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A Review of LED Drivers and
Related Technologies
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Abstract—Light-emitting diode (LEDs) have a promising
prospect because of its outstanding advantages: 1) long
lifetime, 2) environmentally friendly, 3) flexibility of color
mixing, 4) high illumination efficiency, etc. Based on the
electrical characteristics of LEDs, a constant current driver
is needed to support the LED working performance. With
the wide applications of LEDs, many new technologies are
presented. In this paper, advantages and disadvantages of
different LED drivers are discussed. A detailed technology
review is presented which is good for researchers and engi-
neers to make right choices in design and selection of LED
drivers.

Index Terms—DC–DC converter, light-emitting diode
(LED) drivers, power factor correction (PFC).

I. INTRODUCTION

IN THE case of global warming and resource depletion, the
energy problem has become a global challenge. The global

statistics illustrate that about 30% of total energy consump-
tion and 60% of electricity consumption are spent on buildings
as shown in Fig. 1. Furthermore, lighting is one of the main
consumption of building electricity and how to improve the
efficiency of lighting is a problem to be solved.

Light-emitting diode (LED) lightings are expected to become
a major kind of light source for the coming decades because of its
high luminous efficacy as shown in Table I. Besides, compared
with other traditional lighting sources, with their unique physical
structure, electrical, and optical characteristics, LEDs have their
own advantages. For example:
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Fig. 1. Energy consumption of several countries and regions [1]–[3].

TABLE I
EFFICIENCY OF SEVERAL LAMPS

Lamps Efficacy (lm/W)

White LED (0.1 W) 180
H.P.Na (400 W) 132
Metal halide (35 W) 90
Fluorescent (40 W) 90
CFL (6 W) 45
Halogen incandescent (100 W) 20
Incandescent (40 W) 13

1) energy saving, 40% electricity is transformed to light;
2) long life span, more than 100 000 hours;
3) fast response, the start time of LEDs is on nanosecond

level;
4) solid-state encapsulation, belonged to cold light source;
5) environmental friendly, harmful elements such as Pb and

Hg are not included;
6) proper color rendering index [4]–[7].

Besides, with the development of LED packaging and coating
technology, the cost of LEDs decreased greatly and LEDs have
been widely used in street lighting, screens, message signs,
architectural lighting, and greenhouse lamps [8], [9], as shown
in Fig. 2.

Generally speaking, the driver circuit plays a significant role
in dominating the energy efficiency, which means the system
efficiency can be further improved via an appropriate driver
circuit. Traditional LED systems are based on single-stage or
two-stage LED drivers. Single-stage LED driver is a dc/dc con-
verter with constant output current that can obtain power fac-
tor (PF) correction (PFC) meanwhile, while two-stage system
consists of a PFC circuit and a dc/dc converter as shown in
Fig. 3(a) and (b). Besides, due to the unique characteristics of
LEDs, a current loop is always included in the dc/dc stage in
order to acquire constant current control. Moreover, in practical
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Fig. 2. Applications of LEDs.

applications when several strings of LEDs are adopted, a cur-
rent balance stage may also be required. The advantage of the
above two LED drivers is that they are easy to design with more
accurate control. However, one of the drawbacks of single stage
converters is the high value of the storage capacitor, which also
increases the volume of the driver. As for the two-stage system
more devices are needed, which means the cost is quite high and
reliability is relatively low [10]–[12].

In recent years, many integrated-stage topologies are de-
signed for the sake of efficiency and cost, as shown in Fig. 3(c).
In order to obtain high PF and low total harmonic distortion
(THD), a topology which performs PFC characteristics as PFC
stage is usually chosen, and a dc/dc stage is selected according
to the power level of the system. Due to the integration tech-
nology, the PFC stage and dc/dc stage can be simplified into to
one stage by sharing active power switches and control circuits
[13]–[15]. Therefore, cost and size of the system is reduced
while ensuring high efficiency, high reliability, and fast output
dynamics [16].

