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A Highly Accurate Current LED Lamp Driver With
Removal of Low-Frequency Flicker Using Average
Current Control Method

Hyun-A Ahn

Abstract—This paper presents an average current control
method for a light-emitting diode (LED) lamp driver that achieves
a highly accurate current and removes low-frequency light flicker.
The proposed LED lamp driver accurately maintains an aver-
age LED forward current by precisely adjusting the duration of
the on- and off-times of the LED lamp driver. It also removes
the low-frequency flicker by regulating the LED forward current
without being affected by the low-frequency component of the ac
line voltage. In addition, it reduces power consumption by elimi-
nating the necessity of a high-voltage sensor or a high-side resis-
tor, which causes conduction loss. The proposed average current
controller was fabricated using a 0.18 um bipolar, complemen-
tary metal-oxide-semiconductor, and double diffused metal-oxide-
semiconductor process technology. The measurement results of the
proposed LED lamp driver show that the variation in the average
LED forward current is less than 0.6 %, and the light flicker below
120 Hz is completely removed. In addition, the measured max-
imum power efficiency and power factor of the proposed LED
lamp driver are 89.22% and 0.93, respectively.

Index Terms—AC-DC power conversion, current control, light-
emitting diode (LED), lighting, driver circuits.

1. INTRODUCTION

ECENTLY, light-emitting diodes (LEDs) have been in-
R creasingly used as lighting devices due to their high power
efficiency, long lifetime, and environmental friendliness [1], [2].
The use of LEDs helps us to alleviate global warming because
high-efficiency lighting reduces carbon emissions. Moreover,
since regulations for the use of incandescent lamps are globally
strengthened, LED lamps will rapidly dominate the market for
lighting devices [3], [4].

To use LEDs as a lighting lamp, an LED lamp driver is needed
to supply stable power to LEDs and to accurately control the
luminance of LEDs. Since the luminance of LEDs is determined
by the average current flowing through LEDs, a method of ac-
curately controlling the average LED current is necessary to
acquire accurate luminance in the LED lamp driver. In addition,
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frequency [9].

the LED lamp driver requires the characteristics of high power
efficiency, high power factor, low system cost, long lifetime,
and low light flicker, where the light flicker is mainly induced
by ac main power sources.

In lighting applications, luminance accuracy depends on the
deviation of luminance between the LED lamps, and the varia-
tion in luminance of a single LED lamp. Deviation of luminance
is mainly caused by variations in both the forward voltage of
the LED and the inductance of the inductor or transformer.
Since commercial LEDs and inductors provide an allowable
deviation of 20%, an LED lamp driver should be carefully de-
signed with the consideration of such a deviation in order to
accurately control the luminance. On the other hand, the vari-
ation in luminance is mainly induced by an ac line voltage of
110 V or 220 V. According to medical research, such variation
leads to low-frequency light flicker, which can be harmful to
human health [5]-[8]. Thus, the IEEE standard 1789-2015 in
high brightness LEDs was established to mitigate health risks
to viewers [9]. The light flicker, which is defined as a variation
in lamp luminance according to time [9], can be quantified as a
percent flicker, which is expressed as

Lmin
x 100 (1)

Lmax -
Percent flicker(%) =

max min

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 2. Block diagram of a typical two-stage LED lamp driver.

where L. and Ly, are the maximum and minimum lumi-
nance, respectively. Fig. 1 shows the recommended operating
area for percent flicker according to frequency (f), indicating
that the percent flicker should be less than 0.0025 x for 0.08 x
fdepending on whether f is below or above 90 Hz, respectively.
Since the light flicker below 90 Hz, called visible flicker, can
be recognized with human eyes, it is severely harmful to hu-
man health. Therefore, the percent flicker below 90 Hz is more
strictly regulated than that above 90 Hz; thus, recent LED lamp
drivers have been developed to comply with the recommended
standard of percent flicker [10]-[15].

Fig. 2 shows a typical two-stage LED lamp driver, which
consists of a voltage regulator for providing a regulated volt-
age to the LEDs and a current controller for controlling the
luminance of LEDs. In the voltage regulator, the bridge rectifier
rectifies the ac main voltage, the power factor corrector (PFC)
increases the power factor, and the dc—dc converter regulates the
voltage provided to the LEDs for high power efficiency. How-
ever, a transformer-based PFC increases the system cost, and a
bulky electrolytic capacitor decreases the lifetime of the LED
lamp driver because the lifetime of the electrolytic capacitor is
much shorter than that of LEDs [16]. In the current controller,
several control methods, such as pulse-width modulation [17],
[18], pulse-amplitude modulation [19], hysteretic current con-
trol [20], and peak current control [21], can be adopted to control
the luminance of LEDs.

