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Abstract- This paper introduces a multi-string quasi-resonant
driver for LED lighting applications. The proposed LED driver
is operated with variable frequency, constant on-time control
strategy. Key characteristics of the proposed driver under the
proposed control method are reported. The theory is verified by
simulation and experimental results.

Index Terms—LED driver, capacitive isolation,
resonant conversion, PFC.
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I. INTRODUCTION

ecent years have seen major advances in LED
Rsemiconductor technology which have resulted in

improved brightness and color temperature, lower
energy consumption, and longer life spans in LED light
sources [1] - [5]. Offline LED lighting systems will gradually
replace the existing solutions. However, off-line operation of
LED luminaries presents numerous challenges. First is the
required ac to dc conversion with a large voltage step down
while presenting a high power factor (PF) to the power
system [3], [6] - [7]. Moreover, LEDs are nonlinear loads
with steep current—voltage characteristics. Therefore they
should be energized by a current source (whereas the
input is a voltage source). This calls for driver circuits with
gyrator characteristics (on average) [8], [9]. Isolation is also
desired for safety reasons. Isolation transformers are difficult
to manufacture automatically. Avoiding the use of an
isolation transformer, potentially, can offer better compliance
with machine mass production techniques.

Line isolation by means of capacitive coupling was
attempted by [10], [11]. This entails using two capacitors
placed on the “go” and the “return” bus lines. These series
capacitors are sufficiently small to prevent shock hazard, yet,
provide capacitive power transfer. Additional discussion of
the safety issues of capacitive isolation can be found in [10].

Recently, a family of single stage, single switch, low-cost
Quasi-Resonant offline LED Drivers (QRLEDD) with
capacitive isolation barrier have been introduced [12], [13].
The previous study [14] revealed that under variable
frequency constant duty cycle control, the operational
characteristics of the QRLEDD were highly nonlinear and
posed several design challenges. An additional limitation was
the high voltage stress on the power switch. These
shortcomings motivated further investigation. The present
study suggests a modification of the earlier topology to a
multi-string version as well as application of a different
control strategy- the variable frequency constant on-time
control. The undertaken control approach offers better
performance in terms of reduced stress. Another prominent
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Fig. 1. Proposed capacitively isolated Quasi Resonant LED Driver.

feature of the proposed topology is the capacitively isolated
inherently balanced LED strings outputs. Analytical
derivations were confirmed by simulation and experimental
results.

II. SINGLE STRING QRLEDD

The topology of the single string QRLEDD is shown in
Fig. 1. The proposed QRLEDD is comprised of a low
frequency bridge rectifier D,-D,, with a small high-frequency
bypass capacitor, Cy, on its dc port. The input inductor, L;, is
switched by the switch, M, to shape and control the
magnitude of the input current. Fast input diode D, in series
with L; assures unidirectional energy flow. The capacitive
isolation barrier is created by a pair of small series blocking
capacitors, 2C,. The diode D, serves as output rectifier. The
load is comprised of a string of LEDs connected across the
filter capacitance, Cgp.

The QRLEDD has a merit of a single ground referenced
switch and gate driver. The switch can operate at high
frequency due to zero current turn-on and zero voltage
switching turn-off conditions inherently created by the circuit.
Blocking capacitors are also used as a part of resonant circuit.
Another prominent feature of the QRLEDD is its resistive
input port characteristics, which stems from discontinuous
current mode operation of the input inductor.

III. ANALYSIS

A. Basic Assumptions

To simplify the analysis the following assumptions are
adopted: a) the QRLEDD operates in the quasi-steady state
equilibrium in the vicinity of a certain value of the input
voltage, V;, which is considered constant; b) the operating
voltage of the LED string, Vigp, is constant, thus, the LED
string and the associated filter capacitance, Cigp, can be
represented by an equivalent dc voltage source; c) the
equivalent capacitor, C;, represents the pair of series blocking



capacitors; d) all the semiconductors operate as ideal
switches. The resulting model is shown in Fig. 2 (a). The
detailed steady state waveforms are presented in Fig. 2 (b).
Examining the switch waveforms in Fig. 2 (b) reveals
favorable zero voltage (ZV) turn off and zero current (ZC)
turn on switching of the MOSFET switch, which can help to
attain high efficiency at high frequency. The simulated
average line current waveform, i,, shown in Fig. 2 (c)
appears as a near sinusoidal signal, which manifests that the
QRLEDD possesses inherently high power factor and low
harmonic content.
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Fig. 2. The proposed QRLEDD in the steady state: (a) simplified equivalent
circuit; (b) key simulated waveforms on the switching period scale;
(c) on the line cycle scale: outer-the line voltage, v,, inner — the
average line current, i,.

