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Abstract— An auto-zero-voltage-switching (ZVS) quasi-
resonant LED driver with gallium nitride (GaN) FETs for
general lighting applications is presented. The proposed LED
driver switches at high frequency to minimize the inductors
to microhenry range. ZVS can be automatically achieved
with the proposed controller to eliminate switching loss.
The GaN FETs enable high-frequency operation and improve
the power efficiency. A fully integrated LED shunt protector is
proposed to bypass the failed LEDs in series-connected LED
strings. The overall lifetime of the LED strings can be improved,
and the maintenance cost can be reduced. The characteristics of
the ZVS quasi-resonant LED driver with small inductors and
the conditions for ZVS are also discussed in detail. The LED
driver is fabricated with a 0.35-µm 120-V high-voltage process.
It can provide up to 25-W power to the LED with 2 × 3.3 µH
inductors and achieves 91.4% peak efficiency and a 0.973 peak
power factor from 60-Hz 100- to 120-Vac input.

Index Terms— AC–DC, gallium nitride (GaN), high frequency,
LED driver, LED protection, open circuit, quasi-resonant, small
inductor, zero-voltage switching (ZVS).

I. INTRODUCTION

LEDs have many advantages over traditional light sources,
including good efficacy, long lifetime, and environmen-

tally friendly properties [1]. However, the cost of LED sys-
tems is usually higher than that of traditional light sources.
As essential off-chip components in the LED driver, the induc-
tors in high-voltage applications are usually hundreds of
microhenry [2]–[5], meaning that they are not only expensive
but also take up a lot of spaces. Therefore, reducing the
value of the inductors of LED drivers will contribute to
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the cost and size reduction of LED systems [6]. A silicon-
embedded inductor in the microhenry range is reported in [7],
which provides a solution to integrating the inductors with
the driver circuits. However, the inductance is still about
100 times smaller than the required inductance in commercial
LED drivers. Increasing the switching frequency can reduce
required inductance, but high switching frequency also leads to
large switching loss. The switching loss due to charging and
discharging of the parasitic drain capacitance of the power
switch can be expressed as

Ps = 1

2
Cd,energy(VIN)V 2

IN fs (1)

where Cd,energy(VIN) is the energy-related drain capacitance
of the power switch when the voltage across Cd is VIN, VIN is
the input voltage of the LED system, and fs is the switching
frequency. Considering an LED driver switching at 5 MHz,
with input voltage of 160 V and drain capacitance of 60 pF,
switching loss of 3.84 W will be induced and efficiency will
be severely degraded. Therefore, it is challenging to reduce
the inductor value and maintain a good performance at the
same time.

Liu and Lee [8] proposed a synchronous LED driver that
uses an adaptive resonant timing control technique to achieve
zero-voltage switching (ZVS) of both the high- and low-
side power switch. The LED driver can operate at up to
2.2 MHz with L of 10–39 μH. However, the LED driver
requires a high-voltage PMOS that is not common in many
fabrication processes. Besides this, the maximum input voltage
for this design is 115 Vdc, and thus it cannot be used in
off-line applications. The quasi-resonant LED drivers [9]–[13]
shown in Fig. 1 can effectively reduce the inductance with
high switching frequency operation, and the switching loss
is eliminated by ZVS. Compared with the buck converter,
a small inductor Lr is added in the power stage. During the
OFF time of the power switch Q, Lr resonates with Cd , and
the voltage across Cd rises to a high voltage and then drops to
zero before Q is turned on. Consequently, the switching loss
due to Cd can be eliminated and high power efficiency can be
maintained when operating at high frequency. The steady-state
characteristics of ZVS quasi-resonant converters have been
discussed in [9]. According to their analysis, L, C , and the
LEDs are simplified as a constant current source, as shown
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Fig. 1. Topology and steady-state operation principles of ZVS quasi-resonant
LED driver. (a) Model for large inductors. (b) Model for any inductors.

in Fig. 1(a). The corresponding conversion ratio equation
is

VLED

VIN
= 1 − fs

2π fr

(
arcsin β + β

2
+ 1 + √

1 − β2

β
+ π

)
(2)

where fs is the switching frequency, ILED is the current of the
LEDs, and fr and β are defined as

fr = 1

2π
√

Cd Lr
, β = VIN

ILED

√
Cd

Lr
. (3)

This simplification is only valid when L is large enough, and
the resulting current ripple of L can be neglected. However,
a small L is preferable for its smaller size and lower cost.
As L is reduced to microhenry range, the inductor current
ripple becomes large, and this assumption does not hold
anymore. Under such circumstances, (2) is no longer accurate.
Therefore, the characteristics of ZVS quasi-resonant LED
drivers for small L need to be derived.

