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Abstract- The ease of control of LEDs allows the development of
drivers with luminous flux control without significantly increasing
the cost. The preferred control system to minimize light color
deviation at low power levels is through pulse width control.
However, IEEE PAR1789 recommendations indicate that the
frequency of these pulses should be greater than 1.5kHz to
eliminate the adverse effects of light flicker. This strongly affects
the design of LED drivers. Among other effects, it makes it more
difficult to avoid the appearance of audible noise in the magnetic
elements and can limit the ratio between the minimum and
maximum power achievable without losing linearity.

In this paper, a new solution based on a quasi-resonant buck in
series with a low-voltage-drop current regulator is presented. The
quasi-resonant buck is used to minimize the headroom voltage of
the dissipative current regulator thus maximizing the efficiency.
The operation of the resonant converter is analyzed using an
energy-balance approach to model the circuit behavior during the
resonant transitions. Based on this approach, a straightforward
design procedure is proposed and applied to a design example.
This example is used to build and test a low-cost experimental
prototype based on the L6562A control integrated circuit. This
paper is accompanied by several LT Spice files demonstrating the
basic operation of the proposed circuit.

1. INTRODUCTION

In recent years, LED lighting systems have prevailed over
other alternative artificial light sources, such as discharge or
incandescent lamps, mainly due to their greater efficiency and
long working life. Another interesting advantage of LED lamps
is their ease of control. This makes it possible to create artificial
illumination systems with lighting level control or even with
adjustable color by combining LEDs of different spectrums
inside the same luminaire. The popularization of the internet-
of-things, combined with the cost reduction of all associated
systems, has led to a significant growth of the lighting systems
with dimming and color control that are available in the market.
For all this, developing of simple power topologies that use
low-cost components and allow precise control of the current
supplied to the LED lamp is particularly interesting.

Pulse width control is the most widely used control strategy
to regulate the light level. Other strategies, such as constant
current control, give rise to much greater variations in the color
of the light produced in most of the LED diodes currently used
in lighting systems [1][2]. However, pulse width control can
lead to unacceptable flicker levels for many applications.

Currently, the most accepted reference to estimate the
maximum allowable flicker level for lighting applications is the
IEEE PAR1789 standard [3]. This standard recommends using
frequencies above 1.5 kHz for pulse width control to eliminate
the adverse effects of light flicker on human health. Complying
with this recommendation strongly impacts the design of the
LED driver. Among other effects, it makes it more difficult to
avoid the appearance of audible noise in the magnetic elements
of the electronic converter and can limit the ratio between the
minimum and maximum power that can be achieved without
losing linearity, especially when the rise and fall times of the
LED current become a significant part of the PWM period.

In this work, a new solution based on the combination of a
resonant buck converter followed by a low-drop linear current
regulator is presented. The simplified schematic of the proposed
circuit is shown in Fig. 1. The resonant buck converter is used
to minimize the voltage drop across the linear current regulator
thus minimizing the power dissipated by this stage. The low
drop-out current source regulator (LDOCS) allows precise
control of the current waveform supplied to the LED lamp
while keeping a high efficiency.

An energy balance approach is used to analyze the behavior
of the modified buck converter during the resonant transitions.
This technique is similar to the one used by the authors in [4]
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Fig. 1 Simplified schematics of the proposed quasi-resonant buck
converter combined with a low-drop current regulator.
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and it allows for avoiding the use of the fundamental approach
and its subsequent accuracy loss [5].

The remaining of the paper is organized as follows. In first
place a brief review of the state of the art is made. Other single-
switch resonant converters that can be found in the literature
and how they compare with the proposed configuration are
discussed. Several alternatives for using low-drop linear
regulator for LED current control are also described. In section
three, the operation of the proposed converter is thoroughly
analyzed, and the static design equations are obtained. These
equations are used to obtain some general design charts whose
use is described using a practical example. A simplified
procedure to obtain the small-signal dynamic model of the
converter is described in section four. Section five is used to
address the operation of the prototype built for experimental
verification. This prototype is based on the L6562A low-cost
control integrated circuit. The L6562A 1is intended for
controlling boundary-mode single-switch power factor
correction topologies but it can be adapted to control the
proposed topology using few additional components. The
experimental results obtained with this prototype are presented
in section six. The last section is dedicated to summarizing the
conclusions of this work.

