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Abstract: Light emitted diode (LED) is becoming more popular in the illumination field, and the
design of LED lighting is generally made to provide illumination at lower power usage, helping save
energy. A power electronic converter is needed to provide the power conversion for these LEDs
to meet high efficiency, reduce components, and have low voltage ripple magnitude. The power
supply for LED is revisited in this paper. The LEDs connected in series with diode, transistor,
or inductor paths are examined. The formulation for each of the cases is described, including the
classical converters of buck, boost, buck-boost, and Cuk. The circuit reductions of the classic circuit,
circuit without the capacitor, and without a freewheeling diode are studied. Using LED to replace
freewheeling diodes is proposed for circuit component reduction. General equations for different
connection paths have been developed. The efficiency and output ripple amplitude of the proposed
power converters are investigated. Analytical study shows that the efficiency of proposed circuits
can be high and voltage ripple magnitude of proposed circuits can be low. The results show that the
proposed circuit topologies can be easily adapted to design LED lighting, which can meet the criteria
of high efficiency, minimum components, and low-voltage ripple magnitude at the same time.

Keywords: LED driving circuit; diode path; transistor path; inductor path; theoretical analysis; ripple
amplitude; efficiency; component count

1. Introduction

LED is now an emerging product to replace conventional lighting and has gained acceptance in
the lighting market, which started from a light source to now being used in decorative, display, and
public lighting applications, such as display lighting, spotlight, streetlight, and general lighting [1—4].
The power levels of 1 W, 3 W, and 5 W are very common. Power level to 50 W is also available. Based
on the commercial data collected, the power range of the LED drivers can be broadly divided into
three groups, namely, low power (<25 W), medium power (25-100 W), and high power (>100 W) [1].

The fluorescent lamp requires voltage in the hundreds [5], and the HID lamps require tens of
thousands of volts for the initial startup [6,7]. Therefore, LED is best used for low-voltage applications,
which is safer and much more energy efficient [1,8]. Other advantages of LED lamps include the colour
control, longer lifespan, and high efficiency [9]. Common available LED of lower power and higher
power is still very expensive for consumers and is generally used for industrial applications. Therefore,
the design of LED low-power devices is usually limited to lower power such as 5 W or less.
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LEDs must be driven by DC sources, and mixing multicolored LEDs can provide a large chromatic
variation [10]. LED is a semiconductor device with no gaseous discharge or striking electrodes. Its
lifetime is much higher than other lighting sources and it can be turned on and off under very high
frequency, compared to other lamps. The long lifetime (e.g., 50,000 h) of modern LED devices is a
factor that puts LED technology ahead of other light sources [1]. LED has even been applied to special
effect designs [11].

According to [1], circuit topologies suitable for LED drivers can be categorized into passive LED
drivers and switched-mode LED drivers based on whether high-frequency switching operation is
performed. This passive LED driver consists of passive components and diodes only, without using
any power electronic switches, auxiliary power supply, and control boards [12]. Passive drivers do not
perform high-frequency switching operations and are thus simpler and more reliable, having long
product lifetime, but they suffer from excessive power losses, so these drivers are not suitable for
LED. Switched-mode drivers operate at high frequency and can involve compact size, low power loss,
and precise output regulation. These properties allow them to have a broader range of applications.
One merit of a switched-mode driver is that its output can be designed to exhibit small voltage
and/or current ripples. Therefore, switched mode drivers are suitable to drive LED lighting. Classical
topologies including the buck [13], boost [14,15], buck-boost [16], Cuk [17,18], and phase-shifted [19]
can all be used as switched-mode drivers.

LED drivers should be properly designed in order to fully utilize their potential benefits, such as
the lifetime, efficiency, luminous efficacy, forward voltage drop, and spectral power distribution of the
device [20,21]. Considering the special application of LED lighting, LED drivers should meet at least
two criteria: (1) High efficiency without a complicated control circuit; (2) reduced components. The
energy factor for LED circuit should be low in order to maximize the efficiency [22].

Recently, many driver topologies that have been modified to achieve high-efficiency operation
require a complicated control circuit [13,23,24]. Reference [13] proposed a single-stage LED driver
based on buck topology, which adopts current path control switches to improve efficiency and power
factor. The proposed driver was configured as a hybrid combination of buck topology and multiple
switches. Reference [23] introduced a bridgeless buck power factor correction rectifier that substantially
improves efficiency at the low end of the universal line range. Reference [24] proposed a LED driver
consisting of a buck-boost converter and a buck converter. Each converter adopts a power MOSFET as
the active switch. Both active switches can operate at zero-voltage switching-on (ZVS) to effectively
reduce the switching losses. However, almost all driving topologies designed to improve efficiency
have complicated control circuits and many components. Thus, they are unsuitable for low-power
lighting applications [25,26].

