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Controlled Single-Inductor Dual-String Buck LED
Driver to Multiple Strings
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Abstract—There has been growing interest in single-inductor
multiple-output (SIMO) dc—dc converters due to its reduced cost
and smaller form factor in comparison with using multiple single-
output converters. An application for such a SIMO-based switch-
ing converter is to drive multiple LED strings in a multichannel
LED display. This paper proposes a quasi-hysteretic finite-state-
machine-based digitally controlled single-inductor dual-output
buck switching LED driver operating in discontinuous conduction
mode (DCM) and extends it to drive multiple outputs. Based on
the time-multiplexing control scheme in DCM, a theoretical upper
limit of the total number of outputs in a SIMO buck switching LED
driver for various backlight LED current values can be derived
analytically. The advantages of the proposed SIMO LED driver
include reducing the controller design complexity by eliminating
loop compensation, driving more LED strings without limited by
the maximum LED current rating, performing digital dimming
with no additional switches required, and optimization of local bus
voltage to compensate for variability of LED forward voltage Vi
in each individual LED string with smaller power loss. Loosely
binned LEDs with larger Vr variation can, therefore, be used for
reduced LED costs.

Index Terms—Boundary conduction mode (BCM), discontinu-
ous conduction mode (DCM), finite-state machine (FSM), single-
inductor dual-output (SIDO), single-inductor multiple-output
(SIMO).

1. INTRODUCTION

N LED driver is essentially a current source (or sink)

which maintains a constant current required for achieving
the desired color and luminous flux from an array of LEDs. A
number of highly efficient switching LED drivers have been re-
ported in the literature and their primary objective is to achieve
high power conversion efficiency [1]-[11]. Besides efficiency,
another important consideration is the scalability of the exist-
ing single-inductor dual-output (SIDO) switching converter to
drive multiple independent LED strings in a single-inductor
multiple-output (SIMO) topology for reduced cost and smaller
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form factor [12]. However, in practice, only a finite number of
outputs can be served by each LED driver.

The prior arts of SIMO switching converter use either one of
two ways to distribute energy from a single power supply to mul-
tiple outputs with a single inductor, namely multiple energizing
phases [13]-[20] and single energizing phase per switching cy-
cle [21]. The former with time-multiplexing control leads to
much better suppression of cross regulation because the out-
puts are decoupled in time. In this paper, a quasi-hysteretic
finite-state machine (FSM)-based digital control scheme is em-
ployed in a SIDO buck LED driver consisting of two inde-
pendent parallel strings operating in discontinuous conduction
mode (DCM). The extension of this SIDO architecture to SIMO
is formally investigated. The proposed SIMO-based switching
buck LED driver enables separate control of the three primary
colors (red, green, and blue), thereby offering more flexibility
for color mixing. The rest of this paper is organized as follows.
Section II introduces the proposed quasi-hysteretic FSM-based
digital controller for a SIDO switching buck LED driver oper-
ating in DCM. Section III provides a theoretical analysis on the
scalability of the proposed digital control scheme from SIDO
to SIMO and suggests a general formula for determining the
theoretical upper bound in the total number of outputs in SIMO.
Section IV shows Cadence Spectre simulation results that are
used to verify the theoretical model. Section V contains the ex-
perimental results for the proposed digitally controlled SIDO
buck LED driver. Section VI concludes our research effort.

II. QUASI-HYSTERETIC FSM-BASED DIGITAL CONTROL
FOR SIDO LED DRIVER

A SIDO switching converter with time-multiplexing control
scheme operating in DCM was first reported in [13]-[16]. With
such kind of time-multiplexing control scheme, a SIDO con-
verter can easily be extended to drive multiple outputs and it
exhibits negligible cross regulation in DCM. A SIMO parallel-
string LED driver operating in DCM has recently been re-
ported [12]. It uses an analog-based controller with dominant
pole compensation for stability, and time-multiplexing control in
DCM is employed to suppress cross regulation among the LED
strings. Unlike conventional pulse width modulation (PWM)-
based analog controllers, the proposed digital controller uti-
lizing quasi-hysteretic control does not require any compensa-
tion circuits because of its inherent stability [22]-[24], hence
simplifying the control loop design and reducing the com-
ponent count and cost. Quasi-hysteretic control offers a good
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Fig. 1. System architecture of the quasi-hysteretic FSM-based digitally con-
trolled SIDO buck LED driver.

compromise between traditional fixed-frequency PWM control
and pure hysteretic control with variable switching frequency.
In the proposed design, an external clock is used to synchro-
nize the buck LED driver which switches at a fixed frequency.
Fast comparators are used to control the on-time of the high-
side and low-side power switches by monitoring the inductor
current. This is particularly suitable for lighting applications
where variable switching frequencies are not desirable. The re-
configurability and scalability of a digital controller makes it
especially attractive for SIMO.

A major drawback of the previously proposed SIMO LED
driver operating in DCM [12] is that since the LED current is
discontinuous, the LED endures a higher maximum peak current
for the same average current required. In other words, the LED
could potentially be operating close to its absolute maximum
current rating, thereby increasing the current stress and possibly
shortening the operating lifetime of the LED. In their approach,
the LED current scales with the number of LED strings in SIMO.
Hence, the maximum current rating of the LED unnecessarily
restricts the maximum achievable number of LED strings which
can be implemented in SIMO. In the proposed design, the LED
current is always continuous and the LED can be regulated very
close to the target average current value which is much lower
than its maximum current rating. During the time interval when
the output switch is OFF, the output capacitor, acting as a con-
stant current source, continues to discharge its current to the
corresponding LED string. When the output switch is ON, the
power stage is reconnected to the LED string and the induc-
tor current is transferred to the output capacitor and the LED
string simultaneously. The current-sense feedback control en-
sures that the LED current is maintained at the desired dc level.
Hence, a time-continuous current is supplied to the LED string.
Consequently, the LED current does not scale with the number
of LED strings in the proposed SIMO architecture, making it
possible to drive more LED strings without inducing too much
stress on the LEDs. Fig. 1 shows the system architecture of the
proposed quasi-hysteretic FSM-based digitally controlled SIDO
buck switching LED driver which takes into account the para-
sitic effects including the dc resistance (DCR) of the inductor L
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and equivalent series resistance (ESR) of the output capacitors
(Coay Cop). The two independently driven LED strings share
the same inductor L and the two main power switches (.57, .S2)
of the buck converter. The output switches (.S, Sy) enable the
charge stored in the inductor to be distributed between the two
outputs in a time-multiplexed fashion. Dead-time generators
are used to eliminate shoot-through current by ensuring that
Sp and Sy are not turned ON simultaneously. Dead-times are
also introduced between S, and Sj, to prevent inadvertent cross
conduction between the two LED strings.

Since an LED is essentially a current driven device, an LED
driver typically regulates the LED current rather than its forward
voltage. A straightforward way is to insert a small high-precision
current sensing resistor (Rs., Res) in series with the corre-
sponding LED string to sense the LED current by converting it
to the current-sense voltage (Vegsa, Vesh ). The current-sense volt-
age is then compared with the reference voltage (Viefa, Viess ) to
generate the corresponding logic signals (outa_req, outb_req)
which determine the opening or closing of the two output
switches in a SIDO buck converter. Since the LED’s I-V curve
is usually provided by the LED manufacturer, the target dc cur-
rent value for a particular LED string can be set by choosing
an appropriate reference voltage. On the other hand, a two-limit
hysteretic control determines the on-time of the high-side and
low-side power switches (S1,S3) of the buck converter. The
upper and lower limits of the inductor current, namely the peak
current limit and the valley current limit, define the average
value of the inductor current which is the fotal LED current for
a SIDO buck LED driver. In DCM, the valley current limit is
set to zero to prevent the inductor current from going negative
which degrades the power conversion efficiency [12], [16], [25].
As illustrated in Fig. 1, R;C; is connected in parallel to the
inductor so that the slopes of Vzc are proportional to the in-
ductor current ramp-up and ramp-down slopes [26]. A small
resistor ladder is connected between Vi and ground in order
to generate a lower voltage signal V;z s.,,se Which falls within
the input voltage range of the comparator (CMP). Vi1 sense 1S
fed forward to the corresponding comparators to determine the
peak-crossing and zero-crossing of the inductor current. Fig. 2
is a simplified flowchart showing the system-level operation of
the proposed SIDO buck driver. Suppose identical current flows
through each of the two LED strings, also referred to as the
balanced load condition, the inductor current I, is assigned to
each string in alternate switching cycles. The working principle
of the proposed SIDO buck LED driver is represented by the
timing diagram shown in Fig. 3. During Dy,Ts or Dy, T, I,
ramps up with a slope of m; = (V, — V,)/L and the inductor
is charged with a voltage of V;, =V, —V,,, where V, and V,
represent the input voltage and the output voltage, respectively.
During D5, T or Do, Ty, I, ramps down with a slope of my =
—V,/L and the inductor discharges its current to the correspond-
ing output capacitor and the LED string until I, returns to zero.
During D3, T or D3, Ty, I} stays at zero with both S; and .S,
OFF. In the proposed SIDO LED driver, the system clock de-
fines the switching frequency. The rising edge of the system
clock triggers the ON duty cycle (Dy,Ts, D1bTy) by charging
up the inductor during which S; is ON and S, is OFF. The

124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180



181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

LEE et al.: SCALABILITY OF QUASI-HYSTERETIC FSM-BASED DIGITALLY CONTROLLED SINGLE-INDUCTOR DUAL-STRING 3

S, ON and S, OFF
S, ON and S, OFF

S, OFFand S, ON
S, ON and S OFF

S, ON and S, OFF
S, OFFand S, ON

S, OFFand S, ON
s, OFFand S, ON

= Iy _vaney 3
it valley current Jimit

les

S, OFFand S, ON
S, OFF and S; OFF
= 2

S, ON and S, OFF
S, OFFand S, OFF S, ON and S, OFF
S, OFF and §; OFF
1

Fig. 2. Simplified flowchart representing the system-level operation of the
proposed SIDO buck LED driver.

[ T. represents the swilching penod
Peak curréent limit

k=0- t
o Ta 2T, T, a7, T, 6T,
Iiepa
LED current in heoa =k,
the first LED string 1

L

Inductor current

LED curront in "T’" Ll hmemhes? I S S0 LR B (I A
the second LED string t
ot
5
High-side switch Byl DTy E I I i
1 2 DaTs DaTs
Low-side switch [ M M1 [ M i
I Duts Dats
Output switch for i i "
the first LED string ! : I | I ;
Su i
Output switch for i F 1 H H
the second LED string | |: '| l: l |
) 27, ETA A A o7, ;

Fig.3. Timing diagram of the proposed SIDO buck LED driver with balanced
load operating in DCM.

inductor current continues to increase until it hits the peak
current limit at which point the buck converter enters
(D9yTs, Doy Ty) where Sy is OFF and Sy is ON. The induc-
tor discharges its current to the corresponding output until the
zero-crossing of the inductor current is detected. The converter
then enters the idle phase (D3, Ts, D3, Ts) during which both
Siand S, are OFF. The inductor current remains at zero until the
next rising edge of the system clock arrives and the switching
sequence repeats itself. The two output switches (S,, Sy) are
controlled by the FSM as shown in Fig. 4.

