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SAR-Controlled Adaptive Off-Time Technique
Without Sensing Resistor for Achieving High
Efficiency and Accuracy LED Lighting System

Chao-Hsuan Liu, Chun-Yu Hsieh, Yu-Chiao Hsieh, Ting-Jung Tai, and Ke-Horng Chen, Senior Member, IEEE

Abstract—A successive approximation register (SAR) is uti-
lized to control adaptive off-time in order to regulate accurate
light-emitting diode (LED) current and improve efficiency of
LED driver. The proposed SAR-controlled adaptive off-time tech-
nique without the external sensing resistor can sense the current
flowing through LEDs during the turning on of the N-type power
MOSFET, as well as provide adaptive off-time depending on the
input voltage and the numbers of LED, to obtain an accurate LED
current. Experimental results show the inductor current ripple is
kept within 15% of the DC current. As a result, line regulation
is guaranteed in this proposed design.

Index Terms—Adaptive off-time, hysteretic current control
(HCC), on-chip low-side current sensing, peak current control
(PCC), pulsewidth modulation (PWM) dimming, successive ap-
proximation register (SAR).

1. INTRODUCTION

IGHT-EMITTING diode (LED) lighting systems become

more and more popular nowadays because of its many ad-
vantages such as low power consumption and long usage life-
time [1]. In addition, LED does not contain infrared and ul-
traviolet rays in its optical spectrum. That is, it only generates
minimal heat and harmful radiation making it environmentally
friendly. As depicted in Fig. 1, LED lighting systems can be
used on large billboards, traffic lights, streetlamps, backlighting
devices [2]-[4], and other similar applications. Furthermore, it
is very convenient to control the brightness that depends on the
current flowing through LEDs. Recently, automotive electric de-
vices with LED displays have become very popular. Thus, a
high efficiency and accuracy LED driving circuit is needed in
order to get an accurate control on LED brightness.

The variation of the LED forward voltage can be observed
from different manufacturing companies due to the process vari-
ation and the I-V curves of LEDs shown in Fig. 2. In addition,
the forward voltage also varies depending on the temperature
and usage time. With different forward voltages, it is impos-
sible to get uniform brightness by means of the constant voltage
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Fig. 2. I-V curve characteristic of LED.

control method for these LEDs. The regulated driving current
technique becomes the possible and suitable method to drive
the LEDs with different forward voltages to get uniform bright-
ness [5]. To control the brightness of the LED lighting system,
the current regulator for driving LEDs in series is utilized to en-
sure the uniform display of the LED array. The design of the
LED lighting system needs the regulated driving current tech-
nique to flow through the LEDs for uniform brightness. The
prior arts of the LED driver are the hysteretic current control
(HCC) and peak current control (PCC) techniques. The HCC
technique uses two threshold currents to define the average LED
current. While it has the advantage of high accuracy, it needs the
external sensing resistor in series with the LEDs to achieve it.
Contrarily, the PCC technique uses a constant off-time to re-
duce the need for the connection of the sensing resistor in series
with the LEDs, sacrificing the accuracy. The PCC technique
connects the sensing resistor at the source node of the N-type
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Fig. 3. Priorart for LED lighting system. (a) Implementation of the LED driver
with the PCC technique. (b) Inductor current waveform of the PCC technique.

power MOSFET. As a result, the PCC technique has the advan-
tage of high efficiency but low accuracy. Therefore, how to get
high efficiency and accuracy at the same time becomes an im-
portant design issue in an LED lighting system. The proposed
SAR-controlled adaptive off-time technique can achieve high
accuracy and efficiency without any external sensing resistor.

This paper is organized as follows. Section II describes the
operation of the prior arts of the LED drivers and discusses the
advantages as well as the disadvantages of these prior arts. The
design methodology of the proposed SAR-controlled adaptive
off-time technique is described in Section III. Section IV shows
the circuit implementations of the SAR-controlled adaptive
off-time technique. Experimental results shown in Section V
demonstrate how technique can achieve high accuracy LED
current and improve the efficiency of the LED driver. Finally,
conclusions are made in Section VI.

