differen

values of \4 and constant values of r and f, being the
number of tables calculated for different valuesraind

These values are used in combination with the PWMconstant values of ¥ and f, and Nbeing the number of

module of the uC (different from the PWM moduletbé
converter) in order to construct the requiregyvsignal.
Each valuet, of the look-up table defines a certain duty
cycle of the pC PWM module. The output signal dfth
module, ¥ # pww i filtered and its average value i vin
the feedforward loop (see Fig. 4):
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Fig. 4. Schematic of the proposed control (feedémdaoop).

tables calculated for different values of f andegiwalues
of r and \6. Actually, the variations of the line frequency,
and consequently, of the ripple frequency, aretéthby the
corresponding regulations. Therefore, they are sergll in
practice and its influence in the whole analysigdsy low.
As a consequence and for the sake of simplicityca be
considered equal to one. Therefore, (11) becomes:
N; =N,-N,, 12)

The memory of the uC is then organized as an afay
look-up tables, as shown in Fig. 4. This array s
columns and N rows. Each column (e.g., column j)
corresponds to look-up tables whose valuag (@re
calculated from (8), (9) and (10) for a given vahfeVg
(e.9., Mic ). In the same way, each row (e.g., row i)
corresponds to look-up tables whose values araileddcl
for a given value of r (€.0u¢ ).

Finally, the available memory size M must verify:

M =N;-N, =N,-N -N,, (13)

IV. OPTIMIZED DESIGN OF THE FEEDFORWARD LOOP FOR
LIGHTING APPLICATIONS

In this section, the optimization of the digitaéédforward
loop will be presented for the particular case ighting
applications. This optimization is focused on radgmnly
the ripple that produces harmful flickering, moviiigo a
frequency range that does not affect human’s health

It should be taken into account that the valuegoand r
have to be sensed by the pC. This means that talogto-
digital conversions have to be carried out (asbeen said,
the resulting values of the ADC that correspond ¢oand r
are Vp_apc and kpc, as presented in Fig. 4). Due to the slow
variations of these variables, each conversionbeacarried
out once in each period of the ripple (half thee liperiod)
and the resulting values can be used in the cdicoland
construction of the wholegdwaveform that is going to be
used in the next ripple period.

Every conversion involves an error due to the kahit



resolution of the ADC (i.e., quantization noise)s Will be dr o
r=Fmax |

explained, this error can be neglected in thisipagr case 0.1} Vesy L dif(t,Vo,r)
due to its small magnitude in comparison to otloerses of oo
error derived from the simplified design of the posed
feedforward loop. o
The first important error is due to the fact tHat humber
of look-up tables that can be stored in the pC mgnmo
limited to N-Ny. That means that only,Nalues of input- 0:002 0.008 0:006 0.008 )
voltage ripple and N values of output voltage can be Fig. 6. Errc.)rinddue tc; tabulation.ofrandoVD-an:O.SS,
discriminated. The mathematical representatiorisférror Vo ror=21 V, 1=0.1.

can be expressed as (see Fig. 5):
Vp v ( 9-5) later). This figure shows the discrepancies between
ZOE\IW +—O-MXr5und Iow{ O—ADC.N] (14) dx(t,Vo,r) and @(t,Vc ruo) due to the finite number of look-
N, ’

6 max up tables. In this example, the amplitude @ft¥o,r) is
higher than the amplitude ofz@,Vcr.c) because . is
-] fiz= )

0.05

di{tuc, Vi ruc)

-0.05 dﬂ(t;VuC;ruc) {ruc=rmax'evuc

VuC=V07max'eVuC
1 1 1

Vi =

:rm_ax+rm_aX.round lo (15) lower than r (seeRn Fig. 5).

. - As has been already explained, the pC will choosedd
the look-up tables according to the value @t¥nd [c in
order to build the signalgdduring the grid period. The way
the signal is built has also been explained anohsed on
the use of the PWM module of the uC. Each vajuef the
look-up table will define the value of y during a certain
period of time T It can be easily seen thatF1/(2-f-N).