The state machine is triggered by the rising edge of the sys-
tem clock (sysclk) so that the transitions of the output switches
(S, Sy) are in sync with the system clock. The input signals
of the state machine are the output enable signals (outa_en,
outb_en) and the output request signals (outa_req, outb_req)
which determine the switching sequence of the two outputs. The
first LED string is always given a higher priority over the second
one. For instance, if both strings request service simultaneously,
i.e., outa_req = 1 and outb_req = 1, S, is turned ON first and
Sy remains OFF. S}, is turned ON only when outa_req = 0

sysclk_[ AND jouta_en = 1) AND fouta_req = 1)

sy.sco'»r_r\\\
AND ™
fouth_en= 1)
AND \ syscik_f
fouta_req = 0) AND

syscik = "
AND »;ND ) 4 rmai;\"?oq -
out =1 ol reg2 1}
a_req 51 52 foutt_reg = 1)
—_— . K_w“ 1 N
2 reset = 0,
syscik, / syscli,
Reset
AND - -— AND
(fouta_en = 0) AND (outd_en=0)) .sysc.'l-_r syscu‘n'f_]— {fouta_en = 0) AND jouth_en = 0j)
AND TEmel| =0
outa_en =1 ol an =
Idle
[ stte | ouputswics, | —owput i
Reset oN OFF
s1 oN OFF
52 OFF ON
Idle OFF OFF

Fig. 4. State diagram of the proposed FSM for controlling the two output
switches in SIDO buck LED driver.
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Fig. 5. Simulated steady-state waveforms for the proposed SIDO buck LED
driver operating in DCM.

and outb_req = 1. S, and S, must be nonoverlapping to avoid
undesirable cross conduction between the two LED strings. In
addition, an enable signal (outlen, out2en) is associated with
either of the two LED strings. It provides the option of shut-
ting down any or all of the LED strings, for example, in re-
sponse to an overcurrent fault condition. An overriding signal
can also be sent from the FSM to the hysteretic controller to
disable the high-side and low-side power switches accordingly.
The FSM-based controller can be modified quickly and conve-
niently to drive multiple LED strings in a SIMO configuration
by simply adding more states in the VHDL or Verilog code.
A mixed-signal macromodel of the proposed FSM-based digi-
tally controlled SIDO buck switching LED operating in DCM
is simulated in the time domain using Cadence Spectre [27].
The FSM is modeled in Verilog RTL and the rest are modeled
as ideal circuit elements. The simulation model also incorpo-
rates parasitics such as DCR of the inductor L and ESR of the
output capacitors (C,,, Cyyp). For balanced load condition, the
current between the two LED strings is identical and each string
consists of rwo LEDs connected in series. First, the steady-
state performance is investigated. Fig. 5 contains the simulated
steady-state waveforms for the inductor current (1), the LED
current (Igpa, ILED ), and the four switches (S, S2,S,, Sy)
of the proposed SIDO buck LED driver operating in DCM. The
switching frequency is 156.25 kHz and the input voltage V, is
15 V. The simulation results show that the LED current in either
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Fig. 7. First LED string remains under regulation without cross regulation
despite a reference step in the second LED string from 100 to 50 mA in 20 ns.

of the two strings is regulated successfully to the target steady-
state dc value of 100 mA with a current ripple of 23\%p.p.
The steady-state output voltage for the first and second LED
string is approximately 6.48 V with a voltage ripple of 2.6%p p.
Second, the stability of the closed-loop system is verified by
examining its dynamic performance. In the first scenario, the
second LED string needs to be shut down instantly in response
to an over-current condition. Fig. 6 shows that despite the im-
mediate shutdown of the second LED string, the LED current
I Ep, in the first LED string continues to be regulated success-
fully at its target nominal value of 100 mA with minimal cross
regulation. In the second scenario, the second LED string expe-
riences a reference step of 50 mA, i.e., It gp; transitions from
100 to 50 mA in 20 ns. Fig. 7 shows that the current in the first
LED string continues to be regulated at around 100 mA, virtu-
ally unaffected by the sudden reference step in the other string.
The second LED string settles to the new nominal current value
of 50 mA. It demonstrates that the closed-loop system remains
stable in response to the reference transient in the second string.
Unlike conventional backlight LED drivers that use PWM
dimming transistor connected in series with the LED string [3],
[81, [28]-[31], the proposed SIDO LED driver takes advantage
of the existing four switches to perform dimming without re-
quiring additional switches. When the dimming control signal
for a particular LED string goes high, certain phases of the in-
ductor current are skipped so that the average inductor current
(also the average load current) going into that string is reduced
accordingly. The digital dimming control signals (dim_ctrll,

IEEE TRANSACTIONS ON POWER ELECTRONICS

Dimming control for - e
thefirstLED string | 557, .
Dimming controt for <" — T T —
the second LED swing | —i — :
Peak current imit 1 H 2 : v

Inductor current A A

: -
di=0 T, HF A m, A 5T, 6T, m [ 1A wf, LU

Power switches

Output switches

LED current in
the first LED string

LED current in iooma
the second LED string l_ —
¥ [ T 4T, 5T, &, M, o, o, wr,nn
Fig. 8. Proposed digital dimming control in SIDO buck LED driver.

dim_ctrl2) essentially modulate the dc current level flowing
through the corresponding LED string. No additional dimming
transistors in series with the LED string are required, thereby
leading to a smaller voltage headroom and reduced power loss.
The only voltage headroom is the voltage across the current-
sense resistor (Ves., Vesp) which is typically between 0.2 and
0.4 V. Fig. 8 depicts the timing diagram of the proposed digital
dimming control scheme. In this particular case, the second LED
string is dimmed by reducing its current from 100 to 50 mA,
while the current in the first LED string stays constant at 100 mA.

Any combination of LED strings in a SIMO LED driver can
be dimmed or even shut down momentarily to achieve flexi-
ble dimming and optimum luminance levels. In addition, it is
reported in the literature [32]-[34] that a bilevel or N-level cur-
rent driving technique for LED dimming improves the luminous
efficacy of LEDs by introducing a dc offset to the PWM cur-
rent. The proposed SIDO converter can potentially be used as
a bilevel LED driver by generating two programmable dc cur-
rent values for each individual LED string in a time-multiplexed
fashion. Another major difference between the proposed LED
driver and the existing ones [3], [8], [28]-[31] is that the former
provides N optimized output bus voltage for each individual
LED string, whereas the latter only uses a common output bus
shared by all the LED strings. Due to manufacture, process,
and temperature variations, V» in each LED does not match
perfectly, which means that the voltage drop across each LED
string differs. Using the proposed SIDO buck LED driver in
Fig. 1 as an example and assuming the LED current is 100 mA
in each string, the voltage headroom (V. , Vesp ) is 0.4 V, and
the voltage drop across each of the two LED strings are Vp, =
6.0 V and Vg, = 7.0 V, respectively. The output voltages are
Voo = 6.4 V.and V,;, = 7.4 V. The total power consumption
of the load P, oap, including the LED string and current-sense
resistor, is PL,oap = Vou X ILep+Vip X Ingp = 1.38 W. The
output voltage for each LED string is independently optimized
based on its corresponding V-, resulting in the same voltage
headroom of 0.4 V for each string. This is different from a con-
ventional LED driver in which the common output bus voltage
is usually regulated using the LED string with the maximum
voltage drop. For the same LED current, the total power con-
sumption using a conventional LED driver is given by: PLoap =
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Fig. 9. Timing diagram of the proposed SIMO buck LED driver.

2 x max (V,4,Vop) X Itgp = 1.48 W, which is more than 7%
higher than that of the proposed driver. The voltage headroom
for the first LED string increases from 0.4 to 1.4 V, resulting in
450 mW more power loss or additional 30% efficiency degra-
dation. Since the output voltage is self-optimized to match the
total V in each individual LED string in the proposed driver,
same-colored LEDs from neighboring bins (not only from a
single bin) with larger V variance can be used which helps
reduce the LED costs. In the event that a particular application
demands a total LED current greater than the average inductor
current, the same time-multiplexing control scheme operating
in DCM can still be employed either by lowering the switch-
ing frequency with a higher inductor peak current limit or by
operating the buck LED driver in pseudocontinuous conduction
mode (PCCM) [17], [35], [36]. In PCCM, the average inductor
current is increased by simply adding a nonzero dc offset of Iy ¢
to that of DCM.

III. EXTENSION FROM SIDO 1O SIMO BUCK LED DRIVER

Having demonstrated the feasibility of the proposed SIDO
buck LED driver, it is natural for us to extend it to SIMO with
N independently driven LED strings. In particular, the theo-
retical maximum number of LED strings Ny, . is determined
for this SIMO architecture. Fig. 9 shows a timing diagram of
the inductor current, the two power switches (.57, S ), and the
first four output switches (S,, Sy, Sc, Sq) in a SIMO buck LED
driver. To simplify the analysis, the balanced load condition is
assumed. Based on the time-multiplexing control scheme, en-
ergy is being transferred from the dc supply to each individual
output exactly once within a total of N switching phases. For a
particular output, the corresponding output switch is OFF dur-
ing D3, while the output capacitor discharges to the LED string.
During the subsequent (N — 1) x T, phases, the output switch
remains OFF and the output capacitor continues to discharge
to the corresponding LED string. Hence, the tofal discharging
time for the output capacitor ¢4, can be expressed as

tach = D3Ts + (N — )T = (D3 + N — 1)T5.
For D3 = Ovtdch = (N - 1)T§

(D
2

The proposed SIMO buck LED driver is essentially a
constant-current regulator which maintains a constant dc cur-
rent It gp flowing through the LED string via a closed-loop

current-sense feedback control. For very small variation of for-
ward voltage around the quiescent point (also known as bias
point) on the LED’s exponential /-V curve, the dc forward cur-
rent is assumed to be constant. During t4., when the output
switch is OFF, the output capacitor is connected to the LED
string which acts as a constant-current sink (CCS). Assuming
ideal capacitor with no ESR (the effect of the ESR will be ex-
plained later), the voltage across the output capacitor v, (t) is the
same as the output voltage which is expressed as the charge ()
divided by the capacitance value C,, i.e.,

t 1 taen
v(t) = qéo) _ a)/0 ic(T)dT 4+ v.(0). (3)
For CCS, i(;(T) = ILED~ (4)
Combining (3) and (4) and rearranging, we have
1

A’Uo = AUC = V¢ (t) — Ve (O) = F(ILEDtdch)- (5)

Hence, the fotal discharging time ¢4., can be expressed as

C,Av,
taen = 7 (6)
LED

where Aw, is the output voltage drop due to the discharging
of the output capacitor. In general, Av, is assumed to be rea-
sonably small relative to the output voltage. The LED ripple
current Aipgp usually ranges from 10%p.p to 40%p.p of the
dc forward current as recommended by the LED manufactur-
ers [37], [38]. For a particular Aiy gp, the corresponding voltage
ripple Avpgp at the chosen bias point can be readily obtained
from the exponential /-V curve. Suppose each LED string con-
tains a total of n LEDs connected in series. The output voltage
ripple Awv, is, therefore, the sum of the voltage ripple across
the LED string and the voltage ripple across the current-sense
resistor, i.e., Av, = n X Avpgp + Av.s. Suppose Avyy,ax rEp-
resents the maximum output voltage ripple allowed. Equation (6)
can, therefore, be rewritten as

)

Substituting (1) into (7), we have
C, A'Uo max

(D3 + N — 1T, <
Itep

= N

CUAUU max

< -
ItepTs

Hence, the theoretical maximum possible number of LED
strings in SIMO, Ny, ., is given by
COAv() max _ C()AU() max

anaxzi“'l_D -
ILEDTS ’ ILEDTS

+1-D;. (®)

+ D + Ds.