To improve the performance and reduce the system cost of
LED lamp drivers, several current control methods with a simple
structure of the LED lamp driver have been studied [22]-[25].
In [22], a step-down buck converter with a constant off-time
control method was employed for a simple LED lamp driver
to reduce the system size by removing a bulky electrolytic ca-
pacitor and directly driving the LEDs from an ac outlet source
for a high power factor. However, this LED lamp driver had
a large current ripple, which was estimated to have a percent
flicker of 100% at low frequency (double the ac line frequency).
Moreover, the average LED forward current varied according
to the number of LEDs, the inductance of the converter, and the
LED forward voltage; thereby, the luminance of LEDs could be-
come inaccurate. The adaptive off-time (AOT) control method
in [23] accurately controlled the LED forward current, but re-
quired a high-voltage sensor to sense the high voltage at the
input of the LED string, thereby increasing the system cost and
controller size. Another AOT control method in [24] and [25]
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Fig. 3. Proposed LED lamp driver using the ACC method.

employed a low-side resistor to accurately control the LED for-
ward current by sensing the highest and lowest LED forward
currents. However, it needed a blanking time before sampling the
lowest LED forward current to avoid the overshoot current,
caused by turning ON the main power switch. Due to the delay
of the blanking time, an LED forward current sampler inaccu-
rately sensed the lowest LED forward current; thus, the LED
lamp driver could not accurately control the luminance of the
LEDs. Moreover, this control method used a fixed blanking time
and had a varying slope of the LED forward current due to an ac
main input voltage with a low frequency of 50 or 60 Hz; thus,
the lowest LED forward current level varies with double the
ac line frequency. Consequently, the low-frequency light flicker
could not be removed.

In this paper, an average LED current control method is
proposed to achieve a high current accuracy and remove low-
frequency light flicker, while maintaining the high power effi-
ciency and power factor of an LED lamp driver without using an
electrolytic capacitor. The proposed LED lamp driver using the
average current control (ACC) method enhances the accuracy
of the LED forward current by precisely adjusting the duration
of the on- and off-times of the LED lamp driver without us-
ing a high-voltage sensor or high-side resistor. It also removes
the low-frequency flicker by regulating the LED forward cur-
rent without being affected by the low frequency of the ac line
voltage. In Section II, the proposed ACC method is theoretically
analyzed. Sections Il and IV, respectively, explain the operation
and circuit implementation of the proposed LED lamp driver us-
ing an ACC method. In Section V, the experimental results of
the proposed LED lamp driver are presented with a detailed
analysis. Finally, the conclusions are given in Section VI.

II. PROPOSED LED DRIVER USING THE ACC METHOD
A. Structure of the Proposed LED Lamp Driver

Fig. 3 shows the proposed LED lamp driver using an ACC
method for accurately controlling the LED forward current.
The proposed LED lamp driver, which employs a floating buck
converter structure, consists of a bridge rectifier, a valley-fill
PFC, an LED string, an inductor with an inductance of L, a
freewheeling diode (D) with a forward voltage of V), a power
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Fig. 4. Conceptual waveform of /1 gp in the proposed LED lamp driver using
the ACC method.

switch (Mswrtch), a sensing resistor (Rsgnsg), and an average
current controller.

The bridge rectifier uses an ac line voltage (Viy) as an input
to the LED lamp driver and supplies a rectified voltage (Vprc)
to an LED string consisting of N LEDs, each of which has a
forward voltage of V.

The valley-fill PFC is used as a power buffer that supplies
power to the LED string when Vi is less than half-peak Vi,
thus, maintaining a high power factor.

The inductor is energized or de-energized so as to con-
trol the LED forward current (/;gp), whose slope is deter-
mined according to Vprc, Vp, N x Vg, and the drain voltage
of Mswircu (Vprain). It is energized or de-energized depending
on whether Mswircy is turned ON or OFF, respectively.

The average current controller generates a gate voltage of
Mswritca (Vgate) to control the duration of the on- and off-times
of Mswrrcn using the sensed voltage across Rsense (Vsense) and
the reference voltages (Viyigu_rer and Vaye rer)-

B. Proposed ACC Method

In the proposed LED lamp driver, the ACC method is realized
to accurately regulate an average Iy gp to a target average current
level by adjusting the durations of the on- and off-times of the
LED lamp driver. In addition, it removes the low-frequency
flicker without being affected by the blanking time.