II. FUNDAMENTAL CHARGING PROCESS

The prior arts of the current regulator for LEDs contain two
important control techniques. One is the PCC technique and the
other one is the HCC technique [6].

A. Implementation of the Peak Current Control Technique

The implementation of the conventional PCC technique is
shown in Fig. 3(a). It includes an oscillator to periodically turn
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on the N-type power MOSFET My . When the inductor cur-
rent is increased to the predefined peak current level, the N-type
power MOSFET My will be turned off. As a result, the inductor
current is discharged by the freewheel-diode. The inductor cur-
rent also flows through the LEDs; thus, the average inductor
current will determine the brightness of the LEDs. Considering
the inductor current waveform in the steady state as shown in
Fig. 3(b), the inductor current ripple A, can be expressed as (1)

Vin=Vo,  Vo+Vp

ton =

Al; =
L L L

toff

where
V, = nVp. 1)
Vr and Vp are the forward voltages of the LED and the free-
wheel-diode, respectively. The V, is equal to the summation of
the total forward voltage of LED in series. The ¢, and t.g are
the on-time and off-time of the N-type power MOSFET My, re-
spectively. Owing to the constant switching frequency, £, and
tog can be approximately described as (2) and (3), respectively.
The forward voltage of freewheel-diode is ignored in (2)

Vo
ton = DT, = T 2)
Vin
Vo
tor = (1— D) T, = (1— )Ts. 3)
Vin

Ts and D are defined as the switching period and the duty
cycle of the LED driver, respectively [7]. Since the bottom cur-
rent level is determined by the switching frequency, the average
inductor current I7,(,yg.) can be calculated as (4)

Vo VoTs Vo
IL(avg) = Ipeak_ﬁtOFF = Ipeak_ o7, <1 - V,IN> .4

The value of the input voltage Vin will affect the average in-
ductor current. Moreover, the different numbers of LED in series
which cause the different output voltage (V,, = nVr) influence
the average inductor current. Hence, the brightness of the LEDs
is drastically influenced by the variation of the input voltage.
Furthermore, as shown in Fig. 3(a), the major power dissipation
of the LED driver in the PCC technique is caused by the ex-
ternal sensing resistor 5 and the diode during phases I and II,
respectively. In phase I, the inductor current passes through the
external sensing resistor R4 and the equivalent resistance of the
Mp(Roy) results in the energy consumption calculated as (5)

EphI(PCC) = I%,(avg) X (Ron + Rs) X ton~ (5)

Moreover, the inductor current flows through the freewheel-
diode to decrease the inductor current during phase II. There-
fore, the freewheel-diode also brings the energy dissipation de-
scribed as (6)

Epnrrcpec) = In(avg) X Vb X toft- (6)

According to (5) and (6), the power consumption depends on
the sensing resistor R, and the forward voltage of freewheel-
diode Vpjode because the R, is much larger than R,,,,. However,
the power efficiency of the PCC technique is generally higher
than the HCC technique because the inductor current passes
through the sensing resistor during phase I instead of the full
period.
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Fig. 4. Priorart for LED lighting system. (a) Implementation of the LED driver
with the HCC technique. (b) Inductor current waveform of the HCC technique.

B. Implementation of the Hysteretic Current Control Technique

The HCC technique utilizes two threshold current levels to
accurately control the average inductor current I7,(,yg), thereby
defining the switching frequency [8]. The implementation of the
fundamental HCC technique is shown in Fig. 4(a). It includes
the simplest implementation of the current sensing circuit com-
posed of an external resistor, Rs. The inductor current waveform
in the steady-state is shown in Fig. 4(b). The two threshold cur-
rent levels are defined as g4, and Iy, indicating the high and
low threshold current levels, respectively. When the switch Mg
and the N-type power MOSFET My are turned on, the inductor
current increases at arate determined by (Vix — V) / L. Thus, the
current sensing circuit generates the sensing current via ?; and
the switch Mg to produce the ramp voltage V. When the voltage
V is higher than the Vy g, the switch Mg and the N-type power
MOSFET M are turned off by the output of the comparator.
Therefore, V, has a step variation since the sensing current passes
through both the resistors R; and R, notonly through R; . In ad-
dition, the inductor current is discharged via the freewheel-diode
back to V1, as such, V; decays at a rate decided by the inductor
current. The current ripple can be defined as (7)