I1I. BRIEF REVIEW OF THE STATE-OF-THE-ART

As mentioned in the previous section, the proposed circuit is
based on the combination of a quasi-resonant buck converter
and a low-dropout linear regulator. Both types of solutions can
be found separately in multiple bibliographical references.

In the late 1980s and early 1990s, numerous papers were
published with different proposals for resonant and quasi-
resonant converters [6]-[13]. In these converters, the resonant
transfer of energy between some of the inductors and capacitors
that are part of the circuit is used to minimize switching losses.
These configurations allow working at very high frequencies
while maintaining high efficiency. For example, some of the
references describe resonant converters working at several tens
of megahertz [14][15].

However, these converters also have some drawbacks. In
first place, the reduction in switching losses is normally
associated with an increase in conduction losses when
compared to the non-resonant equivalent configuration.
Besides, these circuits are more complex to design and analyze.
In most resonant topologies, the operating point must be within
strict limits to prevent a strong increase in switching losses.
Normally, its control requires modifying the switching
frequency and, in some designs, the required excursion of the
frequency can make it difficult to implement filters for
compliance with electromagnetic emission regulations.

Fig. 2 shows the best-known quasi-resonant buck converter
configurations as they were described in [6] and [7], published
in years 1987 and 1990 respectively. In these configurations, a
capacitor and a resonant inductance are added to the basic buck
converter to obtain zero-current or zero-voltage switching, thus
reducing switching losses. In both references, it is assumed that
the resonant transitions are fast enough to consider a constant
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Fig. 2 Basic quasi-resonant buck configurations: (a) L-type current
mode, (b) M-Type current mode, (c) T-Type voltage mode and P-Type
voltage mode resonant switches.

current through the main inductance, which considerably
simplifies circuit calculation. Although the proposed converter
can be considered as a simplified version of the quasi-resonant
buck converter with M-type or P-Type switches, the presence
of an additional inductance not only complicates the analysis of
the circuit, but also makes its practical implementation
considerably more expensive.

In reference [8], published in 1988, a synchronous quasi-
resonant step-down converter whose waveforms and operation
are similar to the one proposed is described. However, the
presence of two switches makes both the power stage and the
control more complex.

Although the largest number of publications per year
regarding quasi-resonant converters occurred between the late
1980s and the year 2000, interest in this family of circuits is still
very high, and it is possible to find many recent references
where they are used for multiple applications [16]-[18],
including LED drivers [19]-[25]. Among these publications, the
one that presents the greatest similarity with the proposed
configuration is [18]. However, in this work the authors neglect
the effect of the resonant charge of the switch capacitance,
which introduces a significant error, especially when working
under low load conditions.

In the present work, the quasi-resonant buck converter is
used to minimize the voltage drop in the linear regulator that
controls the current through the LED lamp. Low drop-out
current regulators can also be found in recent bibliography [26],
and there are several control integrated circuits in the market
specifically designed to facilitate its practical implementation
(e.g. LM3464, LM3463, ...), although, most of them are
designed to work with PWM frequencies below 500 Hz, which
cannot be used if compliance with the flicker recommendations
of the IEEE PAR1789 standard is required.

III. OPERATION OF PROPOSED CIRCUIT

The quasi-resonant buck converter shown in Fig. 1 behaves
basically like a standard buck with resonant charging and
discharging of the capacitor placed in parallel with the switch.
Thus, in addition to the linear charging and discharging stages
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Stage 2: Resonant charge of Cg.
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Stage 4: Resonant discharge of Cg.

Stage 3: Linear discharge of Lg.

Fig. 3 Operation stages of the proposed circuit.

of the inductance (stages 1 and 3 in Fig. 3), there are two
additional stages in which the capacitor Cr is resonantly
charged or discharged by energy exchange with the inductor Lg
(stages 2 and 4 in Fig. 3).

The value of the output capacitor Co is high, thus Vour can
be considered constant during a switching cycle and the
resonant transitions of stages 2 and 4 are only affected by the
values of inductor Lg and capacitor Cg.

To obtain low switching losses it is critical to switch on the
transistor when Cg is fully discharged. The control strategy that
will be used to fulfill this condition is switching on when the
zero crossing of Vs is detected and using the switch on time
ton as the control parameter of the converter (ZC-ton control).