A 22-W ZVS quasi-resonant LED driver was presented
in [14]. The LED driver operates at a fixed switching frequency
of 11 MHz with a 67 kHz envelope, and the LED current is
controlled by adjusting the ON time of the envelope. However,
ZVS might not be achieved under different voltages and cur-
rent conditions with a fixed-duty-ratio fixed-frequency signal.
Since ZVS is the key to maintain high power efficiency with
high switching frequency, the conditions for quasi-resonant
LED drivers to achieve ZVS need to be analyzed in detail, and
the corresponding control method should always ensure ZVS.

A ZVS quasi-resonant LED driver, however, brings several
challenges to the power switch. The high switching frequency
requires a fast switching speed, which means small parasitic
capacitance. Meanwhile, to achieve a high power efficiency in
high-voltage applications, the on-resistance–drain–capacitance

product RON × Cd needs to be small. Finally, the voltage
stress on the power switch requires a high breakdown voltage.
gallium nitride (GaN) devices have demonstrated excellent
performance for highly efficient power switching applications
due to the superior material properties [15], [16]. GaN devices
can realize high breakdown voltage with a low RON due to the
large critical electric field and the high density 2-D electron
gas with high carrier mobility. GaN devices also show small
gate and drain capacitance compared to their Si counterparts
because of the lateral device structure. Therefore, a GaN
device is a more suitable choice for the power switch of a
ZVS quasi-resonant LED driver than a Si MOSFET.

LEDs are usually connected in series to ensure a uniform
current. However, as LEDs age, some of them may fail and
cause an open circuit, resulting in the failure of the whole
LED string. The lifetime of the LED string is therefore
determined by the worst LED. Applications such as streetlights
and factory lighting require high reliability and long lifetime
of LED strings to reduce the maintenance cost. To achieve
this goal, an LED open-failure protector that bypasses failed
LEDs can be used. In [17] and [18], the bypass circuits consist
of 3–5 off-chip components including a zener diode, a silicon-
controlled rectifier (SCR), capacitors, and resistors, which are
bulky solutions. [19] and [20] proposed LED open-failure
bypass circuits in one device. However, since they are not
integrated with the LED driver, the complexity and cost of
the LED system is increased. Besides these drawbacks, all
the above mentioned LED open-failure bypass circuits use an
SCR. If the operating current of the LED is lower than the
holding current of the SCR, these LED open-failure bypass
circuits will not be able to function properly.

Motivated by the above concerns, an auto-ZVS quasi-
resonant LED driver with GaN FETs and fully integrated
LED shunt protectors (LEDSPs) is presented. This paper is
organized as follows. Section II discusses the characteristics of
ZVS quasi-resonant LED drivers with small inductors, includ-
ing the steady-state operation principles and the conditions for
ZVS. The proposed LED driver is introduced in Section III.
The guidelines for components selection are presented in
Section IV. Measurement results are shown in Section V.
Finally, conclusions are drawn in Section VI.

II. CHARACTERISTICS OF ZVS QUASI-RESONANT

LED DRIVERS

A. Topology and Steady-State Operating Principles

Fig. 1(b) shows the more accurate steady-state operation
principles of a ZVS quasi-resonant LED driver [21]. In this
analysis, L is treated as a real inductor instead of being
simplified as a constant current source. A switching cycle can
be divided into four stages.

At t = 0, the power switch has just turned off, and the
diode is also off. L has just finished its charging phase, and the
current going through L is at its peak value ILpeak. In stage 1
(0 < t < t1), Vx ramps up until it reaches VIN. Since t1 is
very short, iLr will not change much and Cd is approximately
linearly charged by ILpeak. In stage 2 (t1 < t < t2), when
VX reaches VIN, the diode will be turned on. L is linearly
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Fig. 2. Simulation results of ILED of a ZVS quasi-resonant LED driver.
Number of LEDs = 20, VIN = 100 V, Lr = 10 μH, and Cd = 60 pF.
(a) ILED versus fs . (b) ILED versus L/Lr .

discharged and Lr resonates with Cd until VD reaches zero
voltage (ZV). In stage 3 (t2 < t < t3), after VD reaches ZV,
it will be clamped by the body diode of Q, which will conduct
the reverse current, and VD will remain 0 V. Lr is linearly
charged, while L is linearly discharged in this stage until iLr

crosses iL . In stage 4 (t3 < t < T ), after iLr crosses iL ,
the diode is forced to turn off. Lr and L are linearly charged
until Q is turned off again.