Frax

where V¢ and [ are the values discriminated by the pC
according to the look-up tables defined in theaysand to
the digital variables ¥ apc and kpc. Round_low represents

a function that provides the greatest integer lothan the
argument. The maximum error in each variable ie @&en

Fig. 5): : !
v As a consequence, ¥ is made of a series of echelons or
By = (16) steps (seeqdt,c,Vucruo) in Fig. 6) whose length depends on
2N, the size of the look-up table {N A discrete time variable
e - Tnax an t,c can be defined according to this explanation:
ruC 2. Nr tuC = n'TAC (19)
Considering realistic values of M and taking inte@unt  where n changes from 1 tq.NFrom (18) and (19):
(13), the quantization noise due to the ADC can be 4V.D (D)
disregarded and only the error due to the limitaldi& of N \/1— uc_“nom nom
and N, (eyuc and g,¢) is going to be considered. d(t. Vo r)= Vo nom
In order to take into account this first sourceeabr, Vo fiAuer TuC e 2 (20)
and r in (8) must be replaced withMand [.c. ) 4V Dy, (= Do)
1—4\/‘lC %"m (= Dion ) [1+ ruc-sin( 2n-2-fh[3)} Y nom
de (t, Ve re) = 2°-”°'“ 2
(18) Obviously, the higher N the shorter each echelon and
1- 4V 'Dyon( Don) the higher the accuracy. Besides, the error dtieetdimited
[1+ruc-sin(2r[-2-f-t} ¥ om number of look-up tables is already included in)(a#4d
- 5 — (15) and, therefore, in (20). Hence, it mathemdtica

describes the two sources of error that have tmken into
account (see Fig. 6).

The value of gl(t,Vo,r) according to (8) (i.e., the desired From (3), (6), (7) and (20), the effect of the tiyi

evolution of ¢ to ideally cancel the ripple) and the value of : .
de(tV,atud according to (18) (ie., the evolution of d Lexepdrl;osrs\f\éa:jris.low in the output-voltage ripple cae b
obtained so far with the proposed method) have been (Vv r.):V [1+ rsin(zn-200) - 5 )
represented in Fig. 6 fft,cVucruo) will be explained O HE Tuerued T Tin o )
e[ T T T T T T T T 1 '[dfb O+ d (tc Ve e )][1_( ¢ O d (& Yk )}’
(%) Py = Fig. 7 shows the output voltage when no feedforward
8| €ruc 4 loop is implemented, when only the first sourcesobr is
L i considered (N-o0) and when both sources of error are taken
6 i into account (N=12). As can be seen, the second and the
LN / | third waveforms are equal in average value, thieminhce
/ are the echelons that the third one presents.
/ Before calculating the optimum number of,NN, and N
B step 7] for a given value of M, it would be interesting compare
T / N the proposed digital control and the analog comiroposed
2 . . .
= . in [22]. In Fig. 8a, the resulting output voltager fboth
I Y T Y O Y methods is shown when dimming is applied and thpuiu

(21)

N

2 4 6 8 2"/‘"): voltage is reduced to 80% of its nominal value.cAs be
Fig. 5. Representation of the influence of the seen, the ripple in the case of using the digtatforward
low number of discrete values of r whep=Al loop is due to the two aforementioned reasons.

and ra=10%.



V) ' ' ' ' loop. As a consequence, this loop can be implerdeinta
Vo without feedforward small-size pC while obtaining better results thathwhe
analog one for the whole duty cycle range (i.emrding
range). This idea is valid not only for the AHBGoposed
in this paper, but also for any other converterduseLED
lighting applications and with a non-linear tramdfenction.