Similarly to the traditional lighting, an LED system should
comply with associated luminaire standards and international
regulations, and these standards and regulations pose basic re-
quirements over LED systems such as PF and THD. One of the
most common standards is Energy Star established by EPA in
1992 (shown in Table II). With these concerns, a general trend of
LED system is high efficiency, high power density, low cost and
long lifetime. Switched mode LED drivers can realize a better
output current regulation and higher power density of system.
For the LEDs applications, switched mode LED drivers satisfy
the above application trend. Generally, LED driver topologies
vary much depending on different power range. According to
Energy Star, for LED lamp power smaller than 5 W, no mini-
mum PF is required, that is to say, PFC stage can be saved for
such LED driver. In practice, the topology of LED driver can
also be selected according to other requirements, including PF,
THD, cost, galvanic isolation, and efficiency.

In Section II, development and characteristics of LEDs are
introduced. Then according to topologies of LED drivers, PFC
cell, dc–dc cell and current balance cell are discussed in Sec-
tion III. In Section IV, for practical lighting applications, some
LED drivers in different topologies will be introduced. In Sec-

tion V, some hot topics about issues in LED drivers are intro-
duced in details. The major issues that will be discussed include:
electrolytic-less capacitors, application of new power compo-
nents, modeling of LEDs and organic light-emitting diodes
(OLEDs) and improving of power density. Conclusion is shown
in Section VI.

II. CHARACTERISTICS AND DEVELOPMENT OF LEDS

A. Development of LED

The origin of LED can date back to 1907 when Henry Joseph
Round discovered electroluminescence effect with weak yellow
light on carborundum (SiC) crystal for the first time [17], [18].
Later in 1927, a Russian Oleg Losev introduced the first genuine
LED on Russian, German, and English science magazines [19];
however, as the luminous efficiency was quite low, the LED did
not get practical application at that time.

In the 1950s, Gallium arsenide semiconductor was adopted
as the material of electroluminescence effect. An actual LED
was invented and it was available in 1960s. According to [20],
the experimental condition was extremely severe at that time,
LEDs needed to be placed in the liquid nitrogen because the
efficiency was not high enough at room temperature. Moreover,
the LEDs could only emit invisible infrared light.

It was not until 1962 when the first LED, which could emit
visible red light, was made by an engineer Nick Holonyak work-
ing in General Electric Company [21]. This breakthrough was
published in Applied Physics Letters and the same year Nick
Holonyak was referred to as the “father of LED” by the news-
papers [22].

In the development of LEDs, a high tide period appeared in
the 1970s. During this time, the American Monsanto company
research team invented red, orange, and green LEDs in suc-
cession [23], [24]. Later, vapor phase epitaxy was adopted to
reduce the optical loss of p-n-junction, which greatly improved
the efficiency of LEDs [25]. By the middle of 1970s, gallium
phosphide (GaP) is used instead of gallium arsenide phosphide
as light source obtaining the gray green light.

By the early 1990s, developers obtained red, orange, yellow,
and green LEDs with AlInGaP. Finally, in 1994, Nakamura of
Nichia company designed high-brightness blue LED based on
InGaN. Then, white LEDs became available by mixing red,
green, blue LED light, as shown in Fig. 4.

In conclusion, the development of LEDs almost lasted one
century and acquired rapid and significant progress in the 1970s
and 1990s, respectively. So far, the emission spectrum of LED
has covered almost the whole visible spectrum area.

At the same time, the development of LED is not only its
color but also its brightness. In the early time, LEDs could only
be used on calculators and digital watches for display, but now
LEDs can be found almost everywhere. For example, in the
United States, the domestic traffic lights and the originally used
filament lamps for automobile headlight have been replaced by
LEDs gradually.

Up to now, there are many kinds of LEDs commercially avail-
able, which can be classified according to many standards such
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Fig. 3. Structure of LED drivers. (a) Single-stage. (b) Two-stage. (c) Integrated-stage.

as power level, applications, and colors. Among these LEDs,
red-green-blue (RGB) LEDs and OLEDs are now being studied
widely as hotspots [26], [27].