In addition, diode-like v—i characteristic implies that a slight variation of the applied voltage
across an LED can cause a large fluctuation in its current and subsequently its luminous outputs [1].
In the case of LED embedded lighting, the output ripple amplitude is also a key factor when we
design an LED driving circuit. Moreover, to reduce the conducted electromagnetic interference (EMI),
a small ripple is required [27,28]. The output ripple amplitude also affects the lifetime of LEDs [29].
Reference [30] presented a design of a zero-voltage-ripple (ZVR) buck dc—dc converter. The circuit
uses an autotransformer for ripple cancellation in the output voltage. Reference [31] proposed an
electrolytic capacitor, with less power factor correction, and LED driver with reduced current ripple.
The proposed LED driver is composed of a non-inverting buck-boost power-factor correction (PFC)
converter and bidirectional converter (BDC) for ripple current cancellation. Reference [32] proposed a
simple capacitors clamped current sharing circuit for multi-string LEDs to solve the current imbalance
problem caused by the voltage drop tolerance of LED. In [33], an input-current, ripple-free, two-channel
LED driver is presented. In the proposed LED driver, a current-sharing capacitor is integrated into the
boost converter to achieve the current-sharing among the LEDs and to upgrade the output voltage
gain. However, the presented methods in [30-33] need many switches, control drivers, or other extra
components, which leads to complexity and high cost. In [34,35], with the charge balance principle of
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the capacitor, the LED currents can be automatically balanced. However, the structures used in [34,35]
are more suitable for high-input-voltage applications. There is still a need to develop output ripple
amplitude drivers with less components and no complexity for LEDs limited to a lower power.

To overcome the aforementioned drawbacks and figure out an appropriate circuit topology that
has high efficiency without a complicated control circuit, low component count, and low output ripple
amplitude, this paper proposes a new family of power converters for the LED lighting field. They
are modified versions of the buck, boost, buck-boost, and Cuk converter to provide the LED power
excitation. Unlike previous works, the circuit proposed in this paper is used for the driver of LEDs
at the diode path and transistor, based on the classical switched-mode power converters, which can
simplify the circuit topology. Thus, the modified version can reduce the cost and component count,
while also having a high efficiency. The previously mentioned circuit has a large shortcoming, the
loss in resistor R, so this paper further simplifies the circuit in the inductor path. Theoretical electrical
efficiency of these simplified converters in the inductor path is close to 100%. In addition, ripple
analysis shows that output ripple amplitude can be low in this family of power converters. The
experiment confirms the operation of the simplified converter with a reduced number of components.

This paper is organized as follows: Section 2 reviews the classical switched-mode power converters
and proposes new topologies that put LEDs in a different path. Structures and theoretical analysis of the
proposed circuit are explained in Section 2. The voltage conversion, output power, and the efficiency
are presented. Section 3 compares the efficiency and output ripple amplitudes of the proposed new
topologies. The experimental results are given in Section 4. In Section 5, the novelty of the work is
presented. The conclusion is given in Section 6.

2. LED Driving Circuit Topologies

2.1. Basic Topology

Switched-mode power converters can be used directly for excitation of the LED lamps. The output
of the converters is connected directly to the LED. The output voltage can be regulated by transistor
duty ratio to control the LED output. Figure 1 shows the connection of the converter for the LED. The
LEDs shown are an LED array with LEDs connected in series. There are a number of LEDs connected
in parallel that depend on the application. Only one row is drawn for clarity. To simplify theoretical
analysis, the following assumption is made: All the circuit components are ideal in this paper.

The voltage conversion ratio from input to output is the same as the conversion ratio for classical
power converters.
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Figure 1. Conventional method for LED connection. (a) Basic LED buck converter; (b) Basic LED boost
converter; (c) Basic LED buck-boost converter; (d) Basic LED Cuk converter.
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2.2. LEDs in Diode Path

Switched-mode power converters are used for the design of power conditioning for the LED.
The power supply voltage and the LED voltage are low; therefore, an isolated version is used. It is
designed to reduce the cost and component count. The following power version that was used is a
modified form of the classical switched mode power converters.

2.2.1. LED Buck Converter

Figure 2 shows the conversion from the classical buck converter into an LED converter. The diode
is replaced by the LED as shown. The original conversion ratio of the buck converter V/Vi, is D,
in which D is the duty ratio of the transistor T.