As has been said, only the harmonics that may taffec
human’s health should be taken into account (iedevant

Vo with di(t,rue,Vic )

Ny=o0

Vo with di(t,c,ruc,Viuc)

N =12
A ‘ 1 flickering). Therefore, only the harmonics belowlimit
frequency {f will be considered in the ripple/flickering
! ! ! ! analysis. Nevertheless, human eye does not belawan a
0.002 0.004 0.006 0.008 Hs) ideal low-pass filter with an infinite slope whemetcut-off
e e v oy Tequency (ie. ib) s reached. Human eye is a complex
ar;f g\:ror and v?/ithpboth)- Qi=0.33,vc>nom=21 V, Vin noni=385 V, SyS_tem and, _Consequ_emly, an analy_3|s in whicherdifft
r=0.1, 1,=0.177, ,=0.07 - weights are given to different harmonic componestisuld

be carried out. This especial treatment to fliakgfin LEDs
is the result of the fast response in convertinecteical
energy into light. As presented in [32] and [33ie tuse of
LEDs in lighting makes the redefinition of flickeg

?analysis something mandatory. Unfortunately, altffothe
first steps have been taken in this direction, ghiernot a
precise regulation regarding flickering in LED ligig yet.
Besides, the purpose of this paper is not providingalue
for these weights, but to compare the results nbthiwith
the analog loop and the results obtained with tlopgsed
digital one. Therefore, to ease this comparisoh, ttaé

weights will be equal to one for frequencies lowen f,.

Although this is considering the human eye as aalitbw-
pass filter, it is also the worst situation for ttigital loop
analysis.

The situation depicted in Fig. 8 turns into the shewn
in Fig. 9 when only the harmonic components lowent
fint are taken into account. As can be seen, now thdtse
obtained with the digital feedforward loop are ddesably
better than with the analog one, even when dimmsngpt
applied. The reason is that with the digital lodp the
strong harmonic components are placed in a frequenc
range with no associate flickering problems. Nehadss,
this can only be achieved when the variablgsNy and N
are wisely chosen.

Once the digital loop has proven to be more effecti

Nevertheless, this ripple is considerably lowernththe
ripple in the case of using the analog one. In lgs$ case,
the ripple is due to the difference between theaye value
of Vo used when tuning the loop and the actual averag
value of \p. Nevertheless, when the value of V6 the
nominal one, results are not so easy to analyzecafssbe
seen in Fig. 8b, when the value of ¥ the one used in the
design of the analog feedforward loopo(Vor), this loop
seems to offer better results, mainly due to thek laf
echelons in its glsignal. Therefore, at first sight, the analog
feedforward loop is better in nominal conditions.
Nevertheless, dimming is a very common feature rig a
LED driver. Besides, it should be taken into ac¢dbat the
purpose of any feedforward loop in this kind of kgations

is not exactly reducing the output voltage/curmgople, but

to reduce the light flickering that may affect hurea
Hence, it is acceptable to have high-frequencyleigpe.,
high-frequency flickering) in the emitted light bg as it
does not affect human’s health. In fact, this ie tHea
beneath the widely-used PWM-mode dimming used iB LE
lighting [3]. Therefore, the purpose of the propmbskgital
feedforward loop is not providing a constant output
voltage/current to the LED lamp, but to translatetlae
flickering to a frequency range that does not affeople.
With this straightforward approach to the flickeyin
problem, it is possible to simplify the digital tHerward

Vo (V) (only components below fi,)

VO T T T T ' .
o, 80% Full load
V) i Without 80% Full load | 161
feedforward Digital
16 Digital 15 | feedforward -
fim:=400 Hz
15 feedforward 1l Analog Imt i
14} - feedforward
feedforward
0.002 0.004 0.006 0.008 t(s) 0.002 0.004 0.006 0.008 t(s)
a) a)
Vo Vo (V) (only components below fi,,)
T T T T T T T T
(\1R Full load | Full load (no dimming)
Without o dimming) . Digital
21 feedforward Digital 7] feedforward
feedforward 19.8+ —
20 fimt=400 Hz
19 19.6 .
18 feedforward 19.41 Analog |
. . . . feedforward
1 1 1 1
0.002 0.004 0.006 0.008  tls) 0.002 0.004 0.006 0.008  t(s)
b) b)
Fig. 8. Output voltage without feedforward, withedog feedforward Fig. 9 Output voltage with analog and digital feedforaan this case
loop and with digital feedforward loop when a) dimmis applied only harmonics belowf=400 Hz (relevant harmonics) have been
(Vo=80% of Vo _nom); b) no dimming is applied. &~=0.33, Vb _nonm21 taken into consideration..5=0.33, V6 _noni=21 V, Vin nonri=385 V,