Fig. 4 shows the evolution of the inductor current and the
MOSFET voltage. As it can be seen, during stage 1 the
MOSFET is on, the inductor current i, increases linearly from
i1 to ip, and the following expression can be obtained:

— Vin—Vour | ¢

=4 I

oN- ()

The MOSFET is switched off at the end of stage 1. During
stage 2, part of the energy stored in the inductor is transferred

r

Fig. 4 Basic operation of the proposed quasi-resonant converter.

to capacitor Cg, increasing its voltage from zero to the input
voltage Vin. The equivalent circuit at the beginning of stage 2
is represented at the left side of Fig. 5. Considering that a
capacitor charged to any initial voltage behaves like the same
capacitor discharged and connected in series with a constant
voltage source with that initial voltage, the inductor current
evolution during stage 2 can also be analyzed with the circuit
shown at the right of Fig. 5. The capacitor voltage will also have
the same evolution but with an offset equal to Vin-Vour. In this
AC equivalent resonant circuit, power is transferred between Cr
and Lr following a sinusoidal pattern at the natural resonant
frequency of the circuit wr:

1

W = Tirce 2)

Fig. 6 shows the current and voltage evolution in the AC
equivalent during stage 2. The energy balance between the
initial and final moments of stage 2 provides the following
expression:

. 2 1 2
“Lp i +E'CR'(VIN_V0UT) =
. 1
“Lg - i3 +5Cr- Vour® (3)

N|"‘N| =

The duration of stage 2 can be calculated as:

= T.-C.- o . B
t, =+/Lg-Cg-| cos — = +
i3 +E'VOUT

cos™!| —2—— ] 4)

.2, Cp 2
3"+
3+ Vour

Once capacitor Cr voltage reaches Vi, the clamping diode
Dc starts conducting and the inductor L is discharged linearly

Fig. 5 Capacitor Cg resonant charging circuit at the beginning of stage
2 and its equivalent simplified AC circuit.
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Fig. 6 Voltage and current evolution in the equivalent AC resonant
circuit of stage 2.
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during stage 3. The duration of this interval can be calculated
using the following expression:

ty = _Ltr | is. (5)
Vour

Once the inductor Lr is fully discharged, the circuit enters
stage 4, where Cr gets fully discharged, and the energy stored
in it is transferred to the inductor Lr. This stage can be analyzed
using the same method as in stage 2. Fig. 7 shows the
discharging circuit at the beginning of this stage and its
simplified AC equivalent, where the DC sources of the previous
circuit have been included in the initial voltage of the capacitor
Ck. Fig. 8 shows the voltage and current evolution during this
interval, where the energy balance between the initial and final
instants provide the following equation:

1 1 1 .
E'CR Vour® = E'CR - (Vin = Vour)? +E'LR ‘4% (6)

From this expression, the i; value can be calculated as:

c
== i “Vin (ZVOUT = Vin). (7

I
From which it can be deduced the following design
restriction:

v
Vour > =% 3

This means that the output voltage of the proposed converter
must be higher than half the input voltage to allow a complete
discharge of the resonant capacitor before the switch is turned
on. The duration of stage 4 can be calculated using the
following formula:

to =Lz Cr- (g +sin~! (M)) 9)

Vour

i=0

43
C, 7\/-\

Fig. 7 Capacitor Cy resonant discharging circuit at the beginning of stage
4 and its equivalent simplified AC circuit.
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Fig. 8 Voltage and current evolution in the equivalent AC resonant
circuit of stage 4.

The converter switching period can be calculated as the
duration of all four stages combined:

T=t0N+t2+t3+t4. (10)

And the average output current Ioyr can be calculated as:

L e .
loyr = ;(%'tON +l;3‘t3)~ (11)

Using the values obtained from expressions (4), (5) and (9),
equation (10) can be rewritten in the following form:

T = F,(Vin, Vour» ton, Lr, Cr)- (12)

In a similar way, using (1), (3), (5) and (7), equation (11) can
be expressed as:

lour = F,(Vin, Vour, tons Lr, Cr). (13)

These two expressions can be normalized using the following
base values for impedance and time:

L
Zoass = [ (14)

tpase = +/Lr * Cg. (15)

This way, the normalized switch on-time Tox can be defined
as:

fon (16)

The output to input voltage ratio will be defined as:

_Vour
Y= i (17)

This way, the normalized frequency can be obtained from
equation (12) and expressed in the following form:

¢ =F'1(y,Ton)- (18)

And the normalized ratio between the output current and the
input voltage  can be calculated as:

1 ’
¥= IC/WT “Zgase = F'2(v, ton)- (19)
IN

Fig. 9 represents the relation between y and y for different
Ton values obtained from expression (19). As it can be seen,
assuming a constant input voltage, for any given y between 0.5
and 1, it is possible to control the output current by modifying
the switch on-time.
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Fig. 9 Normalized Ioyr-Vy ratio (W) as a function of the Vour to Vix
ratio (v) for different values of the normalized switch on-time trn.