Fig. 4 shows the conceptual waveform of /;gp of the pro-
posed LED lamp driver using the ACC method. Iygy rer and
Iavcrer are the fixed levels of the highest /1 gp and target av-
erage I gp, which are determined by Viigu.rer/Rsensg and
Vave.rer/ Rsenses respectively. Algigy is the difference be-
tween Igigarer and Iavg rer- ILow_varis the variable level of
the lowest I gp, and it varies according to 7o, and ., which are
defined as the durations of the on- and off-times of MswircH,
respectively. f,, is divided into 1oy and fhign, Which are the du-
rations of ILED from ILOW,VAR to IAVG,REF and from IAVGJ{EF
to Iyigu.rer, respectively. Aljow is the difference between
IavG rer and I ow_var-

When Mswircy is turned ON during zo,, I gp flows through
Mswrrcn to ground, and the inductor is energized with a positive
slope of I gp, which is expressed as

dliep — Verc — N X Vr — VpraN
dton L

2

When Mgwircy is turned OFF during zog, Ippp flows through
D, and the inductor is de-energized with a negative slope of
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I gp, which is expressed as
—VD — N x VF

d I gp _ 3)
dtofp L '

In the hysteretic waveform of I gp of Fig. 4, the average
value of /1 gp is equal to Iavg_rer When I ow_var satisfies the
following equation:

1 [T ImicaREF + ILow VAR
- / Lippdt = = Iavgrer 4
0

2

where T is the duration of one switching period (Z,, plus foft).
From (4)

ILow_.var = 2/AvG REF — THIGH REF
= IavG ReF — AlwicH. (5)

From (5), Iavrer — fLow.var is equal to Almgn; thus,
Al ow should be equal to Alygy to make the average value
of I gp equal to ayg_rer. Consequently, ,,, should be equal to
thigh, since the slope of Iigp is a constant, as expressed in (2).

To make #0,, equal to tigp, the proposed average current con-
troller senses the crossing points of Iy gp with Iygy rer and
IavG Rrer during f,, and measures fioy and fhigh. When f1o, is
shorter than fyign, the proposed controller increases fof to ex-
tend #o Of the next ¢ (#},,,). When #i0y, is longer than fy;gh, the
proposed controller decreases #,; to reduce the subsequent 7, .
Through the above control process, fioy is gradually adjusted to
be equal to fhign, and the proposed LED lamp driver then starts
operating in the steady state.

Therefore, using the proposed ACC method, the average I\ gp
is accurately regulated regardless of variation in the slope of
I gp, which is caused by variation in Vg or L; thus, the lumi-
nance of the LED lamp driver can be accurately controlled. In
addition, although Vppc varies due to variation in Viy with a low
frequency of 60 Hz, the proposed average current controller also
accurately controls Iy gp, resulting in removal of low-frequency
flicker, which will be explained in detail in Section III-C.

III. OPERATION OF THE PROPOSED LED LAMP DRIVER
A. Architecture of the Proposed Average Current Controller

Fig. 5 shows the schematic of the proposed LED lamp driver
with the average current controller. The proposed average cur-
rent controller consists of a time measurement block, a time-to-
voltage converter, an on- and off-time controller, and a block for
a voltage regulator and a bias generator.

The time measurement block compares Vsgnsg With
Vuiga rer and Vavg rer, and measures Thigh and fiow of Iy gp, re-
spectively, as described in Section II-B. Its outputs (Q and Q)
are then activated during fyign and #ow, respectively. A leading-
edge blanking (LEB) block generates a blanking signal (Vi gg)
to prevent the overshoot current occurring when Mswircy 1S
turned ON as Vgare rises to high.

The time-to-voltage converter converts the pulsewidths of O
and Q» to the voltage levels of Vr y and V7 1 by charging stor-
age capacitors (Cs7 and Cs7,) with constant reference currents
(Igerp1 and Iggp2), respectively.
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Fig. 5. Schematic of the proposed LED lamp driver with an average current controller.

The on- and off-time controller controls the charging cur-
rent (Vcomp/Rs) flowing into Cg by comparing Vr g and Vr g,
using the amplifiers (A; and A,) and, thus, adjusts the time
for a voltage across Cs (Vs opg) to reach Vggr. When Vg opg
reaches Vgrgr, the comparator (Cmp;) triggers Vsgr, and Voarg
is activated. Then, Mswitch is turned ON, and I gp starts to
increase, resulting in increasing Vsgpnsg. When Vsgnsg reaches
Vaicu.rer, the comparator (Cmp,) triggers Vreser, and Vgare
is deactivated, and then Mswircq is turned OFF. Thus, the on-
and off-times of Mgwircy are adjusted to generate the accurate
average I gp.

The block for the voltage regulator and bias generator pro-
vides a supply voltage (Vpp), a reference voltage (Vrgr), and
reference currents (Igpr; and Igrppy) to the proposed average
current controller.

The off-chip devices of C¢, C¢a, and R¢ are compensation
components for the stable operation of the proposed LED lamp
driver.

B. Valley-Fill PFC

The valley-fill PFC consists of two charging capacitors (Cp;
and Cp;), three Schottky diodes (Dp;—Dp3), and a protection

Vin
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Fig. 6. Input and output waveforms of the proposed LED lamp driver using a

valley-fill PFC.

resistor (Rp) [26]. Cp; and Cp, are multiple-layer ceramic ca-
pacitors instead of electrolytic capacitors in order to reduce
the system size and increase the lifetime of the LED lamp
driver [13].