RGB LEDs are widely used in many applications such as
biomedical apparatus [28], detector system [29], and especially
LCD back lighting [30] because of its capability of generat-
ing instantly different colors. According to the LCD operation
method, it is required that the white light is first filtered by
red, green, and blue color filters to generate the correspond-
ing monochromatic lights, which can then be compounded into
polychromatic lights based on the content of the image data.
Meanwhile, one drawback of phosphor-based white LED is that
its color temperature is predetermined by the chemical com-
position of the phosphor used and not directly controllable by
external means [31]. Therefore, RGB LEDs are the best choice
as the backlighting light sources. Besides, compared with white
LEDs, RGB LEDs offer a better color control flexibility and
their color gamut is also increased by about 1.5 times [32],
[33]. However, for RGB LEDs, the forward voltages for the red,
green, and blue LEDs are different [34]; as a result, the chal-
lenge of RGB LEDs is how to control them with fast transition
between different color LEDs.

Organic LEDs are based on the electroluminescence emitted
by semiconductors made by organic compounds. As shown in
Fig. 5, a thin layer of organic semiconductor is placed between
two electrodes, where one of the electrodes is transparent to
allow for the light emission. Application of an electric field
causes electron and hole recombination in the semiconductor
material, emitting light. The emitted color is controlled through
chemical modification of the molecular structure.

OLEDs with the advantages of wide viewing angle, low-
energy consumption, and the potential of being mechanically
thin and flexible, are emerging on the lighting market, and are
about to achieve the minimum performance required for com-
mercial use especially on mobile devices [35]–[37]. Although
OLEDs are available in the market, they are still very expensive
and hard to obtain, so one challenge is seeking high-quality and
low-cost production technology. On the other hand, the electri-
cal behavior of OLEDs is quite different from traditional LEDs.
For example, it has previously been shown that the current in-

tensity affects the spectrum shape of white light OLEDs [38]. As
a result, due to their very specific electrical behavior, OLEDs
need dedicated drivers to be operated in accordance with the
constraints of a specific application.

B. Electrical Characteristics of LED

The relationship between current and voltage of an LED can
be expressed by the following equation:

IF = IS (eeVF /KT − 1). (1)

Here, IF is the current of LED, Is is the reverse saturation
current, e stands for the electron charge, K is the Boltzmann
constant, and T is the junction absolute temperature. It is obvious
that the characteristic is the same as general purpose diode [39].

Fig. 6 shows the LED V-I characteristic. As can be seen,
the voltage of LED is inversely proportional to temperature,
specifically, when temperature increases, the voltage of LED
decreases. If LED is supplied by a voltage source, when it works
for a long time and temperature grows, the LED current will raise
rapidly, which also causes the growth of temperature.

As a result, the current will increase until LED is burned if
heat cannot be released in time. However, if a current source
is adopted, the increase of temperature only causes the drop
of voltage, which does not harm LEDs. Therefore, LEDs are
always driven by a constant current source.

Loo et al. [40] points out that if the droop effect of the LED is
ignored the luminous efficiency of LED is directly proportional
to its forward current when the temperature of its junction is
constant, as shown in Fig. 7. However, since the nonradiative
recombination increases with temperature, the growth rate of
luminous efficiency will slow down when forward current comes
to a certain extent. So in practical applications, the junction
temperature should be considered as well.

III. RELATED STRUCTURE OF LED DRIVERS

A. Power Factor Correction

In order to decrease the impact by harmonic components
on input current, a PFC cell is indispensable in the system.
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TABLE II
ENERGY STAR PROGRAM APPLIED TO LED LAMPS

Performance characteristics Current criteria

CCT Nominal CCT:2700 K,3000 K,3500 K, or 4000 K
Color Maintenance The change of chromaticity over the minimum lumen test period (6000 hours) shall be within 0.007 on the CIE 1975(u’, v’)

diagram
Color Quality (CRI) CRI � 80, R9 > 0
Dimming If a product is dimmable, packaging must be state this. Minimum efficacy, light output, CCT, CRI, and power factor or

dimmable lamps will be confirmed with the lamp operate at full power.
Warranty A warranty must be provided for lamps, covering material repair or replacement for a minimum of three (3) years from the

date of purchase.
Allowable lamp bases Must be a lamp base listed by ANSL
Power factor For lamp power �5W and for low voltage lamps, no minimum power factor is required. For lamp power �5W, power factor

must �0.7.
Minimum operating temperature Integral lamp shall have a minimum operating temperature of −20° or below.
LED operating frequency �120 Hz
Electromagnetic and radio frequency interference Integral LED lamp must meet the appropriate FCC requirements for consumer use (FCC 47CFR Part 15)
Audible noise Integral lamp shall have a Class A sound rating.
Transient protection Power supply shall comply with IEEE C.62 41-1991, Class A operation. The line transient shall consist of seven strikes of a

100-kHz ring wave, 2.5-kV level, for both common mode and differential mode.
Operating voltage Lamp shall operate at rated nominal voltage of 120, 240, or 277 VAC or VDC.