R
= Ipm X == (7)

Al =1 .
L Hth X i3

R,
Ry + Ry

The HCC technique can accurately design the low threshold
current I, and the inductor current ripple by defining the high
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threshold current /g4, and utilize the suitable resistors [2; and
R5. Hence, the average inductor current can be accurately de-
scribed as (8)

Trin + Iren
—

As a result, the HCC technique can achieve a more accu-
rate average current than that of the PCC technique. Hence, the
brightness of the LEDs can be effectively controlled by the HCC
technique. However, the large inductor current flows through the
sensing resistor I, in the full period since the whole switching
period needs the information of the inductor current to compare
it with the two threshold current levels. Thus, the energy dis-
sipation by the conduction loss in phase I and phase II can be
expressed as (9) and (10), respectively

®)

Tp(avg) =

EphI(HCC) = I%,(avg) X (Ron + Rs) X ton (9)

Ephrrace) = (IL(avg) x Vp + I%(avg) X Rs) X togr. (10)

Comparing (6) and (10), the HCC technique produces another
conduction loss due to the external sensing resistor during the
phase II. Thus, the conduction loss of the HCC technique is
larger than that of the PCC technique.

There is a tradeoff between accuracy and efficiency in the
design of the LED driver. The HCC technique can have more
accurate average current but larger conduction loss. On the other
hand, the PCC technique can achieve higher efficiency at the
expense of accuracy. To achieve higher accuracy and efficiency
at the same time, the current regulator with the SAR-controlled
adaptive off-time technique is proposed.

III. DESIGN METHODOLOGY

The conduction loss of phase I due to the sensing resistor [9],
[10] can be reduced by means of the on-chip low-side current
sensing circuit that can accurately define the peak current level
[11]. Additionally, the removal of the external sensing resistor
can also save the cost and footprint area, but this causes an in-
ability to sense inductor current during phase II [12]. Thereby,
the average inductor current is difficult to accurately control be-
cause the bottom level of inductor current depend on the con-
stant off-time or fixed frequency. Therefore, the accuracy of the
LED lighting system is deteriorated. The value of the off-time
needs to be adaptively adjusted to ensure the accurate inductor
current that can be controlled between the peak and bottom cur-
rent levels. As a result, the average inductor current can be in-
dependent of the variation of the input voltage and the numbers
of LED in series. To adaptively adjust the value of the off-time
[13], it is proposed that the SAR-controlled adaptive off-time
calibrate the off-time value. That is, the duration of the off-time
can be adjusted to regulate the bottom current level.

The flow chart of the SAR-controlled adaptive off-time tech-
nique is shown in Fig. 5. The 8-bit SAR code A[7 : 0] is used to
decide the duration of the off-time. At the beginning, the SAR
code A[7 : 0] has an initial value of “1000,0000” and the gain
code G[7 : 0] is set to “0100,0000”. Adding or subtracting the
gain code G[7 : 0] leads to the accurate calibration values of
the SAR code A[7 : 0] in the following eight switching cy-
cles. When the duration of the off-time is too short, the current
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Fig. 5. Operation of the adaptive SAR code A[7 : 0] by means of the gain code G[7 : 0].
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Fig. 6. Inductor current waveform at different the off-time values.

sensing signal Viepse at the beginning of the next switching cycle
is larger than the expected value of Vrgpro as shown in Fig. 6.
Thus, the average inductor current is larger than expected value
to have an influence on the brightness of the LED. At this time,
the gain codes G[7 : 0] would be added to the SAR code A[7 : 0]
to prolong the off-time. On the other hand, if the off-time is too
long, the current sensing signal Viense at the beginning of the
next switching cycle will be smaller than the Vrgpo. That is,
the lumen of LED is relatively small due to the smaller average
inductor current, and therefore, the SAR code A[7 : 0] will sub-
tract the gain code G[7 : 0].