B. State Analysis

Analysis of the QRLEDD waveforms in Fig. 2 (b) revealed
that the high frequency switching cycle of QRLEDD has five
topological states. The state’s equivalent circuits are show in
Fig. 3.

State A: ty-t;, see Fig. 3 (a), commences when M is turned
on. The switching occurs at zero current condition. Here, L;
begins charging from the input source, V;, via D;, while C;
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and L, resonate.

State B: t;-t,, see Fig. 3 (b), commences as D, conducts
and establishes a discharge path for L, to the output, Vygp,
while clamping C; to the negative of the output voltage. Since
M s still on, the inductor L; keeps charging.

State C: t,-t;, see Fig. 3 (c), commences when the switch,
M, is turned off, which occurs at zero voltage, v4=0, thanks
to C, snubbing. As L; and C; start resonating the capacitor C
is charged to high voltage while the diode D,,, conducts the
resonant current to the output. Here, L, is clamped to the
output and discharges. State C ends as the inductor L; is
discharged and the diode, D;, turns off at zero current.

State D: t;-t4, see Fig. 3 (d), commences upon the turn off
of the diode D;. The inductor, L, continues to discharge its
stored energy to the output. Meanwhile the capacitor, Cs,
preserves its state. When the inductor, L, is totally
discharged, the diode, D, turns off at zero current and
terminates State D.
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Fig. 3. Equivalent circuits of the topological states of the proposed
QRLEDD. (a) State A; (b) State B; (c) State C; (d) State D; (e) State E.



State E: t,-T,, see Fig. 3 (e), is the idle state. Here,
inductors carry no current and the capacitor, C;, preserves its
state.

C. Quantitative Analysis

1) Switch Voltage Stress
During State D the diode D, conducts, see Fig. 3 (d), and
imposes the sum of the peak capacitor voltage, V,,, and the
output voltage, Vygp, to appear across the switch. The
normalized peak switch voltage, V. is given by

=1+ 1+ (2 onn)z (1)

where 1?2 = L; /L, is the inductor ratio, and the normalized on
time, Ty = 2T, /m/L,Cs , is defined relatively to quarter
of a resonant cycle of the L,-C, branch.

The normalized peak switch voltage (1) is plotted on Fig. 4 as
function of the normalized on time, T,, ,, and inductor ratio
. Note that the switch peak voltage is independent of the
switching frequency. The output power of QRLEDD can be
adjusted modulating the switching frequency. Hence, the fact
that frequency variations have no effect on switch voltage
stress is an operational advantage of the constant T,, control
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Fig. 4. Plot of the normalized peak switch voltage, Vgsm, for different values
of T,y nand 2

2) Output Power
In the steady state, the average output power, P;zp, per
switching cycle, T, can be found according to

C V-V Viim
Prgp = T_j [VLED Vi + Vigp) + (Z—Lm] = fsCs dz 2

where, f; is the switching frequency.
Combining (2) and (1) the emulated resistance, R,, at the
QRLEDD input port can be found as
vi? 2
R = L =
€ PLep  fsCsVigm 3)
The normalized output power, P,, can be obtained

manipulating 2)
= 78 = (52) Vo 4
ST (2)ve

ff—s is the normalized switching frequency,

0s

where, f,

fos = 21 JL;Cs

characteristic impedance of the L;-C branch .

3) Switch Current Stress
The approximated expression for the normalized switch rms
current can be found as

lds rms r 2 2 n? Ton.n 3 1/2

lis rmsn = Tzoi = [fn (g Vi — Vi) + 24 (T_) )] S
where, V;, =V gp/V; is the normalized LED string voltage,
Vin=V,/V; is normalized V., and Ty, ,, Zy; and f, as defined
above.

. [Li .
is the resonant frequency and Z,; = C—‘ is the
N

4) AC Operation of QRLEDD

Recall that the analysis above was performed under the
assumption that the input voltage to QRLEDD, V;, is held
constant, thus (2) and (4) are valid for dc operation
conditions. When QRLEDD is operated off the utility line
additional considerations apply.

Assuming the QRLEDD operates in the quasi-steady state
regime throughout the line period with fixed T,, and f; the
emulated resistance, R,, (3) is also holds for AC input.
Accordingly, the average power at QRLEDD input port is

Vrms® _ 1 viZ _ 1

Ppc = Re _ZR_EZEPLED (6)
here V; stands for the ac line amplitude and the corresponding
. . 1
line rms voltage is V., = Ti%.
The normalized ac power can be written as follows
1
ZPLED P f )
—_2 — ac _ (fa)yz —
Pacn - %Viz/zoi - Vrmsz/Zoi - (4n Vdsmn Pn (7)

which is identical to (4).