Fig. 4. Principle of white light generation.by RGB LED.

Fig. 5. Structure of OLED.

Fig. 6. VI characteristic of LEDs.

Fig. 7. Relationship of forward current and luminous efficiency of LED.

International Electrotechnical Commission (IEC) and Energy
Star release the standard to specify lighting applications for
different power levels in THD, Correlated Color Temperature
(CCT), Color Rendering Index (CRI), etc.

The PFC cells can be divided into two types according to
active or passive mode [41], [42].

1) For the passive mode PFC, adding filter inductors and
capacitors connected to the input stage, the passive com-
ponents perform the PFC. This method do not need extra
control circuit that improves the cost and complexity of
system and is free from the electromagnetic interferences
(EMI) problem. Because of its simplicity, passive mode
PFC is still used in many applications.

But passive mode PFC exits some disadvantages. Low-
frequency working condition means bulky and heavy size be-
cause of adding inductors and capacitors, as shown in Fig. 8.
When the circuit works in different conditions, the PFC func-
tion is not suitable for most conditions, which results a low PF.
Particularly, for LED lighting applications, low PF is not com-
plied with the standard IEC61000-3-2. The passive PFC mode
restricts the application area of LED.

2) For the active mode PFC, a better PF can be
achieved. Generally, PFC circuit includes buck, boost,
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Fig. 8. Picture of passive mode PFC module.

buck–boost, Flyback, etc. which can operate in continu-
ous conduction mode (CCM), boundary conduction mode
(BCM), and discontinuous conduction mode (DCM). Ac-
cording to the step-up or step-down and isolated or non-
isolated characteristic, active PFC circuits can also be
divided into four types.

1) Step-Down PFC Cell: buck topology is the most typ-
ical step-down circuit [43]–[45]. The output voltage of buck
circuit is lower than input voltage peak value. Therefore, for
the next stage of dc–dc converter, the bus capacitor of low volt-
age stress can be selected. Therefore, it suits the situation that
high voltage ratio between input voltage and output voltage.
buck circuit has few components and simple structure. For the
integrated-stage LED driver, when front-stage PFC buck circuit
works in DCM, a natural PF function will be achieved.

However, buck PFC circuit still has some drawbacks. When
the ac input voltage is lower than the output voltage, the input
current will reach zero, which means dead zone. That is to say,
during the half period of ac input, input current does not follow
the input voltage. The PF is not close to the unity. Besides that,
because of the step-down characteristic, the buck converter will
only allow the input current to circulate when input voltage is
higher than output voltage. When the input voltage is fixed,
in order to meet the IEC-61000-3-2 requirements, a minimum
conduction angle of 130 is necessary, that is to say, there is a
maximum bus voltage that cannot be reached [46].

2) Step-Up PFC Cell: One of the common step-up PFC
topologies is boost circuit [47]–[49]. The input inductor of boost
can confine the noise from the ac side and slow down the fluc-
tuation of input current and voltage, which can low the THD.
Because of step-up characteristic of boost, the backward current
stress is relatively low. And CCM or DCM working mode can
be adopted according to the power level.

In integrated-stage LED driver, when it works in DCM, in
order to obtain satisfying PF, the output voltage has a minimum
value [50]. In that method, inner current control loop can be
canceled, which will decrease the cost. In addition, for the high
power applications, boost can also work in CCM by current
control loop to perform the PFC function. But when the input
voltage is high, output voltage may be beyond the rated voltage
of bus capacitor that improves the difficulty in choosing bus
capacitor. However, the most used conduction mode for the
boost converter is the critical conduction mode (CRM) [51].

3) Step-Up and Step-Down PFC Cell: buck–boost
topology can be used as the PFC cell as well [52], [53]. The
main advantage is that it can adjust the output voltage by chang-
ing the duty cycle that can be higher or lower than input voltage
due to the step-up and step-down character. In order to get over
the drawbacks of buck or boost PFC circuit, some research
works concentrate on the cascaded buck–boost mode. When the
input voltage is higher than the output voltage, the buck mode
is working. Otherwise when the input voltage is lower than the
output voltage, the boost mode is working. But this method
complicates the PFC control method.