After the eight switching cycles, the SAR code A[7 : 0] can
be dynamically adjusted by a minimum value of the gain code
G|[7 : 0], which is “0000,0001,” according to the value of the
comparison result of the voltage Vo5 and the reference voltage
Vrer2. Consequently, after the calibration duration, the adap-
tive off-time can ensure that the bottom level of the inductor
current will be close to the expected value. That is, the average
inductor current can be independent of the variation of the input
voltage.

The external sensing resistor is not needed any more since
the on-chip low-side current sensing circuit can detect the peak
current level and the SAR code A[7 : 0] adaptively adjusts the
off-time. Therefore, the efficiency can be improved owing to
the removal of the conduction loss of the external sensing re-
sistor. Simultaneously, the accuracy is also guaranteed because
the adaptive off-time can ensure the average inductor is inde-
pendent of the variation of the input voltage. In other words, the
SAR-controlled adaptive off-time has the advantages of high ef-
ficiency like the PCC technique and high accuracy like the HCC
technique.

IV. CIRCUIT IMPLEMENTATIONS

The implementation of the SAR-controlled adaptive off-time
technique is illustrated in Fig. 7. The external sensing resistor
is replaced by the on-chip low-side current sensing circuit. As
a result, the power dissipation of the on-chip low-side current
sensing circuit is much smaller than that of the external sensing
resistor. Furthermore, the freewheel-diode [14] is substituted by
the active diode, which is the P-type power MOSFET Mpjoqe, in
order to reduce the power dissipation during phase II. The digital
signals EN and CLR are used to enable the LED driver and reset
the initial digital code. The digital signal, Digital PWM, is the
dimming signal for adjusting the brightness of the LED.

Two major circuits are used to enhance the accuracy of the
LED driver. One is the SAR-controlled adaptive off-time con-
trol circuit and the other one is the on-chip low-side sensing cir-
cuit with the blanking time circuit. During phase I, the N-type
power MOSFET is turned on to increase the inductor current.
The current sensing circuit thus increases the sensing voltage
Viense- Once Vionse s larger than Vg gp1, the output of the com-
parator “CMP2” triggers the signal Reset to turn off the N-type
power MOSFET M. The on-time duration ¢,,, is decided. The
peak level of inductor current can be expressed as (11)

K x VrRer1

11
Rsense ( )

Ipcak =
K refers to the sensing ratio. At this particular time, the active
diode Mpjoqe Will be turned on to discharge the inductor cur-
rent. The forward voltage of the active diode is the source-drain
voltage Vsp of P-type power MOSFET. The off-time dura-
tion tog is controlled by the 8-bit SAR code A[7 : 0] from
the SAR-controlled modulator. After the off-time duration, the
adaptive off-time module sends a signal Set to turn on the N-type
power MOSFET to charge the inductor current again.

At the beginning, the SAR-controlled adaptive off-time
technique calibrates the off-time duration depending on the
output “Count” of the comparator “CMP1”. The signal “Count”
equaled to “1” or “0” means that the sensing current signal
Viense 18 higher or lower than the reference voltage Vicg. After
the calibration process, the bottom level of inductor current can
be determined by the voltage VRgro. Thus, the bottom level of
the inductor current can be formulated as (12)

K X Vrer

12
Rsense ( )

Ibottom =
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2 x (Vrer1 — Vrer2)
(VReF1 + VREF2)

Iripplc _

13
Tous (13)
As a result, the current ripple ratio can be maintained by the
reference voltages Vier1 and Vi and would not be influenced
by the input voltage or the numbers of LED in series. Smaller
current ripple has a more stable LED lumen. However, the ratio

of the current ripple also defines the switching frequency as
shown in (14)