%a)
Since Ny, .« 1s an integer value, the floor(-) function is used to
round the result down to the closest integer. Hence, (9a) becomes

CoAvomax + ILEDTs(l - DS)) (9b)

Nm‘ x = fl
¢ oor< InepT;

Equation (9b) represents a general formula for determining the
scalability limit of a SIMO buck LED driver operating in DCM
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and is referred to as a scalable DCM-based SIMO scheme for
the sake of our ensuing discussion. In particular, when D3 =
0, the SIMO buck LED driver operates in boundary conduction
mode (BCM). Hence, (9a) and (9b) become (10a) and (10b),
respectively. Also, Ny, .« in BCM is greater than or equal to that
in DCM for the same set of design parameter values

COAUO max
Nm X = 5 1 10
a IienTs + (10a)
OOAU() max
Nm x = fl 1]. 10b
a oor ( oo, + ) (10b)

For a single-output buck converter, the average inductor current
is identical to the load current. Due to the nature of the time-
multiplexing control scheme in the proposed SIMO converter,
the average inductor current I, is the sum of the individual
load current It gp in each LED string. Assuming balanced load
condition, I}, ,vo = N X Iy gp, where N is the total number of
LED strings. The average inductor current reaches its maximum
value in BCM, resulting in a maximum transfer of power [16].
Since the current in each LED string remains the same, a the-
oretical upper bound of the total achievable number of LED
strings in SIMO can be expressed as

IL _avg_max

Nmax = (11)

I eD
By simple geometry, I;,_,ve_max 1S given by the following
equation [39]:

my DT

(Vo = Vo) D1 T
IL,avg,max = 2

= 57 . 12)

By substituting (12) into (11) and rearranging, 7 can be ex-
pressed as

2LJVmaXILED
Di(Vy = Vo)
Now, by substituting (13) into (10a) and rearranging, we have
2LIE e N2 o —2LIE 50 Niax — Co Avgmax (Vy — Vo) Dy = 0.
(14)

Equation (14) is a quadratic equation in Vy, .. The discriminant
A of (14) can be expressed as

A= AL I} ap + 8LIE pp CoAvymax (Vy — Vo) Dy > 0. (15)

T, = 13)

Since (V, —V,) > 0 for a buck switcher, the discriminant in
(15) is always a positive number which implies that (14) has
two real roots as given by

LI L, + VA
AL o

Since Np,.x must be a positive integer, the negative root is
eliminated, leaving only the positive root, i.e.,
Nuax BCM

) (17)

1
:ﬂoor<2>< 1+\/1+

Equation (17) defines the theoretical maximum total number
of outputs in SIMO operating in BCM. It is referred to as a

(16)

r,T2 =

QCOAUO Inax‘/;) (‘/q - V;;)
L‘ZEED‘/Q
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scalable BCM-based SIMO scheme which is a special case of
scalable DCM-based SIMO scheme. In fact, it is observed that
(11) is also valid for the case of DCM. By simple geometry, the
switching period 7 in DCM can be expressed as

2-[/J\Trnax-l’LED
Di(Dy + Do) (Vy = Vo)
Realizing that the same calculations that lead to (17) for the
case of BCM can also be performed in DCM, the theoretical

maximum total number of LED strings in a SIMO converter
operating in DCM can, therefore, be written as!

Te =

(18)

1
Nuax DOM = ﬂ00r<2 X (1 — Dg)

1+\/1+ ) (19)

Notice that for the case of BCM, D3 = 0 and D, =V, /V,
(19) reduces to (17). Hence, (19) represents the generalized
formula for the theoretical maximum total number of outputs
in SIMO which is applicable to either BCM or DCM. It is also
interesting to note that the average inductor current in DCM
is smaller than (or equal to) that in BCM. As a result, for the
same LED current, the theoretical maximum achievable number
of outputs in SIMO operating in DCM is no greater than that
in BCM, i.e., Nax peM < Nmax_pom- In reality, the ESR of
the output capacitor needs to be taken into consideration. Any
current flowing through the output capacitor C', must also flow
through the Rpggr, resulting in an additional voltage drop of
AVesr = ILgp X Rpsr. Hence, Av, can be expressed as

2COAUU maX(VE] - %)Dl

X
LIfg, (1 - Ds)

Av, = Av. + Avgsr = Ave + ILgp X REsr. (20)
Rearranging the terms in (20), we have
Av, = Av, — I1gp X REsr.- (20

Hence, (17) and (19) are modified slightly to become (22) and
(23), respectively: BCM:

1
Nmax _BCM — ﬂ00r<2 X [1

+\/1+

DCM:

QCOV;)(AU()max - ILEDRESR)(V;] - V;))
LII%EDV;]

) (22)

1
NmaxJ)CM N ﬁ00r<2 X (1 — D3) X [1

2Co(Avamax_l ED RE SR) (Vg— Vo) Dy
+ 4/ 1+ X
L]LED(l L3)

) .(23)

The presence of Rpsgr in (22) and (23) reduces the theoretical
maximum achievable number of outputs in SIMO. Therefore,

Tn DCM, D; can be expressed as: D = M

_ _2L _ 2LI1gp
K= R.T, — V,T, [39].

J‘W’ where M = {—‘; and
T p
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Maximum possible number of LED strings N,.,,

Qutput capacitance C, (F)

ESR of the output capacitor Ry s (Q)

Fig. 10. Theoretical maximum achievable number of LED strings (N ax)
versus the output capacitance (C,) and the capacitor ESR (Rggg ) for the
scalable BCM-based SIMO scheme.

it is always recommended to choose an output capacitor with a
smaller ESR, whenever possible. Fig. 10 shows the theoretical
maximum total number of LED strings versus the output ca-
pacitance and capacitor ESR for the scalable BCM-based SIMO
scheme, given an LED current of 80 mA and a maximum ripple
current requirement of 40%p p.

Intuitively, for a particular LED current, an increasing number
of outputs can be achieved by using a larger output capacitor
with the same ESR value. For instance, if the output capacitance
is increased from 4.7 to 22 uF (the ESR remains at 100 mf2),
the theoretical model based on (22) suggests that the maximum
total number of LED strings can be increased from three to six.
Itis also interesting to note that the maximum number of outputs
in SIMO has a stronger dependence on the output capacitance
than the capacitor ESR, as shown in Fig. 10.

On the other hand, it is useful to study how the LED current
affects the maximum achievable number of outputs in SIMO.
As an example, assuming balanced load and two LEDs con-
nected in series per string, a scalable BCM-based SIMO scheme
is investigated with these parameter values: L =47 uH, C, =
4.7 pF, Rgsr = 100 mQ, V, = 15V, and V, = 6.4 V. The
relationship between Ny, and I1gp can be obtained by us-
ing (22) for different values of output voltage ripple Av,_max-
Based upon the /-V curve and/or SPICE model of the particular
LED used, the corresponding output voltage ripple Av, . can
be determined from the LED current ripple requirement Aipgp .
The proposed design uses white LED [40] which is the target for
LCD backlighting applications. For instance, a 20%p-p current
ripple corresponds to around 2%p_p voltage ripple and a 40%p p
current ripple corresponds to around 4%p_p voltage ripple.
Fig. 11 shows a plot of Ny, versus Iy gp for Aipgp rang-
ing from 5%p_p to 40%p_p. This plot is beneficial to a practical
SIMO design in two ways. First, for a given LED current and
current ripple requirement, the theoretical maximum number
of LED strings viable under the scalable BCM-based SIMO
scheme can be extracted directly from the plot. Second, the

11 Theoretical maximum number of LED strings in SIMO [N.g) versus LED current (I.e) in BCM

—— 5% current ripple
----- 10% current ripple
== 20% cument ripple
30% current ripple |
| 40% current ripple |

=
=

NM

- N © s B~ ®m @

20 40 60 80 100 120 140 160 180 200
Iep (mA)

Fig. 11. Plot of theoretical maximum number of LED strings in SIMO
(Nmax) versus the LED current (ILgp ) in the scalable BCM-based SIMO
scheme.

maximum LED current allowed in order for a SIMO to remain
at the same scaling level can also be obtained from the plot. For
instance, given a 20% current ripple requirement (i.e., Aippp =
20%pp), a SIDO (dual-string) configuration is possible as long
as the LED current in each string is no more than 110 mA. In
the event that an application demands an LED current greater
than 110 mA, two options can be considered: 1) Relax the cur-
rent ripple requirement whenever possible. A wider tolerance
in Aipgp is generally acceptable since the ripple frequency is
too high for the human eye to detect. 2) Operate the SIMO buck
LED driver in PCCM [17], [35], [36]. In PCCM, the floor of
the inductor current is raised by a nonzero dc offset /pc which
distinguishes it from DCM. The proposed theoretical model can
be extended to PCCM by adding a dc component to the aver-
age inductor current. By going through similar calculations as
in DCM, the theoretical maximum number of outputs in SIMO
operating in PCCM is given by (24), as shown at the bottom of
the page. It is interesting to note that (24) continues to apply to
the cases of DCM and BCM. For instance, in DCM, Ipc =0
and (24), therefore, reduces to (23).

In the event of unbalanced load with unequal current among
the LED strings, the scalable DCM- or BCM-based SIMO
scheme continues to hold. The only change is to replace I1,gp
in (22) and (23) by max(I;gp ), where max(/;,gp) denotes the
largest LED current among all the LED strings. In other words,
the maximum number of LED strings that can be realized in
a SIMO buck LED driver is constrained by the largest LED
current. Generally speaking, the input voltage Vj,, output volt-
age V,, and the current ripple requirement are typically fixed
parameters defined in the design specification. Without making
any hardware changes (i.e., L and C, values are fixed), the pri-
mary design variable in (22) and (23) is the LED current I3 gp.
In fact, the LED current is the dominant factor for determining
the maximum possible number of outputs under the scalable
DCM-/BCM-based SIMO scheme. By knowing the maximum
LED current required for a particular application, the theoretical

1
Nuax _pcem = floor (21 X [(Ipc+(1—=D3) ILgp] X

LED

1+\/1 + QCo(Avomax - ILEDRESR) (‘/Il B V;))Dl(l - D3)

L{Inc — (1 — D3)Iygp)?
24
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TABLE I

DESIGN SPECIFICATION OF A SISO BuCK LED DRIVER IN DCM
Design Parameter Value | Unit

Input Voltage (V,) 15 \

Output Voltage (V,) 6.32 \%

LED Forward Current (1;zp) 80 mA
Switching Frequency (f,) 100 | kHz
Inductor (L) 47 uH

Output Capacitor (C,) 4.7 UF

ESR of Output Capacitor (Rgsz) 100 mQ
Maximum LED Current Ripple 40 Yop.p

(AiLED)
Maximum Output Voltage Ripple 4 Yop.p
(Av,)
Duty Ratio of Idle Phase (D3) >10 %

1ima) V(v

Vivi

Time (ps)

Fig. 12.  Simulated steady-state waveforms for the SISO buck LED driver
based on the design specification in Table L.

maximum achievable number of independently driven LED
strings can be estimated in advance.

IV. SIMULATION RESULTS

Ideal macromodels based on the scalable DCM-based SIMO
scheme were constructed and simulated in Cadence Spectre [27]
in order to compare with the theoretical results in Section III. The
design specification of a single-inductor single-output (SISO)
buck converter is shown in Table I. The theoretical model based
on (23) suggests that Ny, .x_pcym = 1, meaning only one LED
string is viable. Fig. 12 shows the simulated steady-state wave-
forms of the inductor current I, the LED currents I;,gp, and
the output voltages V,, of a SISO buck LED driver. The simu-
lated steady-state LED current Iy pp is approximately 80 mA
which meets the design target. The simulated LED current rip-
ple Aipgp is 18%p.p (also, the output voltage ripple Av, is
1.7%p_p), which satisfies the maximum ripple requirement.
Now, the SISO buck LED driver is transformed into SIDO
by adding a second LED string. Fig. 13 shows the simulated
steady-state waveforms from the resulting SIDO LED driver.