In general, boost works in DCM to obtain a nearly unity PF
that can easily be controlled. But for buck–boost circuit, there are
still some disadvantages like output voltage polarity inversion.
In addition, for integrated-stage LED drivers, when buck–boost
topology is adopted as the forestage PFC, because of the voltage
inversion feature, the integrated design process may be more or
less complex depending on the selected topology for the second
stage. Therefore, the integrated design process may be more or
less complex.

Single-ended primary inductor converter (SEPIC) topology
can also be employed as the PFC cell [54], [55]. The input
inductor of SEPIC can cancel the filter components and limit
the ripple of input current at the design stage. When it works in
CCM, by peak current regulated, some bridgeless SEPIC PFC
LED drivers are presented to achieve high PF and low THD
[56]. And when it works in DCM, the PFC function can be
achieved naturally. According to the literature [57], operated in
the DCM II, the bus capacitor voltage no longer follows the
input rectifier voltage that can cancel the electrolytic capacitor.
But compared with other topologies, SEPIC PFC circuit needs
more components which means higher cost and lower power
density.

4) Flyback PFC Cell: Flyback is also a representative
topology as PFC circuit that can operated in CCM, DCM, CRM
[58], [59]. Due to its isolated structure, it has high safety and
reliability. When works in DCM, a unity PF can be achieved,
which features zero-current turning on for the switch and no
reverse recovery in the diode of secondary side. But the peak
and average current of Flyback is relatively high, the energy
loss of switch will be increased. Therefore, in DCM, Flyback
is usually applied in low-power applications. When operated in
CCM or CRM, the current is low to decrease the loss of switch
while the PF is not high enough. And the switching frequency
is not constant, resulting the difficulty of designing the EMI
circuit.

B. DC–DC Converter

Basically, dc–dc converters are classified according to
whether topologies are isolated or nonisolated, i.e., depend-
ing on whether the converter is used with or without electrical
isolation. For the basic isolated topologies, the main circuits are
usually Flyback, forward, push-pull, half-bridge, and full-bridge
[60], [61]. The disadvantages of the Flyback and forward topolo-
gies are poor transformer utilization due to their unidirectional
operation. For the push-pull, half-bridge, full-bridge converters,
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TABLE III
BASIC DC/DC CONVERTERS

Converter Output type Feature

Step-down
Non-inverted output

• High efficiency
buck • Discontinuous input current

• Continuous output current

• High efficiency
boost Step-up

Noninverted output
• Continuous input current
• Discontinuous output current
• High peak currents in power components

buck–boost
Step-down/step-up
Inverted output

• Discontinuous input/output currents
• High electrical stresses on the switch and the diode

Cuk
Step-down/step-up
Inverted output

• Switch control terminal connected to ground
• Continuous input/output currents
• High number of passive components
• High electrical stresses on the switch and the diode

SEPIC
Step-down/step-up
Noninverted output

• Switch control terminal connected to ground
• High number of passive components
• Continuous input current
• Discontinuous output current

Zeta Step-down/step-up
Noninverted output

• Switch control terminal connected to ground
• High number of passive components
• Continuous output current

the components count in power switches and synchronization
is large. In addition, switch control terminal floating problem
exists in half-bridge and full-bridge. For the nonisolated con-
verter, there are seven basic converters such as, buck, boost,
buck–boost, Cuk, SEPIC, and Zeta [62]–[64].

The dc–dc converter can normally operate in three modes:
CCM, DCM, and CRM. CCM means that the current through
the inductor is continuous while in DCM, the current is not
continuous so that it reaches zero during a given time interval.
As for CRM, the peak current is lower than DCM and higher
than CCM, the losses are between CCM and DCM. In many
research works, according to different input voltage and load,
CCM and DCM can transformed each other. Comparison of
DCM and CCM reveals the following features [65].

1) In DCM, the working frequency is constant by changing
the duty radio to regulate the voltage or current output.
Constant frequency operation can decrease the THD in-
fluence and a natural PFC function can be obtained by the
PFC cell. But its peak current is higher, which results in
greater conduction loss and ringing compared with CCM.