1

fs =
1 1
L x Tippte % (3 + v

(14)

According to (14), a small inductor current ripple results in
a faster switching frequency and increases power consumption.
On the other hand, a high inductor current ripple results in a
slower switching frequency Therefore, power efficiency is in-
creased because the switching loss is further reduced. However,
the conduction power is increased due to large current ripple.
Therefore, the inductor current ripple, which is about +15% of
the average inductor current has a better power conversion ef-
ficiency as shown in Fig. 8. The power efficiency would be re-
duced while the current ripple is smaller than +15%. Moreover,
the current ripple can be increased to reduce the size of the in-
ductor at the cost of reduced efficiency and, possibly, LED life-
time [15]. As a result, the suitable ratio of the inductor current
ripple is £15%. This is popularly used in today’s LED lighting
products.

Fig. 9. Structure of the SAR-controlled modulator.

The LED driver needs to provide an accurate driving current
for LED lighting systems. It should be noted that the SAR-con-
trolled modulator can still dynamically adjust the off-time to
rapidly react to the variations of the input voltage and the num-
bers of LED in series. In addition, the power dissipation during
phases I and II can be reduced and expressed as (15) and (16),
respectively

5)
(16)

EphI(SAR) :I%(avg) X Ron X ton

Epnrrsar) =Ir(avg) X Vs X tofi.

According to (11), the power dissipation in phase I is much
less than those in (5) and (9). During phase II, the power dissi-
pation can also be reduced through the use of small Vg because
of the active diode. Hence, the technique can minimize the con-
duction power loss and improve the accuracy of the driving cur-
rent. Sections IV-A-IV-C will describe the implementations of
the sub-modules.

A. Implementation of the SAR-Controlled Modulator

The implementation of the SAR-controlled modulator is
composed of three sub-modules as shown in Fig. 9. The three
sub-modules are the up-down 8-bit counter, the 8-bit SAR gain
code generator, and the over-control logic circuit. The up-down
8-bit counter is used to calculate a new 8-bit SAR code A[7 : 0]
and a gain code G[7 : 0] according to the digital signal Count.
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The 8-bit SAR gain code generator provides G[7 : 0] to the
up-down 8-bit counter to calculate the precise A[7 : 0]. The
over-control logic circuit detects A[7 : 0] and generates C[7 : 0]
to avoid the overflow issue.

The circuit of the up-down 8-bit counter is the main module
shown in Fig. 10(a). Since A[7 : 0] starts from “10000000”, the
gate DFFS utilizes the complement of the () signal when the
signal CLR is high. Therefore, A[7 : 0] starts from “10000000”
after the clear state. The eight XOR gates and the signal CountB
are used to decide if the operation is an addition or a subtrac-
tion. Additionally, CountB is also used as the carry-in signal
of the first full-adder to achieve the correct calculation. When
CountB is “1”, G[7 : 0] will be converted into its 2’s comple-
ment value. Hence, A[7 : 0] subtracts G[7 : 0] to prolong the
off-time duration. On other hand, if CountB is “0”, G[7 : 0]
is not complemented. That is, the addition is proceeded by the
SAR-controlled modulator and A[7 : 0] is equal to the sum of
the previous value and G[7 : 0].

The 8-bit gain code generator is shown in Fig. 10(b). G[7 : 0]
starts from “01000000” to “00000001”. At the beginning, the
binary code [out2, out1, out0] is set to “000” and converted by
the 3-to-8 decoder so that G[7 : 0] can be set as “01000000”.
Three full adders are used to generate the increasing binary code
[out2, out1, out0] from “000” and G[7 : 0] is converted from
“01000000” to “00000001” by the 3-to-8 decoder. Until G[0]
is changed from “0” to “1”, the input B of the full adder I be-
comes “0” and the binary code [out2, outl, out0] will be set-
tled. This indicates the end point of the calibration of the SAR
operation. Then, the SAR-controlled modulator starts to slightly
adjust A[7 : 0] by setting the minimum G|7 : 0] as “00000001”.