According to this analysis, whose detailed procedure can be
found in [21], the conversion ratio of the ZVS quasi-resonant
LED driver can be obtained as

M = VLED

VIN

= 1 − fs

2π f r

[
(1 − M)(α� + β �) + 1 + √

1 − β �2 + α�2
β �

+ arcsin
β �

√
1 + α�2 − arctan α� + π

]
(4)

where

β � = VIN

ILpeak

√
Cd

Lr
, α� = Lr

L
Mβ �

ILpeak = ILED + πVLED
√

Cd Lr

L + M Lr
. (5)

For a standard buck converter, the voltage conversion ratio
equals the duty ratio of the gate voltage of Q. Accord-
ingly, the output of a buck converter is usually controlled
by modulating the duty ratio while keeping the switching
frequency fixed. However, the switching frequency instead of
the duty ratio appears on the right-hand side of (4). Therefore,
the output of the ZVS quasi-resonant LED driver should be
controlled by the switching frequency.

Compared with (2), another factor α�, which is reversely
proportional to L, is introduced into (4). In addition,
β � depends on ILpeak instead of ILED. When L is very large,
the current ripple going through L is very small. α� is close to
0 and β � almost equals β, which makes (2) and (4) very close
to each other. However, if a small L is used, the current ripple
going through L will be large. β � will be considerably smaller
than β, and α� cannot be neglected anymore. Under such
circumstances, (4) is more accurate to describe the steady-
state characteristics of the ZVS quasi-resonant LED driver.

Fig. 2(a) shows the simulation results of the LED current
of the ZVS quasi-resonant LED driver with Lr of 10 μH.

Fig. 3. Conditions for ZVS.

As the switching frequency increases, the current of the LEDs
decreases. When L is relative large, the characteristics of the
ZVS quasi-resonant LED driver is barely affected by the value
of L. As L becomes smaller, its value affects the characteristics
of the ZVS quasi-resonant LED driver more significantly.
Fig. 2(b) shows the simulation results with different values
of Lr . With the same switching frequency, the current of
the LEDs starts to change significantly when L/Lr is smaller
than 10. Therefore, L/Lr = 10 can be used as the boundary
between a large L and small L as a rule of thumb.

B. Conditions for ZVS

Mathematically, if VD = 0 has real solutions, ZVS can be
achieved. Therefore, the first condition for ZVS is that

VD = VIN +
√

1 + α�2
β � VIN sin(ωr (t − t1) + arctan α�). (6)

In stage 2 (t1 < t < t2), Lr resonates with Cd . To achieve
ZVS, the magnitude of resonation should be large enough such
that the valley of VD is able to touch 0 V. According to [21],
VD can be expressed as

β �2 < 1 + α�2. (7)

Whether ZVS can be achieved is also determined by the
timing of turning on Q. Before t2, VD is larger than 0 V. After
ILr crosses 0 A and becomes positive again, if Q is still not
turned on, its power diode will stop conducting reverse current.
Then, Cd will be charged again, and VD will rise from 0 V.
Therefore, Q should be turned on after t2, and before iLr rises
to cross 0 A. In other words, the duty ratio of the gate voltage
of Q should be within a certain range. The second condition
for ZVS is that

1 − t(iLr =0) fs < D < 1 − t2 fs . (8)

Fig. 3 shows the simulation results of conditions for ZVS.
Twenty LEDs are driven at 350 mA with L = Lr = 3.3 μH
and Cd = 60 pF. There is a maximum input voltage VIN,max
for ZVS, which is determined by (7). When the input voltage
is larger than VIN,max, the valley of VD is larger than 0 V and
ZVS cannot be achieved with any duty ratio. When the input
voltage is smaller than VIN,max, ZVS can be achieved within a
window of the duty ratio. As the input voltage increases, both
the maximum and minimum duty ratio for ZVS decreases.
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Fig. 4. System architecture of the proposed LED driver.