2) In CCM, it allows the converter to provide a good load
regulation. In addition, the ripple of current is relatively
low to decrease the loss of turn-on switch and lighten
the burden of designing the EMI [66]. Otherwise it needs
larger inductor than the DCM to increase the size of
circuit.

For the isolated and nonisolated converter, they have similar
situation working in CCM or DCM. Table III summarizes the
basic topologies of nonisolated dc–dc converter [65]. Fig. 9
shows the scheme for each configuration.

C. Current Balance

Multichannel LED can ensure the enough output illumination
intensity and avoid the high voltage of series-connected structure

in real applications. Many techniques have been proposed to
achieve the current balance as shown in Fig. 10. Basically, these
techniques can be divided into two catalogs, one is active method
and the other is passive method.

For the active method, each LED string will have an active
control circuit to regulate the current through LEDs load. One
method is linear current balance whose switch suffers the input
high voltage added the voltage of LEDs. Therefore, this lin-
ear current balance method has the disadvantage of high loss
of switch. Another method is switch-mode control scheme. By
comparing the load current with the reference current, a PWM
control signal is generated to decrease the error. Utilizing ac-
tive devices and relative control circuit can obtain the accuracy
required current. While extra control circuit needs more compo-
nents suffering from high cost, large size, and complex control
algorithm. In power stage, both these active methods, includ-
ing linear-mode and switch-mode, are limiting the efficiency
improved.

Passive current balancing method uses passive components
such as resistors, capacitors, or inductors. Using the passive
components, due to its simple structure, can decrease the cost of
system, resulting in passive method current balance is usually
adopted to realize the current balance. For example, resistor-
based current balance technology is that connecting a resistor
to each LEDs string in series, which can simply regulate the
changing current of each string LEDs load. But this method will
result the extra loss power of system [67]. Another common
method is adapting the coupled inductor or transformer [68].
Based on the coupled inductor or transformer, as the principle
of magnetic potential balance, the current balance can be ob-
tained. This method can realize the many parallel strings, low
cost, and simple structure. However, with the increasing LEDs
load strings, the volume of system will be obviously improved.
Capacitor-based current balance circuit has larger capacitive re-
actance than the impedance of LEDs load, which can perform
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Fig. 9. DC-DC converter topologies. (a) Buck. (b) Boost. (c) buck–boost. (d) Cuk. (e) SEPIC. (f) Zeta.

Fig. 10. Several current balance circuits. (a) Resistor-based current balance circuit [67]. (b) Coupled-inductor-based current balance circuit [68].
(c) Coupled-capacitor-based current equalizing circuit [69]. (d) Variable-inductor-based current equalizing circuit [70].
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Fig. 11. Single-stage topology LED driver [75].

the current balance. But capacitor-based circuit has the draw-
back of the resistance error between different attributes, so their
current accuracy is limited [69].

And there are many other techniques, e.g., daisy-chain struc-
ture with energy-recycling network and current mirror series
connected in the LEDs [70], [71]. These techniques can real-
ize excellent current balance and fault tolerance, while external
components such as series capacitors, extra control circuitry,
increase the cost, and complexity of current balance cell. At
present, variable inductor method is presented to realize the cur-
rent sharing [72]–[74]. This method has more accuracy current
balance performance and cost is lower than the active current
balance method. But the shortcoming is integrating variable in-
ductors into LED driver topology, which will change the work-
ing mode of traditional topology.

IV. PRACTICAL TOPOLOGIES OF LED DRIVER

The LED driver can be divided into three types according to
the topology.

A. Single-Stage Converter

Both Flyback and buck are typical single-stage converters that
are employed in many low or medium power level applications
[75], [76]. In terms of their difference, Flyback converter is
preferred when isolation is required, and when isolation is not
needed, buck converter can be a good solution. Besides, buck
converter can only drive loads with lower voltage than the input
voltage peak value, whereas the Flyback converter can adapt
voltages through turn ratio design. Take Flyback for example,
in DCM, Flyback can also function as PFC, as shown in Fig. 11.
But the electrical stress is high, resulting in great switching
loss. As a result, the efficiency is low and does not satisfy the
demand for high efficiency. While in CCM, the input current is
nonsinusoidal, which means a low PF even though the electrical
stress is low. The poor performance of single-stage Flyback is
limited in the low-power application area.