Expressions (18) and (19) do not depend on the Lr and Cr
values and can be used to design the converter in a
straightforward way, as it will be discussed in the next
paragraph.

A. Design example

As it was previously stated in equation (8), the proposed
resonant converter must operate with an output voltage higher
than half the input voltage. A suitable range for the output-to-
input voltage ratio (y) will be between 0.55 and 0.75, as lower
values will increase the risk of losing ZVS switching, and
higher values will lead to excessive reactive power and lower
efficiency.

This restriction provides a narrow range for selecting an
appropriate input voltage once the load voltage margin is
known. In this example, the load was composed of 5 phosphor-
converted white LED in series handling a nominal current of
0.6A, according to the maximum and minimum lamp voltage
values given by the manufacturer and assuming a 0.5V margin
to estimate Vourmin) (see Table I), the maximum input voltage
must be lower than 27V to comply with (8). In this design, a
24V input signal was chosen, giving a Ymax of 0.698 and a ymin
of 0.594. This 3-volt margin allows the converter to handle up
to a 12.5% peak low-frequency input voltage ripple without
losing the ZVS condition.

The minimum output power in LED dimming ballasts can
ecasily be well below 5% of its nominal value. Besides, in the
proposed circuit, neither the turn-on time of the transistor nor
the frequency present strong variations when the output power
is low, so both values can be estimated assuming that the
minimum design power is approximately zero.

Fig. 10 shows the normalized switching frequency ¢ as a
function of the output-to-input voltage ratio y for different ton
values. This figure is the graphical representation of expression
(18). The curve designated as y=0 correspond to zero output
current and can be used to estimate the maximum frequency at
the minimum output voltage (Ymin), providing a ¢omax value of
0.147. In this design, the selected maximum and minimum
frequencies were 295 kHz and 100 kHz respectively. To
maintain the same proportion, the minimum normalized
frequency (¢min) must be 0.05, so the curve that relates the
normalized frequency to the normalized output voltage at

TABLE 1

DESIGN EXAMPLE PARAMETERS

LED Lamp Characteristics

LED Vrwp(min)@350mA | Vewp(max)@350m | Configuration
type A
Oslon 2,75V 325V 5SLEDin
SSL 80 series

Basic Design Parameters

Input voltage

Min. output voltage

Max. output voltage

V1N=24 V VOL’T(min)=14-25 V VOL’T(mzLx)=16~ 75 V
Nominal output Min. frequency Max. frequency
current
Lour=0.6 4 Jwin=100 kHz Jwin=295 kHz

Normalized Design Parameters

Min. output to
input voltage

Max. output to input
voltage ratio

Min. switch on-time

ratio

Yunin=0.594 Vnax=0.698 ToNmin=2.132
Maximum Minimum Max. switch on- | Nom. Output current
frequency frequency time to input voltage ratio

_ Pua=0.147 Gnin=0.05 Tonmay=13.03 Viom=1.79
Calculated Circuit Parameters
Resonant Resonant Max. switch on-time
inductor capacitor
Lg=25 uH Cr=10nF tON(may)=0.5 s

nominal current (y=nom) should cross the point Gmin ~Ymax i
Fig. 10. This can be used to obtain the nominal normalized
output current to input voltage ratio nom. The resonant inductor
and capacitor values can be calculated by de-normalizing Qmin
and Waom.

Considering that the control of the current through the LEDs
of the proposed design is carried out by making the low-drop
current regulator provide a 2 kHz current square wave with
variable pulse width, the necessary value of the Co capacitor
can be estimated as indicated below. Assuming that the
regulator’s bandwidth is significantly lower than 2 kHz, so that
the current supplied by the quasi-resonant buck converter to the
combination formed by capacitor Co, LDOCS and LED does
not vary significantly during a 2 kHz cycle, the ripple of the
Vour voltage will be mainly due to the fundamental component
of the pulsating LED current, being maximum when its duty
cycle is 50%. Under these conditions, to obtain a 5% peak-to-
peak ripple when the output voltage is minimum (see Table 1),

0.18 - T T
(I) Yenin Vipax
0.14 Dinax
0.1
0.06
, ¢min
0.02
0.5 0.6 0.7 0.8 0.9

Fig. 10 Normalized frequency ¢ as a function of output-to-input
voltage ratio v for different T values.
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the necessary capacitor would be 85 pF. For experimental
validation, a value of 100 uF has been used, which provides a
ripple of 0.6 volts peak to peak at 2 kHz on Vour. This ripple
has an important effect on the power dissipation in the LDOCS.
The greater the ripple, the greater the voltage margin that must
be established to maintain a minimum voltage across the
LDOCS and avoid distortion in the LED current.