Despite the fact that the steady-state LED current in either
string remains at 80 mA, the LED current ripple is more than
40%p.p which violates the maximum ripple current require-
ment. Hence, the simulation results show that SIDO is not viable
based on the design requirement which is consistent with the
theoretical result. By increasing the switching frequency from

IEEE TRANSACTIONS ON POWER ELECTRONICS

Fig. 13. Simulated steady-state waveforms showing SIDO is not viable since
the 30%,,., maximum current ripple requirement is violated.

heoo

Algy = 19.44ma feon = BOMA

Vgt
AV, = 14TmV Vig = 6.34V
Vo |ave-idmv yo-gsev |

Fig. 14. Simulated steady-state waveforms showing SIDO is possible by in-
creasing the switching frequency from 100 to 156.25 kHz.

100 to 156.25 kHz and keeping other parameters unchanged,
Niax_pcom = 2 from (23). Fig. 14 shows the simulated wave-
forms for the corresponding signals in a SIDO buck LED driver.
The simulated LED current ripple Aipgp is 24%p_p and the cor-
responding output voltage ripple Av, is 2.3%p_p, both of which
satisfy their corresponding maximum ripple requirement. Con-
sequently, both the theoretical and simulation results show that
by increasing the switching frequency, a SIDO buck LED driver
in DCM is feasible.

A third LED string is added to the SIDO buck LED driver to
transform it into SIMO consisting of three independently driven
LED strings. The LED current in each string remains unchanged
at 80 mA as in the SISO or SIDO case. According to Fig. 11,
the theoretical model suggests that for It yp = 80 mA, a scal-
able BCM-based SIMO scheme with a maximum of three LED
strings is feasible under the 40%p.p current ripple constraint.
The switching period T is chosen to be 6 s using (13) which
corresponds to a switching frequency of 166.67 kHz. Fig. 15
shows the simulated waveforms from the resulting SIMO buck
LED driver. The simulated LED current ripple Aipgp is around
35%p.p and the output voltage ripple Awv, is 3.5%p_p, both of
which satisfy their respective maximum ripple constraint. As a
sanity check, the theoretical model based on (22) indeed sug-
gests that a maximum possible number of three independently
driven LED strings can be achieved in the scalable BCM-based
SIMO scheme. Hence, it is shown that the simulation result
agrees with the corresponding theoretical result. On the other
hand, it is important to examine the transient performance of the
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fuppy Curmentin fhe first LED sting
== HE L RS

V (V) I{mA) 1 (mA)

Fig. 15. Simulated steady-state waveforms of a three-string SIMO buck LED
driver operating in BCM.
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Fig. 16. Simulated transient waveforms for (a) peak reference step-up and
(b) peak reference step-down response.

proposed SIDO buck LED driver. The LED current is changed
by adjusting the peak limit of the inductor current. By stepping
up the peak voltage reference (Vjeax in Fig. 1) from 1.660 to
1.945 V in 400 ns, the peak inductor current limit is increased
by approximately 200 mA, leading to an increase in the nom-
inal LED current from 20 to 80 mA. The reference voltages
(Vieta, Viety) are also stepped up from 100 to 340 mV in order
to maintain the same load current between the two LED strings.
Conversely, by stepping down Va1 from 1.945 to 1.660 V,
the LED current is reduced from 80 to 20 mA. Fig. 16 shows
the simulated transient behavior for the peak voltage reference
step-up and step-down response.

In the case of step-up reference response, the LED current in
either string settles to the steady-state nominal value of 80 mA
within 63 pus. The output voltage reaches its target steady-state

Vivi

1{ma)

W

e
Kimy = 80mA

=

E

= —) Y — i~~~
E Aley = 6.33mA lizmy = 30mA

s Vs [Avil=1asmy Vo= 634V

>

L = 727 e

=] = AVyy=65mV Veo = 5.90V

>

Fig. 17. Simulated steady-state waveforms of a SIDO buck LED driver with
unbalanced load.

value of 6.34 V. In the case of step-down reference response,
the LED current in either string settles to the steady-state nom-
inal value of 20 mA in less than 112 pus. The output voltage
settles to its new steady-state value of 5.82 V without oscilla-
tions. Hence, the simulation results show that the closed-loop
system remains in stable condition in response to a peak voltage
reference transient.

The effectiveness of the proposed SIDO converter to drive
unbalanced load is also investigated. As an example, the first
and second LED strings require an average current value of 80
and 30 mA, respectively. Unlike the balanced load case with
a constant peak inductor current limit, two distinct peak cur-
rent limits are employed for unbalanced load such that two
different average inductor (or load) current values can be gen-
erated in alternate clock cycles. Fig. 17 depicts the simulated
steady-state waveforms from the SIDO buck LED driver with
unbalanced load. The simulation results show that the first and
second LED strings are regulated with an average current value
of 80 and 30 mA, respectively. For the first string, the simu-
lated current ripple is 24.38%p_p and the output voltage ripple
is 2.3%p_p. Also, for the second string, the simulated current
ripple is 21.1%p p and the output voltage ripple is 1.1%p p.
Either string meets the maximum ripple requirements. The sim-
ulation results demonstrate that the proposed SIDO converter is
capable of delivering unequal currents to the two LED strings
simultaneously.

V. EXPERIMENTAL RESULTS

The proposed SIDO buck LED driver was implemented on
a field-programmable gate array (FPGA)-based hardware pro-
totype in accordance with the design specification provided in
Table I. The switching frequency is increased to 156.25 kHz in
order to satisfy the LED current ripple requirement. A photo of
the experimental setup is shown in Fig. 18. The power stage of
the buck converter consists of discrete ICs from International
Rectifier such as power MOSFETs (IRF7828), dual-channel
gate driver (IR2110), and output switches (IRF9388), as well as
surface-mount inductor and low-ESR capacitors. In actual im-
plementation, the top level of the proposed digital controller is
partitioned into two major functional blocks. The functionality
of the first block is to control the switching action of the power
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Fig. 18.  Experimental setup for the proposed SIDO buck LED driver.
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voltage.

Measured waveforms for inductor current and current sense feedback

stage by detecting the peak-crossing and zero-crossing events
of the inductor current. It was implemented in hierarchical gate-
level schematics using primitives and macros available from
the Xilinx Spartan-3 Generation library. Dead-time logic is in-
cluded to prevent shoot-through current of the power switches.
The second logical block is used to control the switching se-
quence of the two output switches by continuously monitoring
the current-sense feedback signals. It was modeled as an FSM
in Verilog RTL. Only one of the two output switches can be ON
and the other must be OFF per switching cycle. Dead-time logic
is also added to prevent cross conduction between outputs. The
two logical blocks are synchronized by the system clock to en-
sure that the high-side power switch and the output switches are
triggered from the same clock edge. The entire digital controller
was implemented with Xilinx Spartan-3E (XC3S250E) FPGA.
The quasi-hysteretic control logic was realized using 4-ns fast
comparators (AD8611 from Analog Devices) and semicustom
synchronous logic.

Using a current sensing resistor of 4 €2 and reference voltage
of 320 mV, the target current in each of the two LED strings
is 80 mA. Fig. 19 shows the current sensing feedback voltage
(Visa, Vesp ) from which the corresponding average load current
can be obtained, i.e., [ ,gp = V.s/R.s. The average inductor
current is measured to be 162 mA, which is the sum of the
load currents in both LED strings. The average current values
in the first and second LED string are measured to be around
80.6 and 82 mA, respectively. The measured LED current ripple
Aipgp in either string is around 26%p_p, which is reasonably
close to the simulated current ripple of 24%p p. In addition,
the nominal output voltages in the first and second string are
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F B 1857

| Iy finductor current)

V., (output voltage for the first LED string)

V,, (output voltage for the secand LED string)

Fig.20. Measured waveforms for inductor current and output voltage in either
LED string.

measured to be 6.204 and 6.249 V, respectively, as shown in
Fig. 20. Under this balanced load condition, the measured cur-
rent and voltage values are in close agreement between the
two LED strings. The output voltage ripple is also measured
to be around 2.57%p_p, compared to 2.3%p_p from simulation.
Therefore, the experimental results are shown to be consistent
with the corresponding simulation ones. On the other hand, the
measured power conversion efficiency of the proposed SIDO
converter is 80% which is comparable to conventional driving
topologies [41]. The efficiency can be further increased by em-
ploying a current-sensing resistor with a smaller value.

The transient response of the proposed SIDO buck LED driver
is verified experimentally by measuring its peak voltage refer-
ence step response. An 8-bit digital-to-analog converter (AD558
from Analog Devices) is used to enable programming of the peak
voltage reference V),c.k and the current-sense voltage references
(Vietas Viers) by the Xilinx FPGA. The measured waveforms
of the inductor current and the voltage at the current sensing
nodes in response to a peak voltage reference step are shown in
Fig. 21. The settling time of the transient response is also mea-
sured and compared with the simulated settling time. For the
step-up response, it is observed that the current-sensing voltage
Vesa 1n the first LED string steps up from 81.8 to 325.4 mV,
which corresponds to an increase in the average load current
from 20.5 to 81.3 mA. Similarly, the current-sensing voltage
Vesp in the second LED string steps up from 94.1 to 327.6 mV,
which corresponds to an increase in the average load current
from 23.5 to 81.9 mA. The settling time for the step-up response
is measured to be 67 us, compared to 63 us from simulation.
The measured results for the step-down response are the reverse
of those from the step-up response. The only difference is that
it takes longer for the step-down transient to settle. The set-
tling time for the step-down response is measured to be 115 us,
compared to 112 ps from simulation. The measured settling
times are shown to be very close to the simulated ones. The
experimental results confirm that the system remains in stable
condition when it is perturbed by the peak voltage reference
transient.

The unbalanced load scenario in the proposed SIDO buck
LED driver is also verified experimentally. The measured aver-
age load current values in the first and second LED string are
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Fig.21. Measured transient waveforms in response to (a) peak reference step-
up and (b) peak reference step-down.
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Fig.22. Measured waveforms for inductor current and current sense voltages.

around 81.9 and 30.1 mA, respectively. Fig. 22 shows the mea-
sured waveforms for the inductor current and the current-sensing
voltage per string. The inductor current waveform indicates that
the proposed driver operates in DCM with rwo distinct peak
current limits. Fig. 23 shows the measured inductor current and
the output voltage in either string. The measured output voltage
values in the first and second LED string are 6.22 and 5.70 V,
respectively. The experimental results demonstrate that the pro-
posed driver is capable of driving two independent LED strings
concurrently with different load current.

<3 Agilent Technologiss TUE JAN 15 150241 2013

I, {inductor current)

V.. (output voltage for the first LED string)

Vo (QUtput voltage for the second LED string)

Fig. 23.

Measured waveforms for inductor current and output voltages.