If a fixed duty ratio is used, the quasi-resonant LED driver will
not be able to achieve ZVS in the whole range of input voltage.
Therefore, the duty ratio of the gate driving voltage VG should
be adjustable for different voltages and LED currents.

III. PROPOSED LED DRIVER SYSTEM

A. System Architecture

The system architecture of the proposed auto-ZVS quasi-
resonant LED driver with a GaN FET and fully integrated
LEDSPs is shown in Fig. 4. The GaN FET is used as the
power switch. Its fast speed enables high switching frequency
operation, and with its superior RON ×Cd , the power efficiency
of the proposed LED driver can be improved significantly.
With different connections to the GaN FET, the proposed LED
driver is able to use either a normally ON or a normally OFF

GaN FET. RS and CS sense the current and feed it back to the
auto-ZVS frequency regulator (FR), which controls the LED
current and makes sure ZVS is always achieved, to maintain
a high efficiency. During the OFF time of the GaN FET,
Lr resonates with Cd , which makes VD drop to ZV before
the GaN FET is turned on to achieve ZVS. If VD is not ZV
before the GaN FET turns on, the auto-ZVS FR will adaptively
adjust the duty ratio of VG to ensure ZVS. Instead of using
an off-chip LED open-failure bypass circuit, four LEDSPs
are fully integrated with the LED driver circuit. One LEDSP
can be connected in parallel with one or multiple LEDs to
monitor their status and provide current bypass if these LEDs
fail. The lifetime of the LED string can be improved, and the
maintenance cost can be reduced with a high level of system
integration.

B. Auto-ZVS FR

Fig. 5(a) shows the implementation of the auto-ZVS FR.
The control loop mainly consists of an error amplifier (EA)
and a voltage-controlled oscillator (VCO). The EA provides a
high gain for the control loop such that VS will be forced
to equal VREF, and the VCO provides the gate voltage of

Fig. 5. (a) Implementation of the auto-ZVS FR. (b) Situation of decreasing
duty ratio for ZVS. (c) Situation of increasing duty ratio for ZVS.

the GaN FET with different switching frequencies and duty
ratios. During steady state, VS equals VREF. If ILED suddenly
increases, VS will rise and become larger than VREF. The
output of the EA will drop, and the switching frequency
produced by the VCO will increase. With larger switching
frequency, ILED will drop until VS equals VREF again. In this
way, the LED current is regulated. A capacitor CC is connected
at output of the EA to achieve dominant pole compensation.

To ensure ZVS is achieved under different conditions,
the duty ratio of the VCO can be automatically adjusted.
As A2 A1 A0 increases from 000 to 111, the duty ratio increases
from about 0.2 to about 0.8. Two comparators, four switches,
and an RS latch are used to translate the sensed drain volt-
age (VDSNS) into a digital signal for the logic circuits to
process. If non-ZVS is sensed, the logic circuits will send a
pulse signal (CLK) to the 3-bit bidirectional counter to adjust
the duty ratio, and the output of the RS latch, namely, Q2,
determines whether the duty ratio should be increased or
decreased. Fig. 5(b) and (c) shows the key waveforms of the
auto-ZVS FR. S1 is used to sample VDSNS just before VG is
high. S2 is used to monitor VDSNS during the OFF time of VG ,
and SR is used to reset the comparator at the end of each cycle.
If VDSNS fails to drop to ZV before the GaN FET is turned
on, non-ZVS appears and the output of COMP1, namely,
Q1, will be 1. The two situations of non-ZVS are shown in
Fig. 5(b) and (c), respectively. The values of Q2Q1 will be
checked shortly after VG is on to determine the duty ratio.
If VDSNS has not reached ZV during the OFF time of VG ,
Q2Q1 = 01. In this case, the 3-bit counter will count down by
1 and duty ratio will be decreased to achieve ZVS, as shown
in Fig. 5(a). On the other hand, if VDSNS has reached ZV
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Fig. 6. (a) Implementation of the VCO. (b) Waveforms and equivalent circuits
of VCO with different duty ratios.

during the OFF time of VG , Q2Q1 = 11, and the duty ratio
will be increased, as shown in Fig. 5(b). Q2Q1 = x0 means
ZVS has already been achieved, and the duty ratio will remain
the same.