IV. SIMPLIFIED SMALL-SIGNAL DYNAMIC ANALYSIS

As it was previously mentioned, one of the main functions of
the resonant converter is to minimize the voltage drop across
the LDO regulator thus reducing the power handled by this
dissipative stage without losing its current control capability.
Therefore, the feedback loop must sense the LDO regulator
voltage and control the switch on-time to minimize it.

To design the feedback control loop, the first step is modeling
the dynamic behavior of the resonant converter. In the
bibliography there can be found different techniques to model
the dynamic behavior of resonant converters [23]. These
techniques are normally intended to model the complex
dynamic effects of the resonant energy transfer that take place
during the different modes of operation of this family of
converters. However, for the proposed converter, some
approximations can be made that greatly simplify the obtention
of the dynamic model without a significant loss of accuracy.

The assumption that will be used for simplification is that the
dominant dynamics is provided by the output filter capacitor
(Co). In the case of the design used for the experimental
verification in this work, the output capacitor is used to keep an
approximately constant voltage with a low frequency pulsating
current through the load. This pulsating current is due to the 2
kHz PWM control used for LED dimming. Therefore, the slow
dynamics provided by the high capacitance required at the
output filter makes the dynamic effect of the resonant energy
transfer between Cr and Lr to be negligible in comparison.
Therefore, the only element that will be considered for this
simplified dynamic analysis is capacitor Co.

The proposed procedure is based on replacing the small-
signal static output impedance R, that can be obtained from the
static model given by expression (13), by the parallel between
capacitor Cop and resistance Req. The first step of this procedure
is made by linearizing expression (13):

dlour p dlgyt
oVIN N avour

a A dlp A
loyr = “Dour + 3, oty (20)
ON

This equation can be rewritten as:

~ _ (_9loyr -1 . _i + dloyt D+
Vour = PY S our T 5, ¢ Uin

dlout 2 )
Vour

- T
Jdton ON

e2))

Where the static small signal output impedance Req is
calculated as:

Req = (— M)_l. (22)

oVour

The equivalent circuit of expression (21) is shown in Fig. 11.
Adding capacitor Co allows obtaining an approximated model
of the small signal dynamics of the resonant converter. The
effect of this capacitor combined with the static model given by
equation (21) provides the following single-pole small-signal
transfer function:

Req ( 7 dlour | 5 dlour _ ¢
)~y + 2T, 4 HoUT ).
1+Req'Co'5) our VN IN dton ON

(23)

Table Il shows the small-signal parameters of the model
given by (23) using the circuit parameters of the design example
described in the previous section. These values were calculated
at 100% and 5% of the nominal current for the maximum and
minimum expected load voltages.

Table II also includes the transfer function of the controller
used for experimental verification. For this design, the input
voltage is assumed to be kept constant by a previous stage. The
output current can also be assumed constant as it is regulated by
the LDOCS placed in series with the LED lamp. This way, the
simplified feedback loop of the system is shown in Fig. 12. The
purpose of the feedback loop is to control the converter output
voltage to minimize the voltage drop in the LDOCS.

Figs. 13 and 14 show the Bode plot of the system loop gain
using the parameters of Table II.