VI. CONCLUSION

The proposed SIDO buck LED driver was implemented in
FPGA-based hardware. The experimental results correlate well
with simulation ones. The scalability of the proposed SIDO buck
LED driver to SIMO is closely examined. A general formula
for determining the theoretical maximum achievable number of
LED strings in SIMO is derived. The simulation results were
shown to be consistent with those obtained from the theoret-
ical model for the same design parameter values. The quasi-
hysteretic digital control scheme does not require loop com-
pensation which simplifies the control loop design and reduces
component count. In addition, the proposed SIMO architecture
offers the advantage of driving a larger number of parallel LED
strings without being limited by the maximum current rating of
the LED. It also enables dimming for the LED strings without
additional dimming transistors. Local bus voltage and current
optimization in each individual LED string compensates for the
variability of the LED’s forward voltage, which reduces power
loss and enables mixing of white LEDs from different bins to
lower LED costs.
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Scalability of Quasi-Hysteretic FSM-Based Digitally

Controlled Single-Inductor Dual-String Buck LED
Driver to Multiple Strings

Albert T. L. Lee, Johnny K. O. Sin, Fellow, IEEE, and Philip C. H. Chan, Fellow, IEEE

Abstract—There has been growing interest in single-inductor
multiple-output (SIMO) dc—dc converters due to its reduced cost
and smaller form factor in comparison with using multiple single-
output converters. An application for such a SIMO-based switch-
ing converter is to drive multiple LED strings in a multichannel
LED display. This paper proposes a quasi-hysteretic finite-state-
machine-based digitally controlled single-inductor dual-output
buck switching LED driver operating in discontinuous conduction
mode (DCM) and extends it to drive multiple outputs. Based on
the time-multiplexing control scheme in DCM, a theoretical upper
limit of the total number of outputs in a SIMO buck switching LED
driver for various backlight LED current values can be derived
analytically. The advantages of the proposed SIMO LED driver
include reducing the controller design complexity by eliminating
loop compensation, driving more LED strings without limited by
the maximum LED current rating, performing digital dimming
with no additional switches required, and optimization of local bus
voltage to compensate for variability of LED forward voltage V-
in each individual LED string with smaller power loss. Loosely
binned LEDs with larger V variation can, therefore, be used for
reduced LED costs.

Index Terms—Boundary conduction mode (BCM), discontinu-
ous conduction mode (DCM), finite-state machine (FSM), single-
inductor dual-output (SIDO), single-inductor multiple-output
(SIMO).

I. INTRODUCTION

N LED driver is essentially a current source (or sink)
A which maintains a constant current required for achieving
the desired color and luminous flux from an array of LEDs. A
number of highly efficient switching LED drivers have been re-
ported in the literature and their primary objective is to achieve
high power conversion efficiency [1]-[11]. Besides efficiency,
another important consideration is the scalability of the exist-
ing single-inductor dual-output (SIDO) switching converter to
drive multiple independent LED strings in a single-inductor
multiple-output (SIMO) topology for reduced cost and smaller

Manuscript received November 7, 2012; revised January 22, 2013; accepted
March 11, 2013. Recommended for publication by Associate Prof. J. M. Alonso.

A. T. L. Lee and J. K. O. Sin are with the Department of Electronic and
Computer Engineering, The Hong Kong University of Science and Technology,
Kowloon, Hong Kong (e-mail: alee @ust.hk; eesin @ust.hk).

P. C. H. Chan is with Hong Kong Polytechnic University, Hong Kong (e-mail:
Philipch.Chan @inet.polyu.edu.hk).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2013.2253804

form factor [12]. However, in practice, only a finite number of
outputs can be served by each LED driver.

The prior arts of SIMO switching converter use either one of
two ways to distribute energy from a single power supply to mul-
tiple outputs with a single inductor, namely multiple energizing
phases [13]-[20] and single energizing phase per switching cy-
cle [21]. The former with time-multiplexing control leads to
much better suppression of cross regulation because the out-
puts are decoupled in time. In this paper, a quasi-hysteretic
finite-state machine (FSM)-based digital control scheme is em-
ployed in a SIDO buck LED driver consisting of two inde-
pendent parallel strings operating in discontinuous conduction
mode (DCM). The extension of this SIDO architecture to SIMO
is formally investigated. The proposed SIMO-based switching
buck LED driver enables separate control of the three primary
colors (red, green, and blue), thereby offering more flexibility
for color mixing. The rest of this paper is organized as follows.
Section II introduces the proposed quasi-hysteretic FSM-based
digital controller for a SIDO switching buck LED driver oper-
ating in DCM. Section III provides a theoretical analysis on the
scalability of the proposed digital control scheme from SIDO
to SIMO and suggests a general formula for determining the
theoretical upper bound in the total number of outputs in SIMO.
Section IV shows Cadence Spectre simulation results that are
used to verify the theoretical model. Section V contains the ex-
perimental results for the proposed digitally controlled SIDO
buck LED driver. Section VI concludes our research effort.

II. QUASI-HYSTERETIC FSM-BASED DIGITAL CONTROL
FOR SIDO LED DRIVER

A SIDO switching converter with time-multiplexing control
scheme operating in DCM was first reported in [13]-[16]. With
such kind of time-multiplexing control scheme, a SIDO con-
verter can easily be extended to drive multiple outputs and it
exhibits negligible cross regulation in DCM. A SIMO parallel-
string LED driver operating in DCM has recently been re-
ported [12]. It uses an analog-based controller with dominant
pole compensation for stability, and time-multiplexing control in
DCM is employed to suppress cross regulation among the LED
strings. Unlike conventional pulse width modulation (PWM)-
based analog controllers, the proposed digital controller uti-
lizing quasi-hysteretic control does not require any compensa-
tion circuits because of its inherent stability [22]-[24], hence
simplifying the control loop design and reducing the com-
ponent count and cost. Quasi-hysteretic control offers a good

0885-8993/$31.00 © 2013 IEEE
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Fig. 1. System architecture of the quasi-hysteretic FSM-based digitally con-
trolled SIDO buck LED driver.

compromise between traditional fixed-frequency PWM control
and pure hysteretic control with variable switching frequency.
In the proposed design, an external clock is used to synchro-
nize the buck LED driver which switches at a fixed frequency.
Fast comparators are used to control the on-time of the high-
side and low-side power switches by monitoring the inductor
current. This is particularly suitable for lighting applications
where variable switching frequencies are not desirable. The re-
configurability and scalability of a digital controller makes it
especially attractive for SIMO.

A major drawback of the previously proposed SIMO LED
driver operating in DCM [12] is that since the LED current is
discontinuous, the LED endures a higher maximum peak current
for the same average current required. In other words, the LED
could potentially be operating close to its absolute maximum
current rating, thereby increasing the current stress and possibly
shortening the operating lifetime of the LED. In their approach,
the LED current scales with the number of LED strings in SIMO.
Hence, the maximum current rating of the LED unnecessarily
restricts the maximum achievable number of LED strings which
can be implemented in SIMO. In the proposed design, the LED
current is always continuous and the LED can be regulated very
close to the target average current value which is much lower
than its maximum current rating. During the time interval when
the output switch is OFF, the output capacitor, acting as a con-
stant current source, continues to discharge its current to the
corresponding LED string. When the output switch is ON, the
power stage is reconnected to the LED string and the induc-
tor current is transferred to the output capacitor and the LED
string simultaneously. The current-sense feedback control en-
sures that the LED current is maintained at the desired dc level.
Hence, a time-continuous current is supplied to the LED string.
Consequently, the LED current does not scale with the number
of LED strings in the proposed SIMO architecture, making it
possible to drive more LED strings without inducing too much
stress on the LEDs. Fig. 1 shows the system architecture of the
proposed quasi-hysteretic FSM-based digitally controlled SIDO
buck switching LED driver which takes into account the para-
sitic effects including the dc resistance (DCR) of the inductor L
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and equivalent series resistance (ESR) of the output capacitors
(Coay Cop). The two independently driven LED strings share
the same inductor L and the two main power switches (.57, .52)
of the buck converter. The output switches (S, , S ) enable the
charge stored in the inductor to be distributed between the two
outputs in a time-multiplexed fashion. Dead-time generators
are used to eliminate shoot-through current by ensuring that
S and Sy are not turned ON simultaneously. Dead-times are
also introduced between .S, and S;, to prevent inadvertent cross
conduction between the two LED strings.

Since an LED is essentially a current driven device, an LED
driver typically regulates the LED current rather than its forward
voltage. A straightforward way is to insert a small high-precision
current sensing resistor (Res., Resp) in series with the corre-
sponding LED string to sense the LED current by converting it
to the current-sense voltage (Vesa, Vesh ). The current-sense volt-
age is then compared with the reference voltage (Viefa, Vier ) to
generate the corresponding logic signals (outa_req, outb_req)
which determine the opening or closing of the two output
switches in a SIDO buck converter. Since the LED’s I-V curve
is usually provided by the LED manufacturer, the target dc cur-
rent value for a particular LED string can be set by choosing
an appropriate reference voltage. On the other hand, a two-limit
hysteretic control determines the on-time of the high-side and
low-side power switches (S1,S3) of the buck converter. The
upper and lower limits of the inductor current, namely the peak
current limit and the valley current limit, define the average
value of the inductor current which is the fotal LED current for
a SIDO buck LED driver. In DCM, the valley current limit is
set to zero to prevent the inductor current from going negative
which degrades the power conversion efficiency [12], [16], [25].
As illustrated in Fig. 1, R;yCy is connected in parallel to the
inductor so that the slopes of Vz are proportional to the in-
ductor current ramp-up and ramp-down slopes [26]. A small
resistor ladder is connected between Vi and ground in order
to generate a lower voltage signal Vr s.,,se Which falls within
the input voltage range of the comparator (CMP). Vi1 sense 1S
fed forward to the corresponding comparators to determine the
peak-crossing and zero-crossing of the inductor current. Fig. 2
is a simplified flowchart showing the system-level operation of
the proposed SIDO buck driver. Suppose identical current flows
through each of the two LED strings, also referred to as the
balanced load condition, the inductor current I, is assigned to
each string in alternate switching cycles. The working principle
of the proposed SIDO buck LED driver is represented by the
timing diagram shown in Fig. 3. During D1, 75 or Dy;,T, I},
ramps up with a slope of m; = (V, — V,)/L and the inductor
is charged with a voltage of V;, =V, — V,,, where V, and V,
represent the input voltage and the output voltage, respectively.
During Dy, T or Do, T, I, ramps down with a slope of my =
—V,/L and the inductor discharges its current to the correspond-
ing output capacitor and the LED string until /;, returns to zero.
During D3, Ty or D3, T, I stays at zero with both S; and S,
OFF. In the proposed SIDO LED driver, the system clock de-
fines the switching frequency. The rising edge of the system
clock triggers the ON duty cycle (Dy,Ts, D,bTy) by charging
up the inductor during which S; is ON and S5 is OFF. The
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S, ON and S, OFF
S, OFF and S, OFF

S, ON and S, OFF
S, OFF and S; OFF
1
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=

Fig. 2. Simplified flowchart representing the system-level operation of the
proposed SIDO buck LED driver.
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Fig.3. Timing diagram of the proposed SIDO buck LED driver with balanced
load operating in DCM.

inductor current continues to increase until it hits the peak
current limit at which point the buck converter enters
(D9y Ty, Doy Ty ) where Sy is OFF and S, is ON. The induc-
tor discharges its current to the corresponding output until the
zero-crossing of the inductor current is detected. The converter
then enters the idle phase (D3, T, D3, Ts) during which both
Siand Sy are OFF. The inductor current remains at zero until the
next rising edge of the system clock arrives and the switching
sequence repeats itself. The two output switches (S,, S;) are
controlled by the FSM as shown in Fig. 4.