V, Vin non=385V, r=0.1, 1=0.177, 5=0.07. r=0.1, n=0.177, p=0.07.



than the analog one, the proposed design guidelirtee
digital feedforward loop will be presented by meafisan
example. In this example, the AHBC has an inputagd of
385 V with a maximum ripple of 20% (peak to pead),
output voltage of 20 V and a nominal power of 40 Wie
turn ratios of the transformer are 0.177 and OrQ7a0d n
respectively). The nominal duty cycle is 33% aneé th
memory size available for storing the look-up tabis
1lkword. The frequency limit,.f, is set at 400 Hz. This is a
common frequency for PWM dimming because it is
assumed to be far from the frequency range thatiésp
harmful flickering.

The final purpose of the design guideline is oping
the value of the three variables involved in thérikon of
ds (Nv, N;, N;) for a given value of M. For doing that, (13),
(14), (15), (20) and (21) must be taken into actolihe
design should be based on the analysis and reduatithe
relevant output-voltage ripple (i.e., only the hanits
below f,,) for the worst possible situation. That means
considering always the greatest possible errorg inand
ruc When selecting the most suitable look-up table (Seg.

5 and equations (15) and (16)).

The optimum value of Ncan be obtained considering
that it has to assure that the first strong harmoamponent
of the resulting output-voltage ripple has a fregpehigher
than f,. Besides, as can be seen in Fig. 6, when the zer
crossing of the input voltage ripple (positive @gative) is
centered in one of the steps @figlthe value that should be
introduced by the feedforward loop is zero. By makihe
first and last steps half the length of the respst(see Fig.
6), the corresponding zero-crossing will be alwegstered
in the step that both half-steps conform. As a equence,
this value of the look-up table is always zero ahdt
implies that, actually, there is no need of storibgThis
reduces the size of all the look-up tables stomedhie
available memory, something very important due t® i
small size.

Due to the proposed digitalization and implemeatatf
V¢  the harmonic analysis obshows that the frequency
corresponding to its first strong harmonic compdnen
(fsrong 9 Satisfies:

fstrong 1:(Nr _1)2f

For instance, when N6 and f=50 Hz, thenyfong 1is 500
Hz and, consequently, higher thgp=400 Hz.

From (22) and taking into account that N an integer
value, the optimum value of ;Nthat guarantees that
fstrongf]?flmt is:

(22)

f

— _Imt
T_opt

+2:f
+
2f
The relative value of the output voltage ripplegfp¢o-
peak value) when only the
considered can be obtained from (21). This value been
labeled as  _relevant (different from r, which represents the
input voltage ripple) and it has been represemtelig. 10
as a function of K (defined as =Ny/N,) for the
aforementioned worst situation. As can be sees, fiure
validates the previous optimization of,Mis the minimum
value of [, relevantiS Obtained when Nsatisfies (23) (i.e., in
the proposed example#6 because =400 Hz). Besides,
this figure shows that the optimum value @fik around 4
for this particular example. It should be takeroiatcount
that this optimum ratio varies depending on thei@aif the
variables that define the equations used in theigdes

(23)

1

relevant harmonics are

process. For instance, a reduction in the nominplt
voltage ripple will increase the value of the optimky as

the value of the optimum Nvill decrease. In other words,
the lower the maximum input voltage ripple, the éowhe
value of N for obtaining the same accuracy in the process
of selecting the most suitable look-up table.

Fig. 10 also clearly shows that the influence qf il
considerably higher than the influence gf Khis will be
deeply discussed in section V.

To sum up, this example shows the way the proposed
equations should be used for optimizing the digital
feedforward loop of any design. The resulting fegimill
allow us to decide which the most suitable valueBlQgp
and Kk o are. Once they are determined, i and N op
can be easily calculated with (13).