Vour = (

V. EXAMPLE OF A PRACTICAL IMPLEMENTATION OF THE
PROPOSED CIRCUIT

The simplified schematics of the circuit used for
experimental verification is shown in Fig. 15. The central
component for the implementation of the ZC-ton control is a
L6562A low-cost control integrated circuit. This IC is primarily
intended to control power-factor-correction (PFC) converters
working at critical conduction mode, but it can be adapted to

T Oy & Loy 7 R 7 T
61/:\ N a.,ﬂ\ ON eq our ouT

Fig. 11 Simplified small-signal dynamic equivalent for the resonant
converter.

c‘[(}!‘T

R

eq

I+5C,R,,

L =
» Vour

v RTF(S)

Fig. 12 Simplified feedback loop diagram.
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Fig. 13 Bode plot of the magnitude of the system loop gain.
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Fig. 14 Bode plot of the argument of the system loop gain.

control the proposed converter using a minimal number of
external components. It has a zero-crossing detection input
(ZCD) that triggers the gate signal of the MOSFET when its
voltage goes below a certain threshold. This input is normally
used to detect the complete demagnetization of the inductor in
PFC converters, but in this circuit, it is used to detect the instant
when capacitor Cr gets fully discharged. It also includes an
internal multiplier and an operational amplifier to implement
the regulator required for power factor correction. In this case,
the regulator is implemented using an external low-cost
operational amplifier. The L6562A also has some useful
protections, such as the under-voltage lock-out or an automatic
restart. This last feature introduces short low-frequency pulses
to the MOSFET gate signal when no falling edge is detected on
the ZCD pin thus allowing circuit start-up when voltage is
initially applied to the converter input.

TABLE II
SMALL-SIGNAL CIRCUIT PARAMETERS

Small-Signal System Parameters

V()UT(mm)=]4-25 V VUUT(max)=]6- 75V
10ur:60()mA IOUT:30mA I()UT:600111A lgbrrzj()mA
Ry 8.5 0 22.10 6.6 2 16.3 Q
(27CoR.,)"! 187 Hz 72 Hz 239 Hz 98 Hz
Aour/ Aon 19-10°A/s 13-10°A/s 14-10%A/s 12-10%A/s
Ao/ Vv 95 mQ-! 28 mN-! 130 mQ™! 44 mQ-!
Control Transfer Function
N
fon &) Rpp(s) = 8.04-107* - HZ—"EZ
Verr s+ (1+ 27-758)

2kHz
PWM

LDOCS
DoV

Isolated
control |

...................................

V+
-—
] ZC-tyy, control

o | (L65624)

t |

)
YAl

Fig. 15 Simplified schematics of the circuit used for experimental
verification.

A low-cost quad general purpose operational amplifier is
used for multiple functions: implementing the LDOCS control,
the peak detector and the regulator described in the previous
section. The operational amplifier inside the LDOCS is used to
force that the shunt resistor (Rsqunt) voltage follows the current
reference provided by the isolated control (see Fig. 15). The
isolated control receives a 2 kHz PWM signal from an external
digital controller. When this reference is set to zero, the output
of this operational amplifier saturates low, which reduces the
width of the actual current pulse through the LED due to the
delay introduced by the slew-rate at turn-on. At 2 kHz this effect
is not critical and can easily be compensated with a small pulse-
width increase at the digital reference.

The peak detector shown in Fig. 15 is used to track the
minimum value on signal Vipo. The basic waveforms of this
subcircuit are shown in Fig. 16. The upper trace shows the LED
current and the voltage across capacitor Co (Vour). The
LDOCS voltage (Vipo) is equal to Vour minus the LED
voltage. The minimum voltage in Vipo is obtained at the falling
edge of the LED current and it must be sufficiently close to zero
as to minimize the power dissipated in the LDOCS without
losing its current control capability.

Assuming that the LED voltage when the LDOCS is
supplying its nominal current of 0.6A presents slow variations
the following approach can be used for the small signal
dynamic analysis:

Dour = ﬁMlN_PEAK~ (24)

Therefore, the feedback is used to regulate the output of the
Vipo minimum peak detector (Vmin peak) instead of Vour. The
integral effect of the proposed regulator makes the average
value of Vwmin peak equal to the internal reference Vwgr.
However, a peak detector is a highly non-linear circuit that
modifies the transient response of the control loop. Assuming
that the Vour ripple is small and that the LED voltage is
approximately constant during the positive intervals of lour, the
peak detector output is similar to that of a zero-order-hold
circuit with the Vipo signal sampled at the falling edges of Iour.
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Fig. 16 Operation of the peak detector.

Therefore, the dynamic effect of the peak detector has a small
effect on the phase margin obtained from Figs. 13 and 14 [24].