The state machine is triggered by the rising edge of the sys-
tem clock (sysclk) so that the transitions of the output switches
(S, Sy) are in sync with the system clock. The input signals
of the state machine are the output enable signals (outa_en,
outb_en) and the output request signals (outa_req, outb_req)
which determine the switching sequence of the two outputs. The
first LED string is always given a higher priority over the second
one. For instance, if both strings request service simultaneously,
i.e., outa_req = 1 and outb_req = 1, S, is turned ON first and
Sy remains OFF. S}, is turned ON only when outa_req = 0

syscli_{ AND (outa_en = 1) AND (outa_req = 1)
Syscik._
ND

A
(outb_en= 1)
AN

D sysclk.
ik (outa_req = 0) AND
g AND (outa_req = 0)
s (outd_req = 1) AND
outa_req=1 s1 (0000 B s2 (outhyreq = 1)
reset=1
reset= 0
sysclk_f Réset sysctk_f—
AND AND
(fouta_en =0} AND (outh_en=0)) e T (fouta_en = 0) AND (outb_en = 0))
" AND 85| =0
outa_en=1

Idle
[ site ] ouput st s, | outpu e, |
Reset oN OFF
s1 oN OFF
s2 OFF ON
Idle OFF OFF

Fig. 4. State diagram of the proposed FSM for controlling the two output
switches in SIDO buck LED driver.

Transient Response

w5 | S S S [

100 mA

200 s

o Leon 100 mA

Time (us) 360

Fig. 5. Simulated steady-state waveforms for the proposed SIDO buck LED
driver operating in DCM.

and outb_req = 1. S, and S}, must be nonoverlapping to avoid
undesirable cross conduction between the two LED strings. In
addition, an enable signal (outlen, out2en) is associated with
either of the two LED strings. It provides the option of shut-
ting down any or all of the LED strings, for example, in re-
sponse to an overcurrent fault condition. An overriding signal
can also be sent from the FSM to the hysteretic controller to
disable the high-side and low-side power switches accordingly.
The FSM-based controller can be modified quickly and conve-
niently to drive multiple LED strings in a SIMO configuration
by simply adding more states in the VHDL or Verilog code.
A mixed-signal macromodel of the proposed FSM-based digi-
tally controlled SIDO buck switching LED operating in DCM
is simulated in the time domain using Cadence Spectre [27].
The FSM is modeled in Verilog RTL and the rest are modeled
as ideal circuit elements. The simulation model also incorpo-
rates parasitics such as DCR of the inductor L and ESR of the
output capacitors (C,,, Cyyp). For balanced load condition, the
current between the two LED strings is identical and each string
consists of rwo LEDs connected in series. First, the steady-
state performance is investigated. Fig. 5 contains the simulated
steady-state waveforms for the inductor current (I1,), the LED
current (I, gpa, ILEDs ), and the four switches (S, S2, S, , Sy)
of the proposed SIDO buck LED driver operating in DCM. The
switching frequency is 156.25 kHz and the input voltage V, is
15 V. The simulation results show that the LED current in either
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Fig. 6. First LED string remains under regulation without cross regulation
when the second LED string is shut down completely.
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Fig. 7. First LED string remains under regulation without cross regulation
despite a reference step in the second LED string from 100 to 50 mA in 20 ns.

of the two strings is regulated successfully to the target steady-
state dc value of 100 mA with a current ripple of 23\ %p p.
The steady-state output voltage for the first and second LED
string is approximately 6.48 V with a voltage ripple of 2.6%p p.
Second, the stability of the closed-loop system is verified by
examining its dynamic performance. In the first scenario, the
second LED string needs to be shut down instantly in response
to an over-current condition. Fig. 6 shows that despite the im-
mediate shutdown of the second LED string, the LED current
I1gp, in the first LED string continues to be regulated success-
fully at its target nominal value of 100 mA with minimal cross
regulation. In the second scenario, the second LED string expe-
riences a reference step of 50 mA, i.e., It,gp, transitions from
100 to 50 mA in 20 ns. Fig. 7 shows that the current in the first
LED string continues to be regulated at around 100 mA, virtu-
ally unaffected by the sudden reference step in the other string.
The second LED string settles to the new nominal current value
of 50 mA. It demonstrates that the closed-loop system remains
stable in response to the reference transient in the second string.
Unlike conventional backlight LED drivers that use PWM
dimming transistor connected in series with the LED string [3],
[81, [28]-[31], the proposed SIDO LED driver takes advantage
of the existing four switches to perform dimming without re-
quiring additional switches. When the dimming control signal
for a particular LED string goes high, certain phases of the in-
ductor current are skipped so that the average inductor current
(also the average load current) going into that string is reduced
accordingly. The digital dimming control signals (dim_ctrll,
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Dimming control for ™"
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LED current in
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Fig. 8. Proposed digital dimming control in SIDO buck LED driver.

dim_ctrl2) essentially modulate the dc current level flowing
through the corresponding LED string. No additional dimming
transistors in series with the LED string are required, thereby
leading to a smaller voltage headroom and reduced power loss.
The only voltage headroom is the voltage across the current-
sense resistor (Ves,, Vesp) which is typically between 0.2 and
0.4 V. Fig. 8 depicts the timing diagram of the proposed digital
dimming control scheme. In this particular case, the second LED
string is dimmed by reducing its current from 100 to 50 mA,
while the currentin the first LED string stays constant at 100 mA.

Any combination of LED strings in a SIMO LED driver can
be dimmed or even shut down momentarily to achieve flexi-
ble dimming and optimum luminance levels. In addition, it is
reported in the literature [32]—[34] that a bilevel or N-level cur-
rent driving technique for LED dimming improves the luminous
efficacy of LEDs by introducing a dc offset to the PWM cur-
rent. The proposed SIDO converter can potentially be used as
a bilevel LED driver by generating two programmable dc cur-
rent values for each individual LED string in a time-multiplexed
fashion. Another major difference between the proposed LED
driver and the existing ones [3], [8], [28]-[31] is that the former
provides N optimized output bus voltage for each individual
LED string, whereas the latter only uses a common output bus
shared by all the LED strings. Due to manufacture, process,
and temperature variations, Vr in each LED does not match
perfectly, which means that the voltage drop across each LED
string differs. Using the proposed SIDO buck LED driver in
Fig. 1 as an example and assuming the LED current is 100 mA
in each string, the voltage headroom (V.. , Vesp ) is 0.4 V, and
the voltage drop across each of the two LED strings are Vr, =
6.0 V and Vi, = 7.0 V, respectively. The output voltages are
Voo = 6.4 V.and V,;, = 7.4 V. The total power consumption
of the load P, oap, including the LED string and current-sense
resistor, is PL,oap = Voe X ILgp+Vip X Ingp = 1.38 W. The
output voltage for each LED string is independently optimized
based on its corresponding Vi, resulting in the same voltage
headroom of 0.4 V for each string. This is different from a con-
ventional LED driver in which the common output bus voltage
is usually regulated using the LED string with the maximum
voltage drop. For the same LED current, the total power con-
sumption using a conventional LED driver is given by: PLoap =
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Fig. 9. Timing diagram of the proposed SIMO buck LED driver.

2 x max (V,4,Vop) X Itgp = 1.48 W, which is more than 7%
higher than that of the proposed driver. The voltage headroom
for the first LED string increases from 0.4 to 1.4 V, resulting in
450 mW more power loss or additional 30% efficiency degra-
dation. Since the output voltage is self-optimized to match the
total Vr in each individual LED string in the proposed driver,
same-colored LEDs from neighboring bins (not only from a
single bin) with larger Vr variance can be used which helps
reduce the LED costs. In the event that a particular application
demands a total LED current greater than the average inductor
current, the same time-multiplexing control scheme operating
in DCM can still be employed either by lowering the switch-
ing frequency with a higher inductor peak current limit or by
operating the buck LED driver in pseudocontinuous conduction
mode (PCCM) [17], [35], [36]. In PCCM, the average inductor
current is increased by simply adding a nonzero dc offset of Ip¢
to that of DCM.

III. EXTENSION FROM SIDO 1O SIMO BUCK LED DRIVER

Having demonstrated the feasibility of the proposed SIDO
buck LED driver, it is natural for us to extend it to SIMO with
N independently driven LED strings. In particular, the theo-
retical maximum number of LED strings Ny, .y is determined
for this SIMO architecture. Fig. 9 shows a timing diagram of
the inductor current, the two power switches (.57, S2), and the
first four output switches (S, Sy, S., Sq) in a SIMO buck LED
driver. To simplify the analysis, the balanced load condition is
assumed. Based on the time-multiplexing control scheme, en-
ergy is being transferred from the dc supply to each individual
output exactly once within a total of N switching phases. For a
particular output, the corresponding output switch is OFF dur-
ing D3, while the output capacitor discharges to the LED string.
During the subsequent (N — 1) x T phases, the output switch
remains OFF and the output capacitor continues to discharge
to the corresponding LED string. Hence, the fotal discharging
time for the output capacitor ¢4, can be expressed as

taen = D3T + (N - 1)TS = (D3 +N — 1)T5
For D3 = 0,%qen = (N - 1)Ts-

(1
2

The proposed SIMO buck LED driver is essentially a
constant-current regulator which maintains a constant dc cur-
rent Iygp flowing through the LED string via a closed-loop

current-sense feedback control. For very small variation of for-
ward voltage around the quiescent point (also known as bias
point) on the LED’s exponential /-V curve, the dc forward cur-
rent is assumed to be constant. During t4., when the output
switch is OFF, the output capacitor is connected to the LED
string which acts as a constant-current sink (CCS). Assuming
ideal capacitor with no ESR (the effect of the ESR will be ex-
plained later), the voltage across the output capacitor v.(t) is the

same as the output voltage which is expressed as the charge ¢(?)
divided by the capacitance value C,, i.e.,
q(t) 1 taen '
v.(t) = = — i.(T)dT + v.(0). (3)
=% =g | it
For CCS, i.(7) = ILgp- 4)
Combining (3) and (4) and rearranging, we have
1
Av, = Ave. = v.(t) — v.(0) = F(ILEDtdckl)- (%)
Hence, the foral discharging time 4., can be expressed as
C,Av,
tgen = 7 (6)
LED

where Auv, is the output voltage drop due to the discharging
of the output capacitor. In general, Av, is assumed to be rea-
sonably small relative to the output voltage. The LED ripple
current A7y gp usually ranges from 10%p.p to 40%p_p of the
dc forward current as recommended by the LED manufactur-
ers [37], [38]. For a particular Aiy gp, the corresponding voltage
ripple Avpgp at the chosen bias point can be readily obtained
from the exponential /-V curve. Suppose each LED string con-
tains a total of n LEDs connected in series. The output voltage
ripple Awv, is, therefore, the sum of the voltage ripple across
the LED string and the voltage ripple across the current-sense
resistor, i.e., Av, = n X Avpgp + Av.s. Suppose Avyyax rep-
resents the maximum output voltage ripple allowed. Equation (6)

can, therefore, be rewritten as
Cy AV, max
tdch S ?o‘a' (7)
LED
Substituting (1) into (7), we have
C{)A omax
(Dy+ N - )T, < —o=omex o
Itep
C A max
< Zolomax \ y 8)

Iiep T,

Hence, the theoretical maximum possible number of LED

strings in SIMO, Ny, ., is given by
COAUO max COAUO max
Nmax - - 1— D3 = D D
Iigp T * ’ Iuep T MR

(%a)
Since Ny, .« 1s an integer value, the floor(-) function is used to
round the result down to the closest integer. Hence, (9a) becomes

COA 0 max I Ts‘ 1—-D:
Vomax + Ten T “)> . (9b)
I epTs

Equation (9b) represents a general formula for determining the
scalability limit of a SIMO buck LED driver operating in DCM

Npax = floor (
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and is referred to as a scalable DCM-based SIMO scheme for
the sake of our ensuing discussion. In particular, when D3 =
0, the SIMO buck LED driver operates in boundary conduction
mode (BCM). Hence, (9a) and (9b) become (10a) and (10b),
respectively. Also, Ny, in BCM is greater than or equal to that
in DCM for the same set of design parameter values

O()AUO max
Niax = -+ 1 (10a)
Iiep T,
C()A,l}o max )
Nypax = floor [ 2220omax ) (10b)
( Iiep T,

For a single-output buck converter, the average inductor current
is identical to the load current. Due to the nature of the time-
multiplexing control scheme in the proposed SIMO converter,
the average inductor current I . is the sum of the individual
load current I1,zp in each LED string. Assuming balanced load
condition, I}, ,ys = N X I1gp, where N is the total number of
LED strings. The average inductor current reaches its maximum
value in BCM, resulting in a maximum transfer of power [16].
Since the current in each LED string remains the same, a the-
oretical upper bound of the total achievable number of LED
strings in SIMO can be expressed as

IL _avg_max

Nmax = (11)

I eD
By simple geometry, I;, _,vs_max 1S given by the following
equation [39]:

mi DTy (Vg — V,) D1 T
1 avg_max — = . 12
L_avg_ 9 2L ( )

By substituting (12) into (11) and rearranging, 7 can be ex-
pressed as

2LJVmaxILED
Dy(Vy = Vo)~
Now, by substituting (13) into (10a) and rearranging, we have
2LIE 5 N2k —2L1E 1y Niax — Co Ay max (V, — Vo) Dy = 0.