V. EXPERIMENTAL RESULTS

A prototype has been built in order to verify the
mathematical model (see Fig. 11). The nominal irgod
output voltage, as well as the nominal power gxg385 V,
Vo=20 V and P=40 W. The transformer is built with an
ETD34 core and the output inductor with an E30 coleir
inductances are 3.1 mH (magnetizing inductance) &hd
MH, respectively. The turns ratios of the transferrare
0.177 and 0.07. The output capacitor is implementitld 6

kP capacitors of 3.7 pF each. The input capacityes

270-nF MKP ones. The digital feedforward loop is
implemented in a PIC12F683 pC from Microchip. Ist@&
pins and 2 kwords of program memory (Harvard stmt
One kword is left apart for housekeeping code ama t
feedforward code (PWM, ADC, etc.) and the othembid

is used for storing the look-up tables.

In Fig. 12, the influence of Ns analyzed. Therefore, for
the sake of clarity W and N are forced to be equal. The
three figures include the results obtained with the
mathematical model (both, considering all the harimo
components and only those located at a frequenagrlo
than f,). As can be seen, the predicted results
(mathematical model) are close to the real ones. dily
significant differences occur when the signgl gkénerated

|'vcn_relevant

fime=400 Hz
r=20%
0.1 M=1024 kwords
N.=5
—
0.075 4
0.050 -

0.2 04 0.6 1 3 5 7 kn

Fig. 10. Peak to peak value of the relevant ripiedifferent values of k
when the available memory is 1 kword.

Fig. 11. Photograph of the prototype.
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Fig. 12. Output voltage ripple (experimental resaihd mathematical
model) when a) M=N,=12, N=7; b) N,=N,=13, N=6; c) N)=N,=14, N=5.
In all cases, M=1024 words ang#£400 Hz

by the feedforward loop changes from one valudn¢ortext
one. The mathematical model does not take intolatdhe
dynamic of the output filter and, as a consequetice,
variations of the output voltage in the model adétke bit
faster than in the prototype. Nevertheless, thifeince is
very small. Therefore, the mathematical model isdased
and can be used for optimizing the digital feedfanmivioop
as has been explained in previous sections. Aseaseen
in Fig. 12c, when the number of different values)(bsed
in the construction ofdis lower than f/f+2 (N;=5 in this
case), at least one strong harmonic componentvsrithan
(or equal to) f; and, consequently, the amplitude of the
relevant ripple is higher than in Fig. 12b or Figa. On the
other hand, the amplitude of the relevant ripplé-ig. 12a
is slightly higher than in Fig. 12b. In this casiee reason
can be found in the lower value of,dnd N (both equal to
12), which makes the error when sensing the inptigisles
greater. Besides, the advantage of a higher vafubl;o
(N:=7) when N=N,=12 is not a real advantage as the
relevant harmonic components are already higher fhan
Fig. 12b, when N is equal to 6 (and N=13).
Nevertheless, it should be mentioned that thisediffice is

N, can be seen when comparing both figures. In tiber]an
which the values of Nand N are not the optimum ones,
the ripple is 50% higher than when these two véemlare
optimized.

In Fig. 14, the output voltage ripple is shown when
dimming is applied and the optimum values af, NI, and
N, are chosen (i.e.,J&28, N=6 and N=6). As can be seen,
the proposed digital feedforward loop reduces tipple
under any dimming condition as it adapts its oufgghal
(dk) to the operating conditions. Moreover, the effeicthe
non-linear transfer function has no effect as thkewation
of the values stored in the look-up tables of thgital
feedforward loop always takes this into accountisTh
represents the main advantage of the proposed ilwop
comparison to the standard analog one (even witardnt
gains for each half period of the ripple, as exmdi in
[22]).

Finally, Fig. 15 presents three different outputtages
for three different input-voltage ripples. The auttpoltage
is shown including the dc value in order to clearbyrify
that the proposed digital feedforward loop effesiyv
reduces the output-voltage ripple. As can be shengutput
voltage is nearly constant, even considering athioaic
components and not only those located at a frequiemer
than f.