The transfer function of the regulator is provided by the
operational amplifier shown in the lower right part of Fig. 15
combined with the gain block ‘k’. This last block is given by
the L6562A control IC:

A -k

1+C1°Rq-s N
ton

= . - ~Dour- 25
s-CinT*(R1+R2) 1+cl-::11+1;22- our (25)

The C1, Civt, R1, Ro and k values are calculated to match the
transfer function shown on Table II. Capacitor Cyr in Fig. 15
has a double purpose, it provides the integral term of the
regulator transfer function in (25) and allows to shift the
floating reference of the LDOCS to adapt it to that of the ZC-
ton control block, which avoids the use of rail-to-rail
operational amplifiers.

As previously mentioned, the proposed circuit can be used to
keep a constant current through the LEDs, compensating for the
variations associated with the low-frequency ripple of the input
voltage that could be due, for example, to the use of a power
factor correction stage. With an appropriate regulator design, it
is possible to eliminate most of this ripple at the quasi-resonant
converter stage, and only a fraction of it at the LDOCS in a
dissipative way. The part of the ripple that cannot be eliminated
by the converter may force increasing the voltage supported by
the LDOCS (Vrer) with the consequent decrease in efficiency.
Using a 10% peak-to-peak input voltage ripple and a frequency
of 100 Hz in the proposed design, the output voltage ripple Vour
can be estimated using the following formula derived from the
block diagram of the Fig.12:

dlgyr __ Req
Your _ VN 1+s-CpReq (26)
DN 14Rpp(s)2tour._ Req
TFY>) " 3ton 1+5-CoReq

In the proposed design, the maximum peak output voltage at
100 Hz is attenuated by a ratio of 5 with respect to the input,
thus the maximum peak output voltage at this frequency is
0.24V.

VI. EXPERIMENTAL RESULTS

To verify the proposed methodology, several simulations
were carried out and a laboratory prototype was built and tested

(see Fig. 17). The specifications used for these tests were based
on the design example described in the previous sections. The
simulations were carried out using the LTSpice XVII program
and the files used have been included as complementary
information for this work. The main objectives pursued with the
simulations were: to verify the operating point and the main
waveforms at various power levels, to check the accuracy of the
approximations used to obtain the small-signal dynamic model
of the quasi-resonant buck converter, and to verify that the non-
linear effect introduced by the peak detector does not
significantly affect the dynamic behavior of the circuit.

Fig. 18 shows the converter efficiency as a function of the
duty cycle of the 2 kHz PWM control signal at two different
Vour voltages with and without a 10% ripple at the input
voltage. As it can be seen, a maximum efficiency of 91.6% is
reached with a duty cycle of 100% and a Vour of 16.7 volts. As
expected, lower values of Vour result in lower efficiency, due
to the lower output power and the higher switching frequency
of the resonant buck converter. For a Vour voltage of 14.3 volts,
the efficiency drops to 89.5%. Although the value of Vrgr used
has not been modified, the input ripple slightly reduces the
efficiency of the circuit. At nominal current the measured

0% 20% 40% 60% 80% 100%
DUTY CYCLE

—— 143V ——16.75V
Vour =<4 =143V (Input ripple=10%) =--o-=16.75V (Input ripple=10%)
14.3V (LDO onlv) —=—16.75V (LDO only)

Fig. 18 Efficiency as a function of the PWM duty cycle at two different
Vour values, with a peak-to-peak input voltage ripple of 10% (dashed
lines) and without ripple (solid lines) compared to the maximum
theoretical efficiency of the LDOCS.

Authorized licensed use limited to: D. Javier Ribas Bueno. Downloaded on August 23,2023 at 20:23:58 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Power Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2023.3305918

IEEE POWER ELECTRONICS REGULAR PAPER

'YOKOGAWA

2023/01/16 18:06:22 Normal
Stopped 6085

N IntP_5GS/s
Main : 100 k 2us/di

9}
—
IFreq(C1)
104.1971kHz
Max (C3)
278V
~= Rms(C4)
862.307mA
Mean(C4)
640.716mA

Edge
DC 1M DC 2M DC 2M £
5.00 V/div 10.0 V/div 1.00 A/div 070 A
10:1 10:1 10A:1V DCOFF  #

Fig. 19 MOSFET Vs signal (CH1), MOSFET Vps signal (CH3) and
inductor current i g. (CH4) at nominal power.

YOKOGAWA

Normal 4

T
200us/div]

o [Freg(Cl)

227.6396kHz

- Max(C2)

276¥

Rms(C3)
262.513mA

dlMean(C3)

2023/05/09 15:44:47
Stopped 874

Man

!