(14)
Equation (14) is a quadratic equation in Ny, .. The discriminant
A of (14) can be expressed as

A =AL I gy + 8LI pp CoAvymax (Vy — Vo) Dy > 0. (15)

T, = (13)

Since (V; —V,) > 0 for a buck switcher, the discriminant in
(15) is always a positive number which implies that (14) has
two real roots as given by

LI}y + VA

ALTZ, (16)

r,T2 =

Since Np,.x must be a positive integer, the negative root is
eliminated, leaving only the positive root, i.e.,
Nmax _BCM

) (17)

1
=ﬂ00r<2>< 1+\/1+

Equation (17) defines the theoretical maximum total number
of outputs in SIMO operating in BCM. It is referred to as a

QOOAUO max‘/o (‘/g - ‘/o)
LI%ED va
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scalable BCM-based SIMO scheme which is a special case of
scalable DCM-based SIMO scheme. In fact, it is observed that
(11) is also valid for the case of DCM. By simple geometry, the
switching period T in DCM can be expressed as

2LNIH{1XILED
Dy(Dy + Dy)(Vy = Vo)
Realizing that the same calculations that lead to (17) for the
case of BCM can also be performed in DCM, the theoretical

maximum total number of LED strings in a SIMO converter
operating in DCM can, therefore, be written as!

T, =

(18)

1
Nuax DM = ﬂ00r<2 X (1 — Dg)

1+\/1+ ) (19)

Notice that for the case of BCM, D3 = 0 and D, =V, /V,
(19) reduces to (17). Hence, (19) represents the generalized
formula for the theoretical maximum total number of outputs
in SIMO which is applicable to either BCM or DCM. It is also
interesting to note that the average inductor current in DCM
is smaller than (or equal to) that in BCM. As a result, for the
same LED current, the theoretical maximum achievable number
of outputs in SIMO operating in DCM is no greater than that
in BCM, i.e., Ninax peM < Nmax_poMm- In reality, the ESR of
the output capacitor needs to be taken into consideration. Any
current flowing through the output capacitor C', must also flow
through the Rpsg, resulting in an additional voltage drop of
AVisr = ILgp X Rpsr. Hence, Av, can be expressed as

2COAU0 max (‘/(] - V;))Dl

X
LIfgp (1 = Ds)

Av, = Av. + Avgsr = Ave + ILgp X REsr.- (20)
Rearranging the terms in (20), we have
AUC = AUO — ILED X RESR,~ (21)

Hence, (17) and (19) are modified slightly to become (22) and
(23), respectively: BCM:

1
Nmax,BCM == ﬂ00r<2 X [1

+\/1+

DCM:

2C,V, (Avomax — ILep RESR)(Vy — V)
LIL%ED ‘/!l

) (22)

1
NmaxJ)CM N ﬁ00r<2 X (1 *Dg) X [1

200 (Avo max 1 ED RE SR) (‘/g - &0) Dl
1 L
LED(l_D?l)

) .(23)

The presence of Rpsr in (22) and (23) reduces the theoretical
maximum achievable number of outputs in SIMO. Therefore,
'Tn DCM, D; can be expressed as: D1 = M4/ 1{%[, where M = % and

_ 2LIygp
= [39].
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Fig. 10. Theoretical maximum achievable number of LED strings (Nyax)
versus the output capacitance (C,) and the capacitor ESR (Rgsg ) for the
scalable BCM-based SIMO scheme.

it is always recommended to choose an output capacitor with a
smaller ESR, whenever possible. Fig. 10 shows the theoretical
maximum total number of LED strings versus the output ca-
pacitance and capacitor ESR for the scalable BCM-based SIMO
scheme, given an LED current of 80 mA and a maximum ripple
current requirement of 40%p p.

Intuitively, for a particular LED current, an increasing number
of outputs can be achieved by using a larger output capacitor
with the same ESR value. For instance, if the output capacitance
is increased from 4.7 to 22 uF (the ESR remains at 100 mS2),
the theoretical model based on (22) suggests that the maximum
total number of LED strings can be increased from three to six.
Itis also interesting to note that the maximum number of outputs
in SIMO has a stronger dependence on the output capacitance
than the capacitor ESR, as shown in Fig. 10.

On the other hand, it is useful to study how the LED current
affects the maximum achievable number of outputs in SIMO.
As an example, assuming balanced load and two LEDs con-
nected in series per string, a scalable BCM-based SIMO scheme
is investigated with these parameter values: L =47 uH, C, =
4.7 pF, Rgsr = 100 m§2, V, = 15V, and V, = 6.4 V. The
relationship between Ny,.x and I1gp can be obtained by us-
ing (22) for different values of output voltage ripple Av,_max-
Based upon the I-V curve and/or SPICE model of the particular
LED used, the corresponding output voltage ripple Av, .y can
be determined from the LED current ripple requirement Aipgp .
The proposed design uses white LED [40] which is the target for
LCD backlighting applications. For instance, a 20%p-p current
ripple corresponds to around 2%p_p voltage ripple and a 40%p .p
current ripple corresponds to around 4%p_p voltage ripple.
Fig. 11 shows a plot of Ny, versus I gp for Aipgp rang-
ing from 5%p_p to 40%p_p. This plot is beneficial to a practical
SIMO design in two ways. First, for a given LED current and
current ripple requirement, the theoretical maximum number
of LED strings viable under the scalable BCM-based SIMO
scheme can be extracted directly from the plot. Second, the

Th ical i number of LED strings in SIMO (Np.s) versus LED current (=) in BCM

—— 5% current ripple
\- ----- 10% current ripple

-
s =
—
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—— 40% current ripple

8 -
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Iiep (mA)
Fig. 11. Plot of theoretical maximum number of LED strings in SIMO

(Nmax) versus the LED current (I gp ) in the scalable BCM-based SIMO
scheme.

maximum LED current allowed in order for a SIMO to remain
at the same scaling level can also be obtained from the plot. For
instance, given a 20% current ripple requirement (i.e., Aipgp =
20%pp), a SIDO (dual-string) configuration is possible as long
as the LED current in each string is no more than 110 mA. In
the event that an application demands an LED current greater
than 110 mA, two options can be considered: 1) Relax the cur-
rent ripple requirement whenever possible. A wider tolerance
in Aipgp is generally acceptable since the ripple frequency is
too high for the human eye to detect. 2) Operate the SIMO buck
LED driver in PCCM [17], [35], [36]. In PCCM, the floor of
the inductor current is raised by a nonzero dc offset /pc which
distinguishes it from DCM. The proposed theoretical model can
be extended to PCCM by adding a dc component to the aver-
age inductor current. By going through similar calculations as
in DCM, the theoretical maximum number of outputs in SIMO
operating in PCCM is given by (24), as shown at the bottom of
the page. It is interesting to note that (24) continues to apply to
the cases of DCM and BCM. For instance, in DCM, Ipc =0
and (24), therefore, reduces to (23).

In the event of unbalanced load with unequal current among
the LED strings, the scalable DCM- or BCM-based SIMO
scheme continues to hold. The only change is to replace I1rp
in (22) and (23) by max(/;,gp ), where max(I;,gp) denotes the
largest LED current among all the LED strings. In other words,
the maximum number of LED strings that can be realized in
a SIMO buck LED driver is constrained by the largest LED
current. Generally speaking, the input voltage Vj,, output volt-
age V,, and the current ripple requirement are typically fixed
parameters defined in the design specification. Without making
any hardware changes (i.e., L and C, values are fixed), the pri-
mary design variable in (22) and (23) is the LED current Iy gp.
In fact, the LED current is the dominant factor for determining
the maximum possible number of outputs under the scalable
DCM-/BCM-based SIMO scheme. By knowing the maximum
LED current required for a particular application, the theoretical

1
Nuax pccm = floor (2[ x[(Inc+(1—Dj3) Igp] X

LED

1+\/1 + 200(Avomax - ILEDRESR) (Vg - ‘/O)Dl(l - D3)

L{Inc — (1 - D3)Lep)
(24)

461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496



497
498

499

500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521

TABLE I
DESIGN SPECIFICATION OF A SISO BUCK LED DRIVER IN DCM
Design Parameter Value | Unit
Input Voltage (V,) 15 \4
Output Voltage (V,) 6.32 \%
LED Forward Current (I;zp) 80 mA
Switching Frequency (f,) 100 | kHz
Inductor (L) 47 uH
Output Capacitor (C,) 4.7 UF
ESR of Output Capacitor (Rgsg) 100 mQ
Maximum LED Current Ripple 40 Yop.p
(direp)
Maximum Output Voltage Ripple 4 Yop.p
(Av,)
Duty Ratio of Idle Phase (D) >10 %

Transient Response

| =Sl

Vo=6.33V

Aiep = 14.58mA Ieo = 80mA

AV, =110mV

420
Time (ps)

Fig. 12.  Simulated steady-state waveforms for the SISO buck LED driver
based on the design specification in Table I.

maximum achievable number of independently driven LED
strings can be estimated in advance.

IV. SIMULATION RESULTS

Ideal macromodels based on the scalable DCM-based SIMO
scheme were constructed and simulated in Cadence Spectre [27]
in order to compare with the theoretical results in Section III. The
design specification of a single-inductor single-output (SISO)
buck converter is shown in Table I. The theoretical model based
on (23) suggests that Ny, .x_pcym = 1, meaning only one LED
string is viable. Fig. 12 shows the simulated steady-state wave-
forms of the inductor current I;, the LED currents I;,gp, and
the output voltages V,, of a SISO buck LED driver. The simu-
lated steady-state LED current It gp is approximately 80 mA
which meets the design target. The simulated LED current rip-
ple AirLgp is 18%p.p (also, the output voltage ripple Auv, is
1.7%p_p), which satisfies the maximum ripple requirement.
Now, the SISO buck LED driver is transformed into SIDO
by adding a second LED string. Fig. 13 shows the simulated
steady-state waveforms from the resulting SIDO LED driver.

Despite the fact that the steady-state LED current in either
string remains at 80 mA, the LED current ripple is more than
40%p.p which violates the maximum ripple current require-
ment. Hence, the simulation results show that SIDO is not viable
based on the design requirement which is consistent with the
theoretical result. By increasing the switching frequency from
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Fig. 13.  Simulated steady-state waveforms showing SIDO is not viable since
the 30%,., maximum current ripple requirement is violated.
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Ieop = 80mA

;1;&;= 1a7mv Voa = 6.34V

V(M V(W) I(mA)
o

AV =14TmV

Fig. 14.  Simulated steady-state waveforms showing SIDO is possible by in-
creasing the switching frequency from 100 to 156.25 kHz.