C. VCO
Fig. 6(a) shows the circuit implementation of the VCO.

Mvp1–Mvp8 and Mvn1–Mvn8 controls the charging and dis-
charging current of CV , respectively. VRAMP is bounded by
VH and VL . When VRAMP hits VH or VL , the RS latch will
be set or reset to discharge or charge CV , respectively. VCTRL
controls the switching frequency of the VCO by controlling
the charging and discharging current of CV .

The duty ratio of the VCO is controlled by changing the
number of charging and discharging transistors. Of Mvp1–Mvp8
and Mvn1–Mvn8, a total of nine transistors are used to charge
and discharge CV . As shown in Fig. 6(b), when A2 A1 A0 =
000, Mvp1 and Mvn1–Mvn8 will be active. The charging current
of CV is much smaller than the discharging current, resulting
in a very small duty ratio. As A2 A1 A0 counts up by 1, the
number of the charging PMOS will increase by 1 and the
number of the discharging NMOS will decrease by 1. The
duty ratio will therefore be larger. When A2 A1 A0 = 111,
Mvp1–Mvp8 and Mvn1 will be active. The charging current of
CV is much larger than the discharging current. Under this
condition, the VCO has maximum duty ratio. Eight levels of
duty ratio can be achieved. The sizes of the transistor are
designed as(

W

L

)
Mvp1

:
(

W

L

)
Mvp2−8

=
(

W

L

)
Mvn1

:
(

W

L

)
Mnp2−8

= 2.

(9)

Fig. 7. (a) Implementation of the LEDSP. (b) Waveforms of the LEDSP.

The designed maximum and minimum duty ratio are 0.812 and
0.182, respectively, and the step size of the duty ratio is 0.091.

D. Fully Integrated LED Shunt Protector

Fig. 7(a) and (b) shows the implementation of the fully inte-
grated LEDSP and its key waveforms, respectively. The status
of the LEDs is monitored by the left half of the LEDSP. When
all the LEDs are working properly, VLEDHIGH − VLEDLOW
equals the forward voltage of the LEDs connected to the
LEDSP. I1 is small, and V2 is above the threshold voltage
of the inverter. Mn3 is OFF, and the gate–source voltage of the
power transistor Mp1 equals 0 V. There is no current going
through the LEDSP. If LED f fails and causes an open circuit,
VLEDHIGH will rise toward VIN and VLEDLOW will drop toward
ground. The rising of VLEDHIGH−VLEDLOW makes I1 increase
and V2 decrease. When VLEDHIGH − VLEDLOW surpasses the
designed trigger voltage, VPROTECT will rise from low to high,
turning on Mn3 to allow mirrored Ib to flowthrough R3. As a
result, the power PMOS Mp1 is turned on to bypass the
failed LED. The power on reset circuit generates a pulse
signal to reset the RS latch every time the system is rebooted.
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Fig. 8. Simulation results of trigger voltage of the LEDSP.

In this way, the LEDSP can be put into idle state after the
failed LEDs are replaced.

The threshold voltage of the inverter is about 0.5 VDD.
The trigger voltage of (VLEDHIGH − VLEDLOW)VTrigger can be
determined with the following equations:

VTrigger = I1 R1 + VGS,Mp2 = I1 R1 +
√

2I1

k p
( W

L

)
Mp2

+ Vthp

(10)
1

2
VDD = K I1 R2 (11)

where K is the ratio of Mn2 to Mn1. By combining (10)
and (11), we have

VTrigger = VDD

2K

R2

R1
+

√
VDD

KR2k p
( W

L

)
Mp2

+ Vthp. (12)

Fig. 8 shows the simulation results of VTrigger with different
K and R2/R1. In this design, with K = 4 and R2/R1 = 36,
the trigger voltage is about 26 V, and thus one LEDSP can be
used to protect one or multiple LEDs.

IV. COMPONENT SELECTION

A. Selection of GaN FET

In stage 2, Lr resonates with Cd , and VD will rise up to a
very high-voltage VDpeak, as shown in Fig. 1. To stand such
high voltage, the breakdown voltage of the GaN FET VBR
should be larger than VDpeak

VDpeak = VIN

(
1 +

√
1 + α�2
β �

)
< VBR. (13)

According to (6), VDpeak is larger than 2VIN. Usually,
the GaN FET is selected with a VBR of at least 3–4 times VIN.
For example, for an 110 Vac design, VBR should be at least
600 V.