Fig. 6 shows the waveforms of Vppc and I gp at the output
of the valley-fill PFC according to Viy and Iiy. When Viy is
less than the voltage across Cp; and Cp; in parallel, the PFC
supplies Vppc and I gp to the LEDs, and Cp; and Cp, are
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Detailed waveforms of the LED lamp driver using the proposed ACC

then discharged (discharge phase). When Vy is greater than the
voltage across Cp; and Cp, in series, Vv supplies Vppe and
I gp to the LEDs, and Cp; and Cp, are then charged (charge
phase). Except during the above discharge and charge phases,
Vin directly supplies Vppe and Iy gp to the LEDs, and Cp; and
Cp, are floating (floating phase). Because the valley-fill PFC is
used as a power buffer in the discharge phase, the average I gp
can be constantly regulated while maintaining the LEDs in the
ON state. In addition, the PFC achieves a high power factor by
keeping Viy and Iiv avg in-phase.

C. Operation of the Proposed Average Current Controller

Fig. 7 shows the detailed waveforms of the proposed LED
lamp driver using the ACC method, depicting how the average
I gp is accurately controlled to /ayg_rer by adjusting f,, and
toff- Each period represents one switching time of the proposed
LED lamp driver, which consists of #,, and 7o and operates in
four phases (P, ~ P4 phases). t,, is divided into P; and P,
phases for #o, and ty;gn, respectively. On the other hand, f is
divided into P; and P, phases, in which Cg is discharged and
the off-time of Mswircy is adjusted, respectively.

Fig. 8 shows the four operation phases of the proposed LED
lamp driver in one switching period, corresponding to the wave-
form in Fig. 7.

As shown in Fig. 8(a) (P; phase), Vsgr in the on- and off-
time controller is triggered by Cmp; when Vs opg reaches Vrgg.
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Then, it activates Vgatg, Vies, and Q. Mswircy is then turned
ON, and [} gp begins to rise with a constant slope, as expressed in
(2). Next, in the time-to-voltage converter, S, is turned ON as O,
is switched to the high state. O, remains high for #,,, 1, as shown
in Fig. 7, until Vsgnsg reaches Vayg_rer in the time measurement
block. During tiow.1, IrerF2 charges Cgro, and Vr 11 is stored
in Cs72, where Vy g 1 is determined as

1
Vroi = / IRer2dt. (6)
CST2 <tlow.]>

As shown in Fig. 8(b) (P, phase), Vi in the time measure-
ment block is triggered by Cmp, when Vsgnsg reaches Vayg Rrer.
Then, it activates Q; and deactivates Q,. Next, in the time-to-
voltage converter, S| is turned ON as Q) is switched to the
high state. Q| remains high for #y;e 1, as shown in Fig. 7, until
Vsense reaches Vg rer in the time measurement block. Dur-
ing fhigh,1, IrerF1 charges Cgri, and Vr y; is stored in Cgry,
where Vr 1 is determined as

Vg1 = / IRgpidt. @)
(thigh,1)

As shown in Fig. 8(c) (Ps phase), Vrgsgr in the on- and
off-time controller is triggered by Cmp, when Vsgnsg reaches
Ve rer- Then, it discharges Cs and deactivates Vgarg and Q.
Mswrrcn is then turned OFF, and Iy gp begins to decrease with a
constant slope, as expressed in (3). Next, Vr 11 and Vr g are
held at the input nodes of A, in the on- and off-time controller
when S3 and S; are turned OFF by Vgarg, respectively. Csr
and Cg7, are then discharged when S5 and Sg are turned ON,
respectively. Because the duration of 74, is longer than that
of thigh,1, V71,1 is higher than V7 g ;. Consequently, A; and
A, increase the charging current in Cg (Vcomp/ Rs) when S7 is
turned ON.

As shown in Fig. 8(d) (P, phase), Vs ope in the on- and off-
time controller starts to rise by charging Cg with Vcomp/Rs
when Sg is turned OFF by Vreser. Mswirch then remains turned
OFF until Vgi opg reaches Virgp. As Veomp/Rs increases in the
P phase, the increasing rate of Vs opg increases, resulting in a
decrease of the off-time of MswitcH.

The above four phases are repeated every switching period.
In the next switching period (Period 2), from P| to P; phase,
Vr.r2 is determined to be lower than Vr g, resulting in de-
creasing Vcomp/Rs. As the increasing rate of Vgp opg decreases
in phase P;, the off-time of Mgswircy increases. In the same
manner, from P;’ to P} phase, Vr 1 3 is determined to be equal
to Vr p.3, resulting in a constant and maintained Vcomp/Rs.
As the increasing rate of Vsiopg no longer varies in phase P/,
the off-time of Mgwrcu remains unchanged. Consequently, the
average Iy gp is accurately regulated to /avg_rer, and the LED
lamp driver finally operates in the steady state.