Since for a constant on time, 7,, ,, the peak switch voltage,
Vismns (1), 1s fixed, the output power (7) is linear with the
normalized switching frequency, f,. This is an additional
advantage of the constant T, control strategy.

IV. MULTI-STRING QRLEDD

The straightforward solution for driving a number of LED
strings is connecting » QRLEDD units in parallel. However, a
more economical solution can be found. The proposed multi-
string (MS) version of the QRLEDD is shown in Fig. 5.
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Fig. 5. The proposed multi-string QRLEDD topology.
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Here a common input semi-stage is driving an appropriate
number of output semi-stages. The output semi-stages are



isolated from one another by capacitive isolation barrier.
Since the output semi-stages are identical, same power is
delivered to each LED string. A simplified model of the
multi-string QRLEDD is shown in Fig. 6. The model
represents n QRLEDDs connected in parallel. For this reason
the input inductor value is set to L/n, while the equivalent
output semi-stage consists of equivalent capacitor nC; and the
equivalent output inductor L,/n. The equivalent model in Fig.
6 is identical to the single string model in Fig. 2 (a) and,
therefore, same theoretical predictions, albeit with the
aforementioned equivalent values, can be used for analysis
and design of the circuit.
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Fig. 6. Simplified model of the multi-string QRLEDD.

V. SIMULATION AND EXPERIMENTAL VERIFICATION

To further verify the theoretical predictions, a 3x20W,
110Vac-input experimental multi-string QRLEDD prototype
in Fig. 6 was built and tested. The circuit parameters were:
maximum switching frequency f;=130 kHz; input inductance
L/3=79 uH; the resonant inductors: L, =L,,=L=79 pH;
capacitors: 2Cgs=8 nF; C,=540 nF; C,gp=220 pF, Vi gp=29 V
@0.7 A (20.3 W).

Key waveforms of the experimental prototype are shown in
Fig. 7 (a) and (b). Experimental waveforms in Fig. 7 (a)
confirm that zero current switching at turn on of the switch
and zero voltage switching at turn off of the switch were
achieved. Moderate ringing can be noticed in the vy
waveform. Stray inductances of the current probe loop result
in current ringing that can be observed in ig; waveform.

The measured average ac line current of QRLEDD, is

shown in Fig. 8 and is of an excellent quality in the power
range of interest somewhat deteriorating at low power level.
The input and output power of the multi-string QRLEDD
operated from a dc source is shown in Fig. 9 (a) and stanfs in
good agreement with the theoretical prediction. The
efficiency plot is given in Fig. 9 (b).
As can be seen in Fig. 10, the experimental multi-string
QRLEDD inherently attained excellent power balance in
between the all three LED strings without implementing
active control of the LED current.

Measured power of the experimental multi-string
QRLEDD at different switching frequencies, f;, (and power
level) operated from ac line is shown in Fig. 11 (a) in
comparison with the theoretical prediction. The efficiency
plot is given in Fig. 11 (b) and is somewhat lower than one
measured in dc conditions.

Comparison of calculated and measured emulated resistance,
R,, for ac and dc inputs is shown in Fig. 12. Excellent
agreement is found.
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The multi-string QRLEDD excels in its power factor and the
total harmonic distortion performance. The experimental

results are illustrated in Fig. 13.
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Fig. 11. Experimental results of the MS QRLEDD operated from ac line: (a)

comparison of the measured input and output powers vs. the theoretically

predicted power; (b) measured efficiency.
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Fig. 9. Experimental results of the MS QRLEDD operated from a dc source:

(a) comparison of the measured input and output powers vs. the theoretically

predicted power; (b) measured efficiency.
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resistance, R,, for ac and dc inputs.
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Fig. 13. Experimental results of the MS QRLEDD: (a) the power factor (PF)
and the total harmonic distortion (THD) performance indices at different
power levels.

VI. CONCLUSION

This paper introduces the variable frequency constant on
time controlled quasi-resonant multi-string driver for high
brightness LED lighting applications. The important merits of
the proposed topology are capacitive isolation, soft switching
features, high frequency operation, low line current distortion,
and inherent self balancing of the LED string loads. The
brightness of a LED lamp can be controlled by modulating
either the switch on time, the switching frequency or applying
burst strategy. Major performance indexes were derived
theoretically and verified by both simulation and experiment.
Good agreement was found.
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