VI. CONCLUSIONS

The AHBC has proven to be a promising option as
second stage of any two-stage ac-dc LED driver (in
comparison to other topologies, such as the Flyback
converter). Its only drawback is its poor dynamgsponse
due to the resonance between the magnetic indwctahc
the transformer and the input capacitors. This gablem
when the feedback loop has to compensate the effabe
low-frequency ripple that appears in its input agk. The
solution proposed in this paper is the implemeotatf a
digital feedforward loop in a small-size pC. Due tte
limited size of the available memory and the limidas in
the mathematical operations that the uC can cartythe
proposed feedforward loop is based on cancellingthdhe
ripple, but only the one that may lead to harmfigk&ring.
With this specific design the feedforward loop che
strongly simplified, although it has to focus orsues

very small. Therefore, a very important issue whengifferent from the traditional ones (e.g., the dimation

optimizing the feedforward loop is always takingtoin
account (23) so that the strong harmonic componargs
always higher thanf and, consequently, outside the
harmful-flickering range.

In Fig. 13, the influence of Wand N is studied.
Consequently, the value of s the optimum one. In Fig.
13a, the values of Nand N are the optimum ones while in
Fig. 13b they are not. The relevance of optimizigand

Fig. 13. Output voltage ripple (experimental andheeatical model) a)
when N,=28, N=6, M=1024, §,=400 Hz; b) under same conditions but
Ny=6 and N=28.

noise can be disregarded). The proposed feedforwapdis
based on look-up tables. The first key point in dlesign is
calculating the number of different values storadthese
tables. This number should assure that the regultin
harmonic components are not going to generateefliog in
a frequency range that may affect humans (e.g.nwhe

Mathematica

Z.. Mathematical
model (%f.mt)

Fig. 14. Output voltage ripple (experimental andhmenatical model)
when N,=28, N=6, N.=6, M=1024, D=0.22 and.§=400 Hz



Vi (ripple) -

g)

h)

i)

Fig. 15. Output voltage (dc+ac) and input voltagele when N=28, N=6, N=6, M=1024 for different values of input voltagpple
and output voltage.

harmful flickering is limited to frequencies lowdran 400
Hz, the optimum number is six). The digital loojpds, as
input variables, the input voltage ripple and thesrage
output voltage. The second key point is then dedjrihe
number of different values that the loop can disgrate in
these two variables. Experimental results show that
proposed digital feedforward loop presents a lovijgple
than the analog one. This improvement is more rkatme
when dimming is applied; situation in which the ithg
feedforward loop still reduces the ripple nearlygévo while
the analog one, rather than reducing it, increses

VII. ANNEX

A simplified block diagram of the code implemenied
the uC is shown in Fig. 16. As can be seen, itesponds to
the explanation given in section IIl.

After the configuration of all the pins and peripdis that
will be used, the code of the digital feedforwandp waits
for a zero-crossing in the input-voltage ripplestart. At the
beginning of each ripple period, the LUT that vii# used
during this period is selected according to theueslof i
and j. These values are defined according to tiseltse

obtained in the previous ripple period from the AD

conversion of the input voltage ripple and outpattage.
Also, the variableg andCount are set to zero.

The selected LUT, along with variabtdactually,x is the
index of the LUT), is used to obtain the valuetpfa full

description of this concept is provided in sectiih This
value is used to define the duty cycle of the PWidnie
of the pC, which will define the feedforward-loofyrsal
once it is filtered (see Fig. 4b).

Every time a period of the uC PWM module is findhe
(different from the PWM module of the converteryyiable
Count is incremented and compared @unt_limit. This
allows the system to identify when the duty cydi¢he uC
PWM module has to be updated with a ngWaccording to
X, which is also incremented); in other words, wtbka
signal of the feedforward loop has to change.

When the input voltage ripple reaches its peakeyate
system launches an AD conversion of this paraméter.
should be taken into account that a peak detector i
implemented in the hardware, so the conversion cho¢s
need to be precisely launched when the peak ofiipte
takes place. As can be seen, the ADC interruptvallthe
system to update the value of i and j, which wél used at
the beginning of the next ripple period in ordesédect the
LUT that will be used.

Finally, it should be said that the system als@ckstthe
end of a ripple period and restarts the generatibihe
feedforward signal.
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