In the steady state, even when Vpgc varies to V- due to the
variation in Vv with a low frequency of 60 Hz, the proposed
average current controller accurately controls I gp in the same
operation as described above, as shown in Fig. 9. During 7., at
Vige (2,), the slope of Iy varies as
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When VS/ENSE reaches VAVGREF and VHIGHREF’ VléLAG and
Vieser are triggered, respectively, without being affected by
Vies; therefore, the proposed controller can accurately control
ILED between 1, HIGH_REF and / AVG_REF minus AIHIGH- Therefore,
the low-frequency flicker can be removed regardless of the vari-
ation in Vppc, which is caused by a varying Viy with a low
frequency of 60 Hz.

IV. CIRCUIT IMPLEMENTATION OF THE LED LAMP DRIVER

This section presents how the key circuit elements in the
proposed lamp driver are determined and implemented. The
proposed LED lamp driver employs a structure of the floating
buck converter with a valley-fill PFC to regulate /1 gp with a
high power factor for both 220 and 110 Vac of ac line voltage.
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In the valley-fill PFC, the capacitance of both Cp; and Cp;
is determined as

Pour/ VMmN X tHoLp » 1

€))

Crx Vbrop 2

Here, Poyr is a maximum output power of the LEDs, which
is determined to be 12 W by considering a maximum N x Vp
of 42 V and an Iaygrer Oof 280 mA. Vyn is the minimum
voltage of Vpgc, which is determined to be 45 V by considering
maximum N x Vp and voltage margin to drive Mswrrch- fHoLD
is the holdup time for Cp; and Cp;, which is determined to be
2.7 ms by considering the valley region, which is one-third of
the period of the rectified ac line voltage. Vprop is the voltage
drop on Cp; and Cp;, which is determined to be 25 V to ensure
continuous conduction of LEDs. Thus, the capacitance of both
Cp; and Cp; is determined to be 15 uF.

In the proposed LED lamp driver, the switching frequency
adaptively varies according to Vppc, N x Vg, and Al, where
AT is the current difference (current ripple) between the highest
and lowest I gps in steady state, which can be expressed as

Al =2 x (ImigHREF — IAVG REF) - (10)

To avoid audible noise and consider the switching loss of
Mgwitcn, the switching frequency is determined to be between
20 and 40 kHz. Thus, the switching period, which is the sum
of #,, and 7., is determined when satisfying the condition of
25 us < ton + toir < 50 us. Here, ., and fo are, respectively,
expressed as

o = Al x L ~ Al x L (11
Verc — N X VP — Vprain'~ Vprc — N X Vg
and
Al x L Al x L
foff = ~ (12)

NxVp+Vp NxVp
where Vprain and Vp are a drain voltage of Mgswircy and a
forward voltage of freewheeling diode, which are negligibly
small compared with Vppc and N x Vp, respectively. There-
fore, to, + fof can be determined as

Al x L x VPFC

ton + toff = . (13)
(Verc — N x Vp) x (N X VF)
The inductance can be derived from (13) as
ton + o Vere — N x V, N xV
L=( + foft) X (Vprc x Vi) X (N x F)- (14)

Al x VPFC

Consequently, the inductance value is determined to be
6.8 mH using a nominal value of parameters in (14); 37.5 us
for to, + toff, 220 V for Vpgc, 34 V for N x Vg, and 160 mA
for AI. Here, to guarantee the above switching period range
over the entire range of Vpgc, the nominal values of the switch-
ing period and Vppc were selected to be 37.5 us and 220 V,
respectively. In addition, because the maximum percent flicker
is determined to be 30%, the ripple current is selected to be
160 mA at an average I gp of 280 mA (percentage flicker of
28.6%). To make a current ripple of 160 mA and an average
ILED of 280 mA, VHIGHREFa VAVG,REFs and RSENSE are designed
to be 0.72 V, 0.56 V, and 2 €2, respectively. On the other hand,
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Fig. 10.  Feedback loop of the proposed LED lamp driver.
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Fig. 11.  Simulated loop response at different ac line voltage of 110 and 220 V.

when an ac line voltage of 110 Vac is used, the current ripple
should be 80 mA to guarantee the above switching period range,
and, thus, a VHIGHREF of 0.64 V is used.