In addition, for most nonisolated converters, including Fly-
back converter, switches are operated in hard switch mode,
which decreases the efficiency of system. Therefore, innovative
soft switch technologies are put forward to solve the problems,
such as quasi-resonant switch control method. But in low power
applications, the cost is the first place rather than efficiency
and performance, so single-stage converters are still adequate
schemes.

Fig. 12. Two-stage topology LED driver: (a) Boost and CLCL LED
driver [77]. (b) Dual buck–boost LED driver [78].

B. Two-Stage Converter

In order to improve the performance of the system, only a
single-stage converter is not enough apparently. For example, a
two-stage converter can provide better regulation and long life-
time (by avoiding electrolytic capacitors). Besides, the second
stage can be designed specifically to regulate the load current.
Therefore, traditional LED driver contains PFC cell and Power
Converter (PC) cell. PFC cell can improve the PF while permit-
ting high-voltage ripple and then in the PC cell, a ripple can-
cellation function can be realized. For the two-stage converters
[76], PF, THD, and dimming ability can be well regulated by in-
dependent cell. But multistage power processing decreases the
efficiency of system, besides independent cells have their own
control loops that needs more power switches and components
increasing cost of the system.

For improving the efficiency, many new techniques are used
into LED driver, such as quasi-resonant control method. In that
way, the switch operates in soft switching mode. Fig. 12(a)
shows a two-stage quasi-resonant LED driver, the first stage of
this converter is a boost circuit with PFC function and the sec-
ond stage is a CLCL circuit that works in zero-voltage switching
(ZVS) state and zero-current switching (ZCS) turn-off charac-
teristics of diodes [77]. Because of the soft switching character-
istics of the converter, switch losses are reduced and efficiency
is improved greatly. In addition, reducing the energy process-
ing is another main method to improve the efficiency as shown
in Fig. 12(b). The first converter functions as PFC, the sec-
ondary converter processes the ripple of current through the
LEDs which can decrease the power processing and reduce the
capacitance of capacitor [78], [79].

C. Integrated-Stage-Converter

To overcome the large size and high cost of the two-stage
converter, integrating PFC cell and PC cell is a suitable method
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Fig. 13. Integrated-stage LED driver based on boost and LLC [81].

Fig. 14. Integrated-stage LED driver based on buck–boost and Class
E [82].

adopted by many topologies [80]. For an integrated type, one
switch is used to control the PFC function and PC func-
tion at the same time which decreases the number of power
switches.

Among these integrated-stage converters, series–parallel res-
onance circuit (SPRC, also called LLC) is a widely used topol-
ogy for its soft-switching characteristics, as shown in Fig. 13. As
the LLC resonant converter can achieve ZVS in the primary side
and ZCS in the secondary side, as a result, the efficiency is high
[81]. However, there are still two switches required in the power
circuit, and it needs to design driver circuits for two switching,
which would increase the cost and reduce the reliability of the
system.

Class E circuit is another widely used topology in soft-
switching technology, as shown in Fig. 14. Since there is only
one active power switch, Class E converter can achieve a simpler
topological structure compared with LLC circuit. Besides, soft-
switching characteristics are not affected by switch integration
[82]. Although Class E shows a great potential in high frequency
dc/dc converter, it increases the voltage stress of switch, greatly
limiting its application. Therefore, it is usually applied in small
power occasions, such as automobile headlights.

Although integrated-stage converters have the advantages of
high efficiency, and fast output dynamics, they have their own
shortcomings. As for LEDs, the bus voltage is relatively high
and integration adds additional current or voltage stress to the
switches.