B. Selection of Lr

Lr is the key component to determine the maximum switch-
ing frequency of the ZVS quasi-resonant LED driver. The
switching frequency reaches its maximum value when β � =
(1 + α

�2)1/2. Combined with (4), the approximate maximum
switching frequency can be obtained as

fs·max ≈ (1 − M) fr . (14)

Fig. 9. Maximum switching frequency with different Lr .

Fig. 10. Range of L . VIN = 160 V, Cd = 60 pF, and number of LEDs = 20.

The maximum switching frequency is determined by the
resonant frequency fr , which is a function of Cd and Lr

according to (3). As Cd is the parasitic drain capacitance of
the GaN FET and cannot be changed once the GaN FET is
selected, the value of Lr can be obtained as

Lr = (1 − M)2(
2π fs,max

)2
Cd

. (15)

Fig. 9 shows the maximum switching frequency with differ-
ent Lr and M. With a smaller Lr , the ZVS quasi-resonant LED
driver will operate at a higher range of switching frequency.

C. Selection of L

As L becomes smaller, the current ripple of L and Lr , and
the magnitude of resonation of VD becomes larger. ZVS will
be easier to achieve. However, the peak voltage VDpeak, which
should not exceed VBR, will also be larger with a smaller L.
Therefore, the value of L should meet both the requirements
of ZVS and breakdown voltage of the GaN FET.

By combining (7) and (13), the range of β � can be obtained.
Since (1 + α

�2)1/2 is always close to 1, the range of β � can
be rewritten as

VIN

VBR − VIN
< β � < 1. (16)

Substituting (5) into (16), the range of L can be obtained as

πVLED
√

Cd Lr

(VBR − VIN)
√

Cd
Lr

− ILED

− M Lr < L <
πVLED

√
Cd Lr

VIN

√
Cd
Lr

− ILED

− M Lr . (17)

The upper limit of L is set by the conditions for ZVS, and
the lower limit of L is set by VBR. Fig. 10 shows an example
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Fig. 11. (a) Current ripple of the LEDs. (b) Simulation and analytical results
of the current ripple of the LEDs with different C . N = 20, ILED = 500 mA,
VIN = 160 V, L = Lr = 3.3 μH, and Cd = 60 pF.

of the range of L with different Lr and ILED. As Lr or ILED
increases, the range of L becomes wider.

D. Selection of C

When a small L is used, the current ripple going through L
is very large. In some cases, iL can even be negative. To filter
the current ripple, a capacitor C in parallel with the LEDs
is needed. A capacitor that is too small will not be able to
reduce the current ripple of the LEDs. A large C can ensure
small current ripple. However, high-voltage capacitors of large
values are usually bulky and expensive. Therefore, the value
of C needs to be carefully chosen to meet the requirements at
minimum cost. As shown in Fig. 11(a), the voltage ripple of
the LED can be expressed as

�VLED = �Q

C
=

1
2 × 1

2 T × 1
2�IL

C
= (1−M)VLED

8(L+M Lr ) f 2
s C

. (18)

Since the LEDs are essentially diodes, the current ripple of
the LEDs is

�ILED = is

(
e

VLED+�VLED
nNVT − 1

)
− is

(
e

VLED
nNVT − 1

)

= ILED

(
e

�V LED
nNVT − 1

)
(19)

where N is the number of the LEDs and n is the emission
coefficient of one LED. Combining (18) and (19), the value
of C can be determined by

C = (1 − M)VLED

8(L + M Lr ) f 2
s NnVT ln(1 + �ILED

ILED
)
. (20)

Fig. 11(b) shows an example of the simulation results and
analytical results of LED current ripple with different C . The
LED current ripple can be reduced to less than 10% with a C
of 100 nF.

E. Power Efficiency Considerations

L, Lr , and the GaN FET are the top three most power
consuming components in the proposed LED driver. Selec-
tion of these components also affects the power efficiency.
As shown in Fig. 1(b), iL can be breakdown into a dc part
and an ac part, while iLr has a much larger ac part than

Fig. 12. Chip micrograph of the proposed driver IC.

Fig. 13. Measurement results of the VCO. (a) Frequency versus control
voltage. (b) Duty ratio versus A2 A1 A0.

dc part. By combining (5), the power loss on L, Lr , and the
GaN FET can be estimated as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
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(21)

where RL and RLr are the parasitic resistance of L and Lr ,
respectively, RON is the on-resistance of the GaN FET, and k1
and k2 are constants between 0 and 1. According to (21), for
the GaN FET, the RON × Cd should be as small as possible to
minimize its power loss. For the inductors, designers should
select those with small parasitic resistance. Besides that the
inductance also affects the power efficiency. As L increases,
the current ripple decreases and results in less power loss.
Lr is not a crucial factor to the power efficiency and is usually
selected to meet the requirement of frequency range.