Csr1 and Cgrp in the time-to-voltage converter are de-
signed to be 20 pF to stably hold V7 y and Vr , respectively,
considering the area of the block. To charge Cg7 and Cgr; to
a maximum voltage of 6 V for a maximum switching period of
50 us, Irgp1 and Igg g are setto 2.4 wA. Cyg in the on- and off-
time controller is designed to be 20 pF considering the chip area
and the operation range of Vcomp, Which is set to be between
0.2 and 2.0 V. To make the proposed LED lamp driver properly
operate at a switching frequency between 20 and 40 kHz, Cg
should be charged to a Vggr of 3 V during the off-time duration
of the proposed LED lamp driver between 4.5 and 45.0 us. Thus,
Vecomp/ Rs should be between 1.3 and 13.3 pA. Consequently,
Ry is determined to be 150 k2.

Fig. 10 shows the closed loop of the proposed LED
driver, where AlIogpg(s) is the current difference between the
highest and lowest /i gp, Algigu(s) is the current difference
between Iy rer and Iave rer, Ve(s) is the error voltage be-
tween Vr gy(s) and Vr 1 (s), V.(s) is the compensated voltage,
and D (s) is the off-time duration of Mgwrrcp, respectively, in
the frequency domain. The loop gain 7' (s) can be expressed as

T(s) = Ge(s)- Gy(s) - Gals) - H(s) (15)
where G.(s), G4(s), G4(s), and H(s) are the transfer functions
of a compensation network with amplifier, an off-time control
network, a main switching network, and a feedback network,
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TABLE I
DESIGN PARAMETERS OF THE LED LAMP DRIVER

Symbol Description Value (Part Number)

VIN input ac line voltage 110 Vims, 220 Vs

Vi forward voltage of LED 28V~42V

N number of LEDs 5~10 LEDs

IAVG_REF desired average current of LEDs 280 mA

THIGH_REF peak current of LEDs 360 mA @220 Vs, 320mA @110 Vi
It ow lowest current of LEDs 200 mA @220 Vs, 240 mA @110 Vg
VAVG.REF reference voltage for /ayG_REF 0.56 V

VhicHrer  reference voltage for IyiGH_REF 0.72V @220 Vs, 0.64 V@110 Vs
L inductance of buck converter 6.8 mH (19R685C)

VREF reference voltage for Vsi.opg 3V

IREF12 reference current for V7 gy and Vr 1 2.4 nA

RSENSE resistance for sensing current 2 Q (MBB02070C)

Csr12 storage capacitance for V7 y and Vr 20 pF

Cs capacitance for Vsi opg 20 pF

Ry resistance for Vsi opg 150 k2

Rc resistance for compensation 20 kQ

Ccin capacitance for compensation 1 nF and 30 nF

MswiTcH power MOSFET (FQPl 1N40CF)

D freewheeling diode (SBR1U400P1-7)

Cpip2 MLCC for PFC 15 nF (KTD251B156M99A0B00)
Dpi23 diodes for PFC (SBR1U400P1-7)

respectively. Each transfer function can be expressed as

—8&m 1+ (Cci - Re)s
(14+s/wp) (Cci+ Cca)s +(Cci - Cez - Re)s?
(16)
where g,, and @, are a transconductance of A; and frequency
of pole in A}, respectively

G.(s) =

Vreg - Cs - R
Gy(s) = _REF—st (17)
Vcomp
N-V
Guls) = == (18)
and
LI
Hs) = REF2 (19)

(Vin— N -Vp)-Csta’

The Bode plots of T'(s) are depicted in Fig. 11 at different ac
line voltages (Vins) to clearly show the stability of the proposed
LED lamp driver. Both phase margins at 110 and 220 V ac are
greater than 60°, indicating that the proposed LED lamp driver
stably operates.

The design parameters and specifications of the proposed
LED lamp driver are listed in Table 1.

V. EXPERIMENTAL RESULTS

Fig. 12 shows the chip photomicrograph of the proposed
average current controller fabricated using a 0.18 um bipolar-
CMOS-DMOS (BCD) process technology.

Fig. 13(a) and (b) shows the prototype of the proposed LED
lamp driver and the ten LEDs lit up, respectively. In addition,
Fig. 13(c) and (d) shows the enlarged photos of the valley-fill
PFC and inductor, respectively. The capacitors (Cp; and Cpy)
in the valley-fill PFC, both of which are made up of multilayer
ceramic, have the same capacitance value and size of 15 uF

Fig. 12.  Chip photomicrograph of the proposed average current controller.

14 em

i o

g

-

=
I]I'Il!‘
12
=
w o
a @) 12.0 mm

(d)
Fig. 13.  (a) Prototype of the proposed LED lamp driver, (b) 10 LEDs lit up,

(c) enlarged photo of valley-fill PFC, and (d) enlarged photo of inductor.

and 28.5 mm x 7.0 mm, respectively. The inductor (L) has an
inductance value of 6.8 mH and a diameter of 12.0 mm.