The over-control logic circuit is depicted in Fig. 10(c). The
AND gate array is used to block the clock CLK when the overflow
issue happens. When the value of the signal CountB is “1”, the
operation of the up-down 8-bit counter is the addition function. If
A[7 : 0]is“11111111”, the output of the XOR gate array is “0” to
block the clock signal CLK. Thus the over-control signal C[7 : 0]
holds to “00000000”. For the subtraction function, the up-down
8-bit counter needs to prevent the value of the SAR code A[7 : 0]
from continuously decreasing when A[7 : 0] is “00000000”.
When the function of subtraction is enabled by the CountB, it also
prevents the overflow issue from happening through the XOR gate
array. The SAR-controlled modulator with three sub-modules
can generate A[7 : 0] through the digital signal Count to ad-
just the dynamic off-time. When Count is “0” or “1”, the SAR
code will subtract or add G[7 : 0] as “00000001".

B. Implementation of the Adaptive Off-Time Circuit

The simple implementation of the constant off-time circuit
is depicted in Fig. 11(a). When the signal control is high, the
non-inverting input of comparator V¢, is discharged to ground
and the output of comparator Set is zero. When the signal control
is changed to low, the constant biasing current I will flow into
the capacitor Cyg to increase V.,. Once V., is larger than the
voltage Vg, the signal Set is changed to high to start the next
switching cycle. Thus, the off-time duration can be expressed
as (17)

CotVBG

I a7

toft =
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Fig. 10. Three sub-modules in the implementation of the SAR-controlled mod-
ulator. (a) Up-down 8-bit counter. (b) 8-bit SAR gain code generator. (c) Over-
control logic circuit.

where ¢, is proportional to the value of the capacitor Cog.
Therefore, the adaptive off-time circuit as illustrated in
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Fig. 11(b) utilizes the SAR codes to adjust the value of the
capacitor for the suitable off-time ¢og. A[7 : 0] turns on/off
the switches in the SAR-controlled capacitor array to decide
the total value of C\,g when the input enable signal EN is high.
Each bit in A[7 : 0] indicates the additional capacitor. As such,
Cost can be expressed as (18)

Cog=Cx(2° A7 +27  Ag 4+ +277- Ag+277). (18)

Thus, the maximum and minimum values of the capacitor are
2C and C/128, respectively. As a result, the off-time ¢, can
be dynamically adjusted to get the accurate average inductor
current.

C. Implementation of the On-Chip Low-Side Current Sensing
and the Blanking Time Circuits

The on-chip low-side current sensing circuit is shown in
Fig. 12. The switches My — M,3 are used to control the
turning on/off the current sensing mechanism. When the Vpw
changes to high to turn on the N-type power MOSFET My,
the sensing MOSFET Mg, and the switch My, the voltage
at node SW will pass to Vg through the Mj; and voltage Va
will be equal to the voltage at node SW due to the close-loop of
the amplifier. Thus, the transistors My and Mgense Will have
the same drain, gate, source, and bulk voltages. The W/ L ratio
of My to Mgense is about K. In this design, the value of K is
3000. The current I is approximately equal to (1/3000) x Ir,.
The inductor current information passes through the current
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Fig. 12. Design of the on-chip low-side current sensing circuit with the
blanking time circuit.

mirror pair, composed of transistors Mgr; and Mg», to gen-
erate the sensing signal Viense, Which is used to compare two
reference voltages, Vrer1 and Vrgre, to decide the values of
ton and tog.