V. MEASUREMENT RESULTS

The proposed driver IC was fabricated with a 0.35-μm
120-V high-voltage CMOS process, and the micrograph of the
die is shown in Fig. 12. The chip measures 3 mm × 1.1 mm,
and includes an auto-ZVS FR, a buffer for a normally OFF

GaN FET, a low-voltage (LV) MOSFET for a normally ON

GaN FET, and four LEDSPs. The supply voltage for the
controller is 5.5 V.

The measurement results of the VCO are shown in Fig. 13.
The VCO is designed to mainly operate at MHz range, which
is also the frequency range of the proposed LED driver. The
output frequency of the VCO decreases from 16.1 MHz to
188 kHz as the control voltage increases from 2.2 to 4.2 V
when A2 A1 A0 = 100. The duty ratio of the VCO increases



920 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 53, NO. 3, MARCH 2018

Fig. 14. Measured waveforms of VD , VG , iL , and iLr with different L .
VIN = 100 V, number of LEDs = 10, and Lr = 3.3 μH. (a) L = 3.3 μH.
(b) L = 10 μH.

Fig. 15. Measured waveforms of VD , VG , iL , and iLr with different
input voltages. Number of LEDs = 20, Lr = 3.3 μH, and L = 3.3 μH.
(a) VIN = 80 V. (b) VIN = 100 V. (c) VIN = 120 V. (d) VIN = 140 V.

as A2 A1 A0 counts up. The measured maximum and minimum
duty ratios are 0.81 and 0.13, respectively. The average step
size is about 0.097.

Fig. 14 shows the measured waveforms of VD , VG , iL ,
and iLr with different L. Ten 1-W LEDs are driven under
100-Vdc input with Lr of 3.3 μH and L of 3.3 and 10 μH.
A commercial normally OFF GaN FET [22] is used as the
power switch. The waveforms match the analytical results
shown in Fig. 1(b). With a smaller L, ZVS is easier to achieve
with the sacrifice of larger current ripple and peak voltage.

Fig. 15 shows the measured waveforms of VD , VG , iL , and
iLr under different dc input voltages. The proposed LED driver
powers 20 1-W LEDs with L = Lr = 3.3 μH. As the input
voltage increases from 80 to 140 Vdc, the switching frequency
is increased by the auto-ZVS FR from 1.70 to 5.7 MHz.
To ensure ZVS operation, the duty ratio is decreased from
80% to 50%.

Fig. 16 shows the measurement results of the proposed LED
driver with a normally OFF GaN FET under 60-Hz 100- to
120-Vac input. Twenty 1-W LEDs in parallel with capacitor
of 330 nF are driven with L = Lr = 3.3 μH. Situations
of increasing duty ratio for ZVS and decreasing duty ratio for
ZVS are shown in the top right and bottom right of Fig. 16(a),
respectively.

Due to the existence of 2-D electron gas, GaN FETs
are usually of the normally ON type. To demonstrate the
functionality of the proposed LED driver, a normally ON GaN
FET is designed and fabricated in the laboratory. Fig. 17 shows
the chip photograph of the in-house-fabricated GaN FET and
its connection with the proposed LED driver. The normally ON

GaN FET needs to be cascoded with an on-chip LV MOSFET,

Fig. 16. Measured waveforms of the proposed LED driver with a normally
OFF GaN FET under 60-Hz 100- to 120-Vac input. Number of LEDs = 20
and L = Lr = 3.3 μH. (a) 110 Vac. (b) 100 Vac. (c) 120 Vac.

Fig. 17. (a) Chip micrograph of the in-house-fabricated normally ON

GaN FET. (b) Connection between the LED driver IC and the normally
ON GaN FET. (c) Measured output characteristics and Coss of the normally
ON GaN FET cascoded with the LV MOSFET and the OFF-state leakage of
the normally ON GaN FET.

and VG2 is connected to the gate of the LV MOSFET. When
VG2 is high, the GaN FET is turned on by the nearly zero VSD
of the MOSFET, and when VG2 is low, the GaN FET is turned
off by the negative VSD of the MOSFET.