— YV
1Yl ®
o1 Ny L "
8
%
Vi LED 1 V.
N cT R
KK

J__ GND

Figure 2. LED buck converter.

In the present circuit, the on-state voltage of LED cannot be ignored, so the revised voltage

conversion is:
Vo = VinD =nVigp(1-D) @

where 1, is the number of LEDs in the series connected. Vip is assumed to be the on-state voltage of
the LED, and although the V1 gp may vary with current and duty ratio, for simplicity, it is assumed
that all losses are lumped together as Vi pp. The connection of the LED can also be in parallel. The
peak voltage across all the LEDs is:

VDﬁp = Vin (2)
The average current of LED is:
Ts
Ip = f ipdt =Io(1-D) ©)
(1_D)Ts
The power level of LED is:
Ts
‘ nV,  VaD(1-D) n2V2_(1-D)?
Prgp = f iLEpvLEDdt = 1V, pplo(1-D) = —E2 1; - LEDR 4)
(1-D)Ts

where V1 gp is the on-state voltage of LED.
The power loss lies on R and is equal to:

_ Vo2 (VinD=nVigp(1-D))?

= ©)

P
R™™R R
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The efficiency of the LED circuit is:

 Pgp "ViepViD(1-D) - n*Vigp(1- D)’ (6)
"= Plep+Pr  ViD?—nVigpVinD(1-D)
The operation is feasible when Py pp is valid:
nVigpVinD(1-D) > n?V2. (1-D)? )
ie.,
VinD > nVigp(1 - D) ®)
The above inequality is the same as derived from (1).
Another condition for the circuit is that the total power as shown in (6) is valid or greater than zero.
VinD? > nVigpVinD(1 - D) )
ie.,

VinD > nVLED(l - D)
Efficiency Equation (6) can be reduced to:

_ nVigp(1-D)
n= —Vv.D (10)

2.2.2. LED Boost Converter

Figure 3 shows the LED Boost converter. The diode is replaced by the LED as shown.

—_ Y Y YN >—r—>i
L

1 -

0O
3\
/1

GND

Figure 3. LED Boost converter.

Using a similar derivation, the voltage conversion is:

V.
Vo = % - nViED (11)

The power loss is:
Vo2 (Vin—nViep(1-D))*

Pr = = 12
R= % R(1_D)? (12)
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The output power of LED is:

T,
. I vV nV
Prgp = f ILEDULEDAt :nVLEDﬁ(l -D)= LD RLED (13)
(1_D)Ts

The efficiency can be derived as:

p 1-D)nV,
= LED  _ ( )nViED (14)
Prep + Pr Vin
2.2.3. LED Buck-Boost Converter
Figure 4 shows the LED buck-boost converter. The original diode is replaced by LED.
R
J_ GND
Figure 4. LED buck-boost converter.
Using a similar derivation, the voltage conversion is the same as the buck counterpart:
DV;
Vo = ﬁ —nVigp (15)
The power loss can be obtained as:
2 (VinD-nVigp(1-D))?
PR = Vo _ (Vin n LED(2 ) (16)
R R(1-D)
The output power of LED is:
Ts
. I VonV
Prgp = itEpULEDAE =nVipp—2= (1~ D) = ~2 LD (17)
1-D R
(1 -D ) Ts
The efficiency can be derived and is the same expression as the buck converter:
p 1-D)nV;
D _ )nViED (18)

- Puep+Pr VinD



Energies 2019, 12, 4203 8 of 27

2.2.4. LED Cuk Converter

The other power converter can also be converted by this concept. Figure 5 shows the LED Cuk
converter. The Cuk converter requires a number of components, and the cost is a concern. The use of
two inductors does not benefit the LED.

—_ YN 4 Y
Li NS L
Ci 'y
]
A
r _R LED o XL
7Y
]
4
1 GoND
Figure 5. LED Cuk converter.
The voltage conversion is the same as the buck-boost counterpart:
DV;
Vo=1 _15 —nVLED (19)
The power loss can be obtained as:
Vo2 (VinD=nVigp(1-D))
PR = o _ ( in LED(2 )) (20)
R R(1-D)
The output power of LED is:
Ts
. . VonV,
Prgp = f iLgpvLEDAt =nViED (iin + 1o)(1-D) = OTLED (21)
(1_D)Ts
The efficiency can be derived and is the same expression as the buck converter:
p 1-D)nV
_ LED  _ ( )nViLED (22)
Prep + Pr VinD

2.3. LEDs in Transistor Path

There are other topologies for LED connection. The LED array can be put in series with the
transistor. Figure 6 shows the connection of the LED in the transistor path. When the transistor is
turned on, the LED is turned on as well.
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Figure 6. Transistor path LED converter. (a) Buck; (b) Boost; (c) Buck-Boost; (d) Cuk.