V. HOT SPOTS OF RESEARCH ON LED DRIVERS

A. Capacitor-Less Technology

In general, the LED driver always consists of a PFC stage
that achieves a high PF to satisfy relevant harmonic standards.
However, it increases the instantaneous input power pulsating,

while the output power is expect to be constant in order to avoid
light flicker [83]. Therefore, electrolytic capacitors are usually
adopted to balance the difference between the input and output
power. In addition, lifetime of driver is limited by the electrolytic
capacitors. Therefore, in the future, canceling electrolytic capac-
itor will still be a research hotspot. Several methods have been
proposed to deal with this problem, one method is using the
magnetic energy storage instead of electrolytic-capacitor-based
storage, but the size and weight of the system is usually in-
creased [84], [85]. Another method is sacrificing the input PF
to alleviate the fluctuation of voltage ripple [86], [87]. In ad-
dition, inserting an active filter structure can also eliminate the
electrolytic capacitor [88], [89]. But the complexity and cost of
system cannot be avoided.

B. Applications of New Power Components

With the development of new power components, SiC and
GaN-based power switches have presented many excellent prop-
erties: small heat sink volume, low turn-on resistor, etc [90]. The
adoption of these new devices promises a further improvement
of the attainable power density and system efficiency owing to
the above properties. By replacing Si with SiC, researchers have
achieved dramatic improvements in the performance of convert-
ers. However, as the switching speed increases, the performance
of SiC is more sensitive to gate driver and circuit parasitic pa-
rameters. Some reported researches have observed overshoot or
high frequency oscillation of switching waveform [91], there-
fore, drive circuits of SiC should be designed carefully. As for
GaN devices, with higher switching speed, even working in
hard-switching mode, they show their perfect performances in
increasing system efficiencies [92], let alone resonant convert-
ers. Reusch and Strydom [93] proposes a 1.2-MHz full-bridge
resonant circuit based on GaN FETs, which achieves a 25%
decrease in device power losses comparing with the one using
Si MOSFETs. These above characteristics suggest that SiC and
GaN are good replacements of Si MOSFETs.

C. LED or OLED Modeling

With the increasing demand for illumination flux and white
color, electrical-thermal-color-lighting properties of LED and
OLED are very important for the lifetime of system and color
rendering behavior. Differently from traditional electric light
sources, the performance of LEDs or OLEDs is influenced by
many factors. Therefore, modeling is an important topic for
them. Because of the different characteristics and structures of
LED and OLED, for example, the increase of temperature is
a problem for LED while it is not significant for OLED, their
models are quite different. Up to now, there are many models,
some are sample and based on only datasheet information while
others are more complex and takes experimental characteristics
into consideration [94], [95]. These models are useful for LED
drivers design especially in white color and color illumination;
on the other hand, they also bring some new challenges such
as mechanical structure, capacitive behavior, and heat genera-
tion [96]. As for practical application, factors such as accuracy,
simplicity, and applicability should be carefully considered.
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D. Power Density Improvement of LED Drivers

High efficiency and high power density LED drivers are
the major trend in lighting applications. In order to improve
the power density, very high-frequency (MHz) control [97] is
adopted in LED lighting applications. Though passive compo-
nents, e.g., inductors and transformers are becoming smaller
than before, their losses increase greatly. Therefore, inductors
and transformers should be designed properly. As a result, planar
magnetic elements show their superiority in decreasing volume
and leakage inductance. But they also have their own short-
comings, for example, it cannot be modified once the PCB is
designed, increasing design difficulty. The primary-side inte-
gration of the control loop can also help to increase the power
density of LED drivers [98].

VI. CONCLUSION

LEDs and related technologies are developing dramatically.
New solid-state lighting components and power components are
generated to expand the LED applications areas. Therefore, a
higher demanding for the LED drivers are needed. High effi-
ciency, high density, high reliability, long lifetime are the trends
in the near future. In order to present the research hotspots
of LED drivers, related technologies in LED drivers system
were discussed: PFC cell, dc–dc converters, current balance
cell, topologies of switched mode LED drivers, capacitor-less,
new power components, LED and OLED modeling, high power
density, etc.

To understand the LED drivers system and key technologies,
PFC cell circuits were discussed in advantages and disadvan-
tages of step-down, step-up, step up and down, isolated Flyback,
in order to satisfy the IEC 61000 and Energy Star Standard. DC–
DC converters cell and current balance cell were also analyzed.
In addition, for topologies of the switched mode LED drivers,
single-stage, two-stage, integrated-stage were presented. At last,
according to the hot topics in LED drivers in the near decades,
some ascendant technologies were stated in general. This paper
is expected to be a reference for the researchers and engineers
in further improving the performance of LED drivers.
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