Fig. 14 shows the measured waveforms of Vprc and Ipgp
of the proposed LED lamp driver at an ac line voltage of
220 Vins/60Hz, an L of 6.8 mH, and an N x Vp of 35 V. The
measurement results show that the lowest and highest levels of
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Fig. 14.  Measured waveforms of Vprc and I1gp when L = 6.8 mH and
N x Vi = 34V.
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Fig. 15. Measured waveforms of Iigp, Vgate, Q1, and Qp when L =
82mHand N x Vp = 28 V.

Iy gp are precisely regulated to be 200 and 360 mA, respectively,
even when Vpgc varies from 135 to 320 V. The rising and falling
times of I gp are measured to be 3 and 29 us ata Vpgc of 320V,
and 9 and 29 us at a Vppc of 135V, respectively. Although Vpgpc
varies with 120 Hz, the proposed average current controller ac-
curately controls the average /1 gp to be 280 mA by adjusting the
on-time of Mgwircy; thus, the low-frequency (120 Hz) flicker
is removed.

Fig. 15 shows the measured waveforms of I gp, Vgare, O1,
and O, when L is 8.2 mH and N x Vp is 28 V. The measure-
ment results show that I gp is hysteretically controlled from
200 to 360 mA at a switching period of 54 ps. When Vgarg is
high (6 V) to turn ON Mgwitch, I gp starts to rise. During the
rising time of Iy gp, the pulsewidths of Q; and Q, are equally
controlled to be 4.2 us so as to regulate the average value of
ILED to be 280 mA.

Fig. 16(a) and (b) shows the measured waveforms of
ILEDs VGATEa and VSENSE when L is 8.2 mH and N x Vp is
28 V, and when L is 6.8 mH and N x Vp is 28 V, respec-
tively, indicating that the amplitude of /1 gp and the switching
frequency are 160 mA and 18.5 kHz and 160 mA and 22.7 kHz,
respectively. The proposed average current controller adjusts
the on- and off-time durations of the proposed LED lamp driver
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Fig. 16. Measured waveforms of I gp, VGare, and Vsgnsg when (a) L =
82mHand N x Vp = 28 Vand(b) L = 6.8 mHand N x Vp = 28 V.

to maintain the amplitude of I gp. These results demonstrate
that the LED lamp driver using the proposed average current
controller maintains the same amplitude of I gp regardless of
the value of L, indicating that the proposed LED lamp driver
accurately controls the luminance of LEDs.

Fig. 17 shows the transient response of /; gp When VN steps
up from O V to 220 Vac. When VgnapLe, Which is an enable
signal to turn ON the LED lamp driver, is turned ON, the system is
activated, Vi starts supplying power to the LED driver, and I} gp
is then regulated to the target maximum and minimum current
levels of 360 and 200 mA, respectively. When the proposed LED
lamp driver operates in the turn on transient, the overshoot does
not occur at the upper I gp level since the maximum I gp level
is controlled by the comparator (Cmp; in Fig. 5). On the other
hand, since the minimum /; gp level is controlled by amplifiers
(A and A, in Fig. 5) in the feedback network, a settling time for
I gp is needed to settle down to a target minimum current level.
The required settling time of the minimum 7 gp level to a target
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Fig. 17. Measured waveforms of the transient response of It gp when Vin

steps up from O to 220 Vac and its zoomed-in area.

current level of 200 mA is 180 ws as shown in the zoomed-in
area of Fig. 17.

Fig. 18(a) and (b) shows the test circuit for optical flicker and
the measured waveform of flicker. To detect the light emitted
from the LED string of the proposed LED driver, a photodiode
was used to linearly convert the light of LEDs to the reverse cur-
rent. In addition, an amplifier and a feedback resistor (Rr) were
used to measure flicker as a voltage (Vgickgr). The measured
waveform of Vppickgr showed that there remained only the
high-frequency flicker while the low-frequency (120 Hz) flicker
was removed by the proposed LED lamp driver. The maximum
and minimum voltage levels of Vppcker are 3.65 and 1.99 V,
respectively, resulting in a percent flicker of 29.4%. Fig. 19 in-
dicates that the above measured percent flicker is satisfied with
the IEEE standard 1789-2015 at the operation frequency range
of the proposed LED lamp driver from 20 to 40 kHz.

Fig. 20(a) and (b) shows the measured waveforms of the ac
input voltage (Viv), input current (/1N), Vprc, and I gp at 220
and 110 Vac, respectively. Vi and Iy, which are in phase,
have the power factors of 0.91 and 0.93, respectively, while
the average Iy gp is constantly regulated to be 280 mA without
low-frequency flicker.