2.3.1. LED Buck Converter

In Figure 6a, the on-state voltage of LED cannot be ignored, so the revised voltage conversion is:
Vo = VinD —nVigpD (23)
The power loss can be obtained as:

Vo2 (VinD —nVigpD)?

Pr=—-= R (24)
The power level of LED is:
DT, 5
Prgp = f itepvLEDdt =nVigploD = 1ViepD (‘;m ~"Viep) (25)
0s
The efficiency of the LED buck circuit is reduced to:
p
= PLE;TPR N n“//LiED (26)
2.3.2. LED Boost Converter
For LED boost converters in Figure 6a, the output voltage of R is:
v, = L M7LEDD @)

The power loss is:
Vo> (VinD—nVigpD)®
PR = 13 :( in n LEZD ) (28)
R(1-D)
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The power level of LED is:

DT,

- . _ nVLEDD(Vin - TZVLEDD)
Pigp = | iLepviepdt = 5
(1-D)’R

0s

The efficiency of the LED circuit is reduced to:
0= Prep  _ nViepD
Prgp + Pr Vi

2.3.3. LED Buck-Boost Converter

In Figure 6c, the output voltage of R is:

(Vin —nVigp)D

Vo = 1-D

The power loss can be obtained as:

2
Vo (Vin=nVigp)'D?

PR = =
R R(1-D)?

The power level of LED is:

T g )

. nVigpD” (Vin — VgD
Prgp = f ILEDULEDAL = )
(1-D)’R

0s

The efficiency of the LED buck-boost converter is:
Piregp nVipp

= Pigp+Pr Vin
2.3.4. LED Cuk Converter

For LED Cuk converters, the output voltage of R is:

(Vin —nVigp)D

Vo = 1-D

The power loss can be deduced as:

Vo?  (Vin—nVigp)’D?
R R(1-D)?

The power level of LED is:

DT;

Prep = f ILEDVLEDA! =
0s

nViepD?(Vin —nViED)
(1-D)*R

The efficiency of the LED Cuk converter can be obtained as:

0= Pep  _ nViep
Prep + Pr Vi

10 of 27

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)
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2.4. LEDs in Inductor Path

The above circuit in Sections 2.2 and 2.3 has a large problem due to the loss in resistor R. Therefore,
efficiency of the converter cannot be very high. Under high-frequency operation, it is not necessary for
the DC voltage to be filtered as that of a power supply; hence, the circuit can be further reduced.

2.4.1. Buck Converter

Figure 7 shows a chopper circuit for LED and is based on the “buck” converter. The circuit is
similar to the classical chopper.

1¥T \"-
A T
&

LED X L

GND

Figure 7. Simplified LED chopper like a “buck” converter.

The output voltage of buck converter path can be expressed as:

Vo = VinD —nViep (39)
The voltage conversion is now:
V.
V =—=0 40
nViEp = 7 (40)
The output power is:
Ts
Prep = f iLepvLEDAt =1loViED (41)
(1_D )Ts
The efficiency is:
_ Pigp nVigpD (42)

T= Vil — VinD —nVigp(1-D)

2.4.2. Boost Converter

Figure 8 shows the Simplified LED Boost converter.

Y Y Y\
L

JE T LED .

GND

Figure 8. Simplified LED Boost converter.
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The output of the boost converter can be written as:

Vin —nV.
Vo = 1n1 ~ DLED (43)
V.
lin = 75 (44)
The voltage conversion ratio is:
V.
nVLED = 1 _1r1[) (45)
The output power is:
T,
) nl,V
Prgp = f ILEDULEDAL = f_—IbED (46)
(1-D)Ts
The efficiency of the LED circuit is:
Prep 1
1= Vil — 1-D *7)

Since 15 > 1, which is not possible, it can be concluded that 1 is equal to 1 in the consideration of
concerned circuits with ideal elements. In the whole paper, when it comes to 1 being equal to 1, it
refers to the concerned circuits. The efficiency is close to 1 but not equal to 1 in the real system.

2.4.3. Buck-Boost Converter

Figure 9 shows the Simplified LED buck-boost converter.

1¥T * =
T | =
x

L LED

X

IS

GN

Figure 9. Simplified LED buck-boost converter.