45.6089MA
Mean(C4)
70.5085MA

00ML - 25k 2us/div

Edge
DCFull  (DC 2M DC 1M DC Full F
100 V/div |[20.0 Vydiv  |[S00mA/div | S00mA/div 270mA
10:1 101 10A:1V__ J[10A:V DCOFF M

Fig. 20 MOSFET gate signal (CH1), MOSFET voltage (CH2), inductor
current (CH3) and lamp current (CH4) at a dimming level of 10%.

efficiency is 91.2% and 88.2% for the maximum and minimum
output voltages respectively. The traces on the upper part
correspond to the maximum theoretical efficiency that could be
obtained considering only the effect of LDOCS.

Figs. 19 and 20 show the main waveforms of the quasi-
resonant buck converter at nominal and 10% output current
respectively, both for a Vour of 15V. As it can be seen, the
resonant capacitor is fully discharged before the MOSFET is
switched on thus providing zero voltage switching. The ringing
in Vps signal observed in Fig. 19 is mainly due to the resonance
between the resonant capacitor and the stray inductance of the
clamping diode Dc.

Figs. 21 and 22 show the lamp current, the LDOCS voltage,
the peak detector output and Vour voltage at 75% and 25% duty
cycle of the PWM control signal. As it can be seen, the LDOCS
voltage present a much smaller variation compared to the
idealized behavior shown in Fig. 16. This is due to the filter
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Fig. 21 Lamp current (CH1), LDOCS voltage (CH2), peak detector
output (CH3) and Vour voltage (CH4) at 25% duty cycle.
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Fig. 22 Lamp current (CH1), LDOCS voltage (CH2), peak detector
output (CH3) and Vour voltage (CH4) at 75% duty cycle

capacitor placed in parallel with the lamp, which prevents its
voltage from falling to zero when the current is canceled.

Fig. 23 shows the effect of the 100 Hz input ripple in the Vour
voltage and the lamp current with a 75% duty cycle. As can be
seen, the current through the lamp is not affected and the output
voltage presents a 100 Hz ripple that is significantly lower than
that of the input, although the effects of low frequency ripple
are combined with those associated with the 2 kHz PWM
dimming signal.

VII. CONCLUSIONS

In this paper, a new low-cost LED driver based on a quasi-
resonant buck converter in series with a low-voltage-drop
current regulator was presented. The proposed quasi-resonant
converter was obtained by adding a resonant capacitor in
parallel with the MOSFET of a standard buck converter. The
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Fig. 23 Input voltage (CH1), output voltage Vour (CH3) and lamp
current (CH4) for an input peak-to-peak voltage ripple of 10%.

charging and discharging of this capacitor are done by the
resonant transfer of energy with the inductance of the buck
converter. In this way, soft switching is obtained at the cost of
increasing the inductor current ripple with respect to that of a
standard buck converter operating in discontinuous conduction
mode. The control of this quasi-resonant converter was
implemented using a L6562A, which is a low-cost integrated
circuit that was designed to control single-switch boundary-
mode power factor correction stages. This integrated circuit was
used to implement what was called: ZC-ton control. In this
control, the MOSFET is switched on after the zero crossing of
its drain-source voltage and its on-time is used as the control
parameter of the feedback loop.

A low-drop current regulator was used to control the LED lamp
current and provide PWM dimming at 2 kHz. This PWM
frequency was used to comply with the light flicker
recommendations of IEEE PAR1789. The combination of the
quasi-resonant converter with the low-dropout linear regulator
allows to reduce the 2 kHz current component that passes
through the inductance of the circuit, strongly reducing the
audible noise produced by magnetostriction that is typical in
many circuits working in burst mode.

The operation of the resonant converter was analyzed using
an energy-balance approach to model the circuit behavior
during the resonant transitions. This procedure avoids using the
fundamental approach and its subsequent accuracy loss.

A straightforward procedure to obtain a simplified small-
signal dynamic model of the quasi-resonant converter was also
described in the paper.

Based on these approaches, a simplified design procedure
was proposed and applied to a design example. This example
was simulated using LTSpice XVII software and implemented
in a laboratory prototype. The simulation files are provided as
complementary material of present work. Both simulation and
experimental verification were in good agreement with the
values calculated using the proposed analysis procedure.

A maximum efficiency of 91.6% was obtained in the
laboratory prototype working at nominal current and the

maximum LED design voltage of 16.25V. The L6562A control
integrated circuit was able to maintain ZVS switching
throughout the entire dimming range.
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