Fig. 21 shows the average I; gp according to ac line voltage.
The simulated average Iy gp using the conventional AOT con-
trol method decreases, and its variation is 4.4%, whereas the
measured average /i gp using the proposed ACC method has an
almost constant value of 280 mA regardless of L value, and its
variation is 0.6%.
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Fig. 18. (a) Test circuit for optical flicker and (b) measured waveform of
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Fig. 19.  Percent flicker locations of the proposed LED lamp driver according

to frequency in the IEEE standard 1789-2015 [9].

Fig. 22 shows the power factor and power efficiency of the
proposed LED lamp driver with respect to the number of LEDs.
The measured maximum power factor and power efficiency are
0.93 and 89.22%, respectively. As the number of LEDs increases
from 5 to 10 LEDs, the power efficiency increases. Since the off-
time duration of the main switch decreases according to (12),
the power consumption in the freewheeling diode decreases,
which is the third largest power loss (1.97%) in the proposed
LED lamp driver. On the other hand, as the number of LEDs
increases over ten LEDs, the power efficiency decreases because
the increments of the power consumption in the Rsgnsg and on-
resistance of Mswircy (Ron) are larger than the decrement of
the power consumption in the freewheeling diode. In addition,
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as the ac line voltage increases, the on-time duration of the
main switch decreases according to (11), and, thus, the power
efficiency decreases. Also, as the number of LEDs increases, the
power factor increases. Since the valley-fill PFC supplies more
power when the ac line voltage is in the valley, the input current
enables earlier charging of the capacitors in the valley-fill PFC.
Thus, the shape of the input current becomes wider (close to a
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Fig. 22.  Power factor and power efficiency of the proposed LED lamp driver

using the ACC method with respect to the number of LEDs.
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Fig. 23.  THD according to the number of LEDs.

sinusoidal wave), resulting in an increase of the power factor.
On the other hand, as the ac line voltage increases, the amount
of current to charge the valley-fill PFC decreases, and thus the
shape of the input current becomes narrower, resulting in a
decrease of the power factor.

Fig. 23 shows the total harmonic distortion (THD) according
to the number of LEDs, indicating that the proposed LED lamp
driver satisfies the standard IEC 61000-3-2 at 110 and 220 V
ac regardless of the number of LEDs since the THD is less
than 19% [27]. As shown in Fig. 23, as the number of LEDs
increases, the THD decreases due to an increase of power factor.

Fig. 24 shows the measured power breakdown of the proposed
LED lamp driver; 89.22% for ten LEDs, 4.19% for inductor due
to an equivalent serial resistance of 5.7 €2, 2.51% for valley-fill
PFC to store and supply power to the LEDs during the val-
ley of the ac line voltage, 1.97% for the freewheeling diode
due to a forward voltage of diode, and 1.72% for the proposed
controller to charge and discharge the Mswircy’s gate capaci-
tance of 1 nF. In addition, rectifier, Rsgnsg, and on-resistance of
Mgswitch (Ron) consume 0.34, 0.04, and 0.01%, respectively.
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Fig. 25. Measured input current harmonics versus IEC 61000-3-2 Class D.

As shown in Fig. 25, the measured harmonic spectra of the
input current at Vs of 110 ac and 220 ac were compared with
the limits imposed by IEC 61000-3-2 Class D. The comparison
results show that the input current harmonics are below the IEC
61000-3-2 Class D limits.

These measurement results show that the proposed LED lamp
driver using the ACC method controls the luminance of LEDs
with high current accuracy, high power factor, and without low-
frequency flicker.

VI. CONCLUSION

An ACC method has been presented to achieve a highly ac-
curate current for an LED lamp driver and to remove the low-
frequency flicker. The proposed LED lamp driver adjusts the
on- and off-times of the main power switch according to sensed
information of Iy gp and thus accurately controls I gp without
low-frequency flicker, regardless of variations in the ac input
voltage, inductance, forward voltage of the LED, and the num-
ber of LEDs. In addition, the proposed LED lamp driver achieves
high power efficiency with low system cost by controlling /; gp
without a high-side resistor or a high-voltage sensor.
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To verify the performance of the average current controller,
the proposed LED lamp driver was designed and measured. The
measurement results demonstrate that the proposed LED lamp
driver using the ACC method has very little variation (less than
0.6%) in the average LED forward current. In addition, the mea-
sured maximum power efficiency and power factor are 89.22%
and 0.93, respectively. The proposed LED driver has a little
bit lower efficiency compared to traditional high efficient LED
driver. However, the proposed LED driver has a simple structure
having no bulky electrolytic capacitor, which is vulnerable to
stress, and a smaller inductor instead of huge transformer, thus
reducing the form factor. Moreover, the proposed ACC method
achieves a highly accurate LED current with removal of low-
frequency flicker regardless of variations in forward voltage of
LEDs, inductance, and ac line voltage. Therefore, the proposed
LED lamp driver is suitable for the high-quality lighting appli-
cations requiring low-cost and long lifetime.
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