100 to 156.25 kHz and keeping other parameters unchanged,
Nuax_pem = 2 from (23). Fig. 14 shows the simulated wave-
forms for the corresponding signals in a SIDO buck LED driver.
The simulated LED current ripple Aipgp is 24%p_p and the cor-
responding output voltage ripple Av, is 2.3%p p, both of which
satisfy their corresponding maximum ripple requirement. Con-
sequently, both the theoretical and simulation results show that
by increasing the switching frequency, a SIDO buck LED driver
in DCM is feasible.

A third LED string is added to the SIDO buck LED driver to
transform it into SIMO consisting of three independently driven
LED strings. The LED current in each string remains unchanged
at 80 mA as in the SISO or SIDO case. According to Fig. 11,
the theoretical model suggests that for It zp = 80 mA, a scal-
able BCM-based SIMO scheme with a maximum of three LED
strings is feasible under the 40%p_p current ripple constraint.
The switching period 7T is chosen to be 6 s using (13) which
corresponds to a switching frequency of 166.67 kHz. Fig. 15
shows the simulated waveforms from the resulting SIMO buck
LED driver. The simulated LED current ripple Aipgp is around
35%p.p and the output voltage ripple Av, is 3.5%p.p, both of
which satisfy their respective maximum ripple constraint. As a
sanity check, the theoretical model based on (22) indeed sug-
gests that a maximum possible number of three independently
driven LED strings can be achieved in the scalable BCM-based
SIMO scheme. Hence, it is shown that the simulation result
agrees with the corresponding theoretical result. On the other
hand, it is important to examine the transient performance of the
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Transient Response

v (V)

logps Currentinthe first LED string
Al ,=28.43MA | gp,=80MA

Iepp Currentin the second LED string
Bz

lieo=80mA

Iepe Currentin the third LED string
Agp =28.33mA |, = 80m,

———————

V (V) 1 (mA) 1 (mA) I(mA) I (A)

Time (jis)

Fig. 15. Simulated steady-state waveforms of a three-string SIMO buck LED
driver operating in BCM.
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Fig. 16. Simulated transient waveforms for (a) peak reference step-up and
(b) peak reference step-down response.

proposed SIDO buck LED driver. The LED current is changed
by adjusting the peak limit of the inductor current. By stepping
up the peak voltage reference (Vjcax in Fig. 1) from 1.660 to
1.945 V in 400 ns, the peak inductor current limit is increased
by approximately 200 mA, leading to an increase in the nom-
inal LED current from 20 to 80 mA. The reference voltages
(Vieta, Viety) are also stepped up from 100 to 340 mV in order
to maintain the same load current between the two LED strings.
Conversely, by stepping down Va1 from 1.945 to 1.660 V,
the LED current is reduced from 80 to 20 mA. Fig. 16 shows
the simulated transient behavior for the peak voltage reference
step-up and step-down response.

In the case of step-up reference response, the LED current in
either string settles to the steady-state nominal value of 80 mA
within 63 ps. The output voltage reaches its target steady-state

Transient Response

V)

system clock

3111 e
N

205 = 80mA

v

1(mA)

Alrs = 19.50mA

1(mA)

Air, =6.33mA ILz0a=30mA

Vea Av, = 146mV Voa=6.34V

V(V) V(V) I{mA)

Fig. 17.  Simulated steady-state waveforms of a SIDO buck LED driver with
unbalanced load.

value of 6.34 V. In the case of step-down reference response,
the LED current in either string settles to the steady-state nom-
inal value of 20 mA in less than 112 ps. The output voltage
settles to its new steady-state value of 5.82 V without oscilla-
tions. Hence, the simulation results show that the closed-loop
system remains in stable condition in response to a peak voltage
reference transient.

The effectiveness of the proposed SIDO converter to drive
unbalanced load is also investigated. As an example, the first
and second LED strings require an average current value of 80
and 30 mA, respectively. Unlike the balanced load case with
a constant peak inductor current limit, two distinct peak cur-
rent limits are employed for unbalanced load such that two
different average inductor (or load) current values can be gen-
erated in alternate clock cycles. Fig. 17 depicts the simulated
steady-state waveforms from the SIDO buck LED driver with
unbalanced load. The simulation results show that the first and
second LED strings are regulated with an average current value
of 80 and 30 mA, respectively. For the first string, the simu-
lated current ripple is 24.38%p_p and the output voltage ripple
is 2.3%p_p. Also, for the second string, the simulated current
ripple is 21.1%p_p and the output voltage ripple is 1.1%p p.
Either string meets the maximum ripple requirements. The sim-
ulation results demonstrate that the proposed SIDO converter is
capable of delivering unequal currents to the two LED strings
simultaneously.

V. EXPERIMENTAL RESULTS

The proposed SIDO buck LED driver was implemented on
a field-programmable gate array (FPGA)-based hardware pro-
totype in accordance with the design specification provided in
Table I. The switching frequency is increased to 156.25 kHz in
order to satisfy the LED current ripple requirement. A photo of
the experimental setup is shown in Fig. 18. The power stage of
the buck converter consists of discrete ICs from International
Rectifier such as power MOSFETs (IRF7828), dual-channel
gate driver (IR2110), and output switches (IRF9388), as well as
surface-mount inductor and low-ESR capacitors. In actual im-
plementation, the top level of the proposed digital controller is
partitioned into two major functional blocks. The functionality
of the first block is to control the switching action of the power
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Fig. 18.  Experimental setup for the proposed SIDO buck LED driver.
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voltage.

Measured waveforms for inductor current and current sense feedback

stage by detecting the peak-crossing and zero-crossing events
of the inductor current. It was implemented in hierarchical gate-
level schematics using primitives and macros available from
the Xilinx Spartan-3 Generation library. Dead-time logic is in-
cluded to prevent shoot-through current of the power switches.
The second logical block is used to control the switching se-
quence of the two output switches by continuously monitoring
the current-sense feedback signals. It was modeled as an FSM
in Verilog RTL. Only one of the two output switches can be ON
and the other must be OFF per switching cycle. Dead-time logic
is also added to prevent cross conduction between outputs. The
two logical blocks are synchronized by the system clock to en-
sure that the high-side power switch and the output switches are
triggered from the same clock edge. The entire digital controller
was implemented with Xilinx Spartan-3E (XC3S250E) FPGA.
The quasi-hysteretic control logic was realized using 4-ns fast
comparators (AD8611 from Analog Devices) and semicustom
synchronous logic.

Using a current sensing resistor of 4 €2 and reference voltage
of 320 mV, the target current in each of the two LED strings
is 80 mA. Fig. 19 shows the current sensing feedback voltage
(Visa, Vesp ) from which the corresponding average load current
can be obtained, i.e., Iy gp = V.s/R.s. The average inductor
current is measured to be 162 mA, which is the sum of the
load currents in both LED strings. The average current values
in the first and second LED string are measured to be around
80.6 and 82 mA, respectively. The measured LED current ripple
Aipgp in either string is around 26%p_p, which is reasonably
close to the simulated current ripple of 24%p_p. In addition,
the nominal output voltages in the first and second string are
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I, (inductor current)
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V,, (output voltage for the second LED string)
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Fig.20. Measured waveforms for inductor current and output voltage in either
LED string.

measured to be 6.204 and 6.249 V, respectively, as shown in
Fig. 20. Under this balanced load condition, the measured cur-
rent and voltage values are in close agreement between the
two LED strings. The output voltage ripple is also measured
to be around 2.57%p_p, compared to 2.3%p_p from simulation.
Therefore, the experimental results are shown to be consistent
with the corresponding simulation ones. On the other hand, the
measured power conversion efficiency of the proposed SIDO
converter is 80% which is comparable to conventional driving
topologies [41]. The efficiency can be further increased by em-
ploying a current-sensing resistor with a smaller value.

The transient response of the proposed SIDO buck LED driver
is verified experimentally by measuring its peak voltage refer-
ence step response. An §-bit digital-to-analog converter (AD558
from Analog Devices) is used to enable programming of the peak
voltage reference V),¢.k and the current-sense voltage references
(Vietas Viers) by the Xilinx FPGA. The measured waveforms
of the inductor current and the voltage at the current sensing
nodes in response to a peak voltage reference step are shown in
Fig. 21. The settling time of the transient response is also mea-
sured and compared with the simulated settling time. For the
step-up response, it is observed that the current-sensing voltage
Visa in the first LED string steps up from 81.8 to 325.4 mV,
which corresponds to an increase in the average load current
from 20.5 to 81.3 mA. Similarly, the current-sensing voltage
V.sp in the second LED string steps up from 94.1 to 327.6 mV,
which corresponds to an increase in the average load current
from 23.5 to 81.9 mA. The settling time for the step-up response
is measured to be 67 us, compared to 63 ps from simulation.
The measured results for the step-down response are the reverse
of those from the step-up response. The only difference is that
it takes longer for the step-down transient to settle. The set-
tling time for the step-down response is measured to be 115 ps,
compared to 112 us from simulation. The measured settling
times are shown to be very close to the simulated ones. The
experimental results confirm that the system remains in stable
condition when it is perturbed by the peak voltage reference
transient.

The unbalanced load scenario in the proposed SIDO buck
LED driver is also verified experimentally. The measured aver-
age load current values in the first and second LED string are
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Fig.21. Measured transient waveforms in response to (a) peak reference step-
up and (b) peak reference step-down.
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Fig.22. Measured waveforms for inductor current and current sense voltages.

around 81.9 and 30.1 mA, respectively. Fig. 22 shows the mea-
sured waveforms for the inductor current and the current-sensing
voltage per string. The inductor current waveform indicates that
the proposed driver operates in DCM with rwo distinct peak
current limits. Fig. 23 shows the measured inductor current and
the output voltage in either string. The measured output voltage
values in the first and second LED string are 6.22 and 5.70 V,
respectively. The experimental results demonstrate that the pro-
posed driver is capable of driving two independent LED strings
concurrently with different load current.

- Agilent Technologies TUE JAN 15 15:02:41 2013
0 200v/ B 500x/ ® 200V/ @ # 00s 10004/ Stop £ WM 187
I, (inductor current)

Vo (output voltage for the first LED string)

Vop (output voltage for the second LED string)

[Avg(2 }: 122.4mA Freq(2 ). /8.1kHz [Avgil ). 6.221V Avg(® ). 5.704V

Fig. 23.  Measured waveforms for inductor current and output voltages.

VI. CONCLUSION

The proposed SIDO buck LED driver was implemented in
FPGA-based hardware. The experimental results correlate well
with simulation ones. The scalability of the proposed SIDO buck
LED driver to SIMO is closely examined. A general formula
for determining the theoretical maximum achievable number of
LED strings in SIMO is derived. The simulation results were
shown to be consistent with those obtained from the theoret-
ical model for the same design parameter values. The quasi-
hysteretic digital control scheme does not require loop com-
pensation which simplifies the control loop design and reduces
component count. In addition, the proposed SIMO architecture
offers the advantage of driving a larger number of parallel LED
strings without being limited by the maximum current rating of
the LED. It also enables dimming for the LED strings without
additional dimming transistors. Local bus voltage and current
optimization in each individual LED string compensates for the
variability of the LED’s forward voltage, which reduces power
loss and enables mixing of white LEDs from different bins to
lower LED costs.
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