At the beginning of every switching cycle, the current sensing
signal Viepse is utilized to determine whether the digital Count
is “1” or “0”. Since the clock signal CLK in the SAR-controlled
modulator can trigger the calibration of the off-time duration,
Viense needs to correctly present the inductor current informa-
tion before the clock signal CLK changes from low to high.
Thus, the blanking time circuit is used to delay the signal Vpw\
to generate the clock signal CLK. That is, the blanking time cir-
cuit provides enough time for Vense to track the variation of the
load current. Therefore, A[7 : 0] can accurately decide the value
of the capacitor.

V. EXPERIMENTAL RESULTS

The proposed SAR-controlled adaptive off-time technique
for the LED lighting systems was fabricated by the UMC
0.35-pum high voltage process. The threshold voltages of n-type
and p-type low voltage MOSFET are 0.56 and 0.79 V, respec-
tively. The chip micrograph is shown in Fig. 13(a). The total
silicon area including the testing pad is about 1100 pmx 1000
pm. The developed prototype is shown in Fig. 13(b). The LED
current driver in this technique can operate from 8 to 40 V
and the regulated driving current can be higher at about 1 A.
The detailed specifications are listed in Table I. The maximum
adaptive off-time is about 2.5 us and the duty is about 5% when
the input voltage is 40 V and the load is one LED. If the input
voltage is at 20 V and the load is 8 LEDs, the LED driver will
continuously turn on the N-type power MOSFET but the input
voltage cannot overcome the forward voltage of 8-LEDs. As
a result, the switching frequency is zero and duty ratio cannot
be defined. The off-time stays at the initial value. That is, the
off-time value is well-defined at all conditions.

The on-chip reference voltage can be adjusted to 360 and 720
mA and the experimental results are shown in Fig. 14(a) and (b),
respectively. The SAR-controlled adaptive off-time technique
starts to calibrate the off-time duration once the LED driver is
enabled. After eight switching clock cycles, the off-time value
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Fig. 13. (a) Chip micrograph. (b) Prototype for testing the LED driver.

TABLE 1

SPECIFICATION
Fabrication Process UMC 0.35um high voltage process
Chip area 1100pm*1000pm
Vin 8V to 40V
Supply Voltage 4V
Quiescent current 0.5mA
Maximum adaptive off-time 2.5 us
SwW 8V to 40V
Inductor 33uH
Maximum LED Current 1.5A

is determined and this technique enters the dynamic adjustment
stage through the up-down converter. In particular, ¢, is finely
and adaptively adjusted for the variation of the environment
after the calibration stage. The calibration times are 42.5 and
120 ps when the LED driving currents are 360 and 720 mA,
respectively. The average inductor currents are adjusted to the
predefined values of 360 and 720 mA. After the calibration, the
ripples of the inductor current (I7,) are adjusted to 108 and 210
mA peak-to-peak when the LED driving currents are 360 and
720 mA, respectively. The inductor current ripple is approx-
imated to within £15% of the average inductor current. The
switching frequencies of the two load conditions are different
because of the adaptive off-time.

Fig. 15(a) demonstrates that this technique can rapidly adjust
the off-time ¢, to maintain the LED driving current when the
input voltage is increased from 10 to 20 V and vice versa. Fur-
thermore, the digital PWM signal is used to adjust the bright-
ness of the LED lighting system at different duties of the digital
PWM. The inductor current operates at the defined value when
the digital PWM signal is high. In addition, the inductor current
is zero when the digital PWM signal is low. Thus, the average
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Fig. 14. Experimental results show the adaptive off-time is determined after 8
clock cycles by the SAR-controlled adaptive off-time technique when the LED
driving currents are (a) 360 and (b) 720 mA.

output current can be adjusted between 0% and 100% by ad-
justing the duty ratio of the digital PWM signal. Similarly, when
the number of LEDs is changed, the condition is the same as the
test of line transient regulation because the voltage across the
inductor is changed and the LED current is kept constant. As
shown in Fig. 15(b), the average current can also be maintained
at 720 mA by the dynamic off-time when the duty of PWM dim-
ming is 100% and the input voltage is increased from 10 to 20
V and vice versa. That is, the proposed SAR-controlled adap-
tive off-time technique can adjust the off-time depending on the
input voltage and the number of LEDs. Fig. 15(c) shows the ex-
perimental results of the inductor current waveforms when the
duties of the digital PWM signal are 25% and 50%. The av-
erage inductor current is adjusted back to the predefined 720
mA after eight switching cycles at the beginning of the digital
PWM signal. This technique can effectively adjust the off-time
tog back to its accurate value every time when the LED lighting
system is turned on.