The drain capacitor of the normally ON GaN FET and the
MOSFET is connected in series, and the Cd,GaN is small
compared with Cd,MOS, making the total drain capacitance
of the cascoded power switch dominated by Cd,GaN. The
RON × Cd of the cascoded power switch is determined by
Cd,GaN× (RON,GaN + RON,MOS). Therefore, to minimize the
power loss, the size of the LV MOSFET should be designed
relatively large. The leakage current of the GaN FET is usually
much larger than that of the MOSFET. During the OFF-state of
the cascoded power switch, the source of the GaN FET may
rise to a very high voltage due to the leakage mismatch and
damage the LV MOSFET. To prevent this from happening,
a leakage matching resistor RBL of 10 M� is connected
in parallel with the LV MOSFET, as shown in Fig. 17(b).
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TABLE I

PERFORMANCE COMPARISON WITH PREVIOUS WORK

Fig. 18. Measured waveforms of the proposed LED driver with a normally
ON GaN FET under (a) 80 Vdc and (b) 100 Vdc.

Fig. 17(c) shows the measured output characteristics and Coss
of the cascoded power switch and the OFF-state leakage of the
normally ON GaN FET. Fig. 18 demonstrates the functionality
of the proposed LED driver with the normally ON GaN FET
under 80- to 100-Vdc input.

The testing setup of the trigger voltage of the LEDSP is
shown in Fig. 19(a). Ra1 and Ra2 are connected in series
with a voltage source Vtest, which is gradually increased from
0 V. When Vtest is smaller than VTrigger, the LEDSP is not
triggered and most of the voltage drops on Ra1. As Vtest
surpasses VTrigger, the power transistor in the LEDSP is turned
on and most of the voltage will drop on Ra2. The measurement
results are shown in Fig. 19(b), where VTrigger is 26.5 V and
the gate–source voltage of the power transistor in the triggered
LEDSP is about −5.1 V. Fig. 20 shows the measurement of
the LEDSP in the situation where an LED suddenly fails.
A string of 20 LEDs is driven by the proposed LED driver
under 110 Vac input. A failed LED is connected in parallel
with a functioning LED and the LEDSP. When the switch S f

is on, all the LEDs are working properly and no current is
going through the LEDSP. Then, S f is turned off to simulate
the situation where an LED suddenly fails. As S f is off, ILED
begins to drop and the voltage across the LEDSP begins to
rise. The LEDSP is then triggered and the current starts to

Fig. 19. Measurement of the trigger voltage of the LEDSP. (a) Testing setup.
(b) Measurement results.

Fig. 20. Measurement of the LEDSP when an LED suddenly fails. (a) Testing
setup. (b) Measurement results.

flowthrough the LEDSP, putting the LED string back to work
in less than 50 μs, as shown in Fig. 20(b).

Fig. 21 shows the measured performance of the proposed
LED driver under 60-Hz 100- to 120-Vac input. The LED
driver drives 20–25 1-W LEDs with L = Lr = 3.3 μH
and a normally OFF GaN FET. The measured peak efficiency
is 91.4%. The power loss caused by the GaN FET, L, Lr ,
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Fig. 21. Measured performance of the proposed LED driver with a normally
OFF GaN FET and L = Lr = 3.3 μH under 100- to 120-Vac input.

the rectifier bridge, and GaN FET gate driver is about 1.6%,
3%, 3%, 0.6%, and 0.3%, respectively. With an input capacitor
of 300 nF to filter the input current ripple, a peak power
factor of 0.973 can be achieved. Table I gives a performance
comparison with prior art LED drivers. Our design achieves
a high power efficiency and power factor with the smallest
inductance, and implements fully integrated LED protection.

VI. CONCLUSION

This paper presents an auto-ZVS quasi-resonant LED driver
which can drive both normally ON and normally OFF GaN
FETs. ZVS can be automatically achieved with the proposed
auto-ZVS FR. Four fully integrated LEDSPs are implemented
to bypass failed LEDs and improve the lifetime of the
LED string. The design is fabricated with a 0.35-μm 120-V
high-voltage process. The LED driver can provide up to
25-W power to the LED with 2 × 3.3 μH inductors. Peak
efficiency of 91.4% and peak power factor of 0.973 can be
achieved with a GaN FET from 60-Hz 100- to 120-Vac input.
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