Fig. 16(a) demonstrates the improvement of the power
conversion efficiency compared with the previous designs. The
power conversion efficiency is increased by about 8%—15%
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Fig. 15. Experimental results. (a) Waveforms of the performance of line regulation when the duty of the PWM dimming is 50% and the input supply voltage
changes from 10 to 20 V or vice versa. (b) Waveforms of the performance of line regulation when the duty of PWM dimming is 100% and the input supply voltage
changes from 10 to 20 V or vice versa. (c) Waveforms of the SAR-controlled adaptive off-time technique when the duties of the digital PWM signal are 25% and

50%.

compared to the HCC method, and by about 5%—-8% compared
to the PCC method when the LED driver is used to drive 5
to 8 series-LEDs. As shown in Fig. 16(b), the accuracy of
this proposed technique can only keep 1% error percentage
compared to that of the HCC technique. However, the error
percentage of the PCC method may be larger than 15% under
different input supply voltages. In other words, the SAR-con-
trolled adaptive off-time technique can effectively enhance the

power conversion efficiency and, at the same time, provide
accurate driving current. Fig. 17 shows the comparison of the
error percentages under different input voltage and temperature
when the LED driver is used to drive 5 series-LEDs. The error
percentage of the PCC and HCC technique is about 11.27% and
1.06%, respectively. The proposed SAR-controlled adaptive
off-time method can keep a low error percentage, which is
about 1.37%, as low as the HCC technique. Fig. 18 shows the
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Fig. 16. Experiment results. (a) Efficiency comparison between the HCC, PCC
and SAR-controlled adaptive off-time techniques when the LED driver is used to
drive 5 to 8 series-LEDs. (b) Accuracy comparison between the HCC, PCC, and
SAR-controlled adaptive off-time techniques at different input supply voltages.
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Fig. 17. Comparison of error percentages under different input voltage and
temperature when the LED driver is used to drive 5 series-LEDs. (a) Results
of the proposed SARCA method. (b) Results of the PCC and HCC methods.

estimated results of 200 samples with different temperatures.
The average current is 720 mA. The standard deviation is 2 mA
and the coefficient of variation is 0.28%. The temperature co-
efficient was less than 50 ppm/°C. Consequently, the proposed
technique can achieve high accuracy without being affected by
the variations of the input voltage and temperature.

The comparison between the proposed technique with the
HCC and PCC techniques is listed in Table II. The proposed
SAR-controlled adaptive off-time technique can achieve 94%
efficiency and 98% accuracy for LED lighting system.
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TABLE II
COMPARISON WITH OTHER TECHNIQUES
SAR-controlled HCC PCC
Sensing resistor NO YES YES
Line regulation error 2% 2% <17%
Current error percentage 2.01% 1.11% 23%
|_Efficiency 94.3 % 82.9% | 88.2%

VI. CONCLUSION

The prior arts of the LED drivers such as the PCC and HCC
methods have shown a trade-off between efficiency and accu-
racy. In this paper, the LED driver with the SAR-controlled
adaptive off-time technique is proposed to achieve high accu-
racy and efficiency at the same time. According to the operation
of this technique, the average inductor current can be adjusted to
a constant value. The on-chip low-side current sensing method
and the active diode can greatly improve efficiency. Thus, this
topology achieves 94% efficiency and 98% accuracy. The power
efficiency is increased to about 8%—15% compared to the HCC
method and to about 5%—8% compared to the PCC method. The
SAR-controlled adaptive off-time technique can be widely used
in LED lighting systems with PWM dimming control.
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