The output voltage of the buck-boost converter can be expressed as:

DVin —nViep
= 4
Vo= —n=l (48)
The voltage conversion ratio is:
V.
1% _ in 49
nViep = 175 (49)
The output power is:
Ts
. nl,V;
Prgp = f ILEDULEDA! :1<>__le13 (50)

(1_D)Ts
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The efficiency of the LED circuit is:

nVLED 1
= = 51
VinD (1-D)D G
Since ﬁ > 1, which is not possible, it can be concluded that 7 is close to 1.
2.4.4. Cuk Converter
Figure 10 shows the Simplified Cuk converter.
YN | L
L I\
1 A4
C1 - N
Y
& - LED L
T
A 4
T
| oNDp
Figure 10. Simplified LED Cuk converter.
The output voltage can be derived as:
DVi, —nV,
V. — in LED 2
o= TR LLED 52)
The voltage conversion for the Cuk converter is:
V.
nVLED = —mZD (53)
(1-D)
The output power is:
P (1-D)I,V
. n(l- LED
Prgp = f iLEDVLEDAE = # (54)
(1_D )Ts
The efficiency of the LED circuit is:
n ( 1- D) VLED 1
N=———p = ; (55)
in (1-D)

Since —— > 1, which is not possible, it can be concluded that 7 is close to 1.

(1-D)*
2.5. LED Path in General

We defined nt, np, and ny, as the number of series LEDs in the transistor, diode, and inductor paths,
respectively. The LED path described in Sections 2.2-2.4 can be summarized as a general equation.

2.5.1. Buck Converter

Using the voltage second balance techniques, the output voltage of the buck converter path can
be expressed as:
Vo = VinD =n1ViepD — (1= D)npViep — nLVieD (56)
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where nt, np, and ny, are the number of LEDs in-series in the transistor, diode, and inductor paths.
The output power is:
Prgp = (ntD + (1= D)np + n)loViED (57)

The efficiency is:
_ (D -np(1-D) +n.D)Viep
VinD =n.Viep(1 - D)

(58)

2.5.2. Boost Converter

The output voltage of the boost converter path can be expressed, using the voltage second balance
techniques in a similar method, as:

Vi ntDVigp  niViep
Vo=—"-—-npVLgp — - 59
o=1_p "™VuED -} 1-D (59)
The output power is:
ntD+ (1 -D)np + ny)I
Prep = ( ( ) Mo ViED (60)
1-D
The efficiency is:
ntD +np(1—-D) +ny)ViEp
)L 1-D)+m) -
1
2.5.3. Buck-Boost Converter
In a similar method, the output voltage of the buck-boost converter can be expressed as:
DVin nDVigp  niViep
_ _ _ _ 2
Vo=1-p~mVien-—_p 1-D (62)
The output power is:
ntD + (1 —-D)np + np)1
Prep = ( ( ) Mo ViED (63)
1-D
The efficiency is:
ntD +np(1—-D) +np)Viep
b (1-D) +m) o

VinD

2.5.4. Cuk Converter

As before, the output voltage can be derived in a similar method. There are two inductors in the
converter, and the derivation has to consider the expressed as:

_ DV, ntDViep nr1ViepD
Vo=1—p ~™Vieo~—_—p M2V ) (65)

The output power is:

(ntD+ (1-D)np + np1D + n2(1 - D))o
1-D

Prgp = ViED (66)

The efficiency is:

(ntD +np(1=D) 4+ np1D +ni2(1-D))Vigp
VinD
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3. Comparison of Circuit Topology

3.1. Efficiency Analysis

The efficiency of different LEDs’ driving circuit topologies is listed in Table 1.

Table 1. Output efficiency of different LEDs’ driving circuit topologies.

Topology LED in the Diode Path LED in the Transistor Path LED in the Inductor Path
Buck (1-D)nVigp nVLED nViepD
Vin in VinD—nVigp (1-D)
Boost U_Q}ﬂ "‘@&D close to 1
Buck-Boost (1_[‘;)# "“;ﬁ close to 1
Cuk % ”“;ﬁ close to 1

The efficiency of the LED in diode converters is plotted in Figure 11. The parameters used are
n=3and Vi, =12V, Vigp = 3.3 V. It can be seen from Figure 11 that buck, buck-boost, and Cuk
converters have the same efficiency under the same parameters. When D < 0.45, the efficiency of buck,
buck—boost, and Cuk converters is close to 100%; when 0.45 < D, the efficiency reduces rapidly. The
reason is that when the duty ratio is small, according to Equations (1), (15), and (19), the voltage across
the resistance becomes very small.

1.00
0.95 4
0.90 4
0.85 1
0.80 4
0.75 4
0.70 -
0.65 -
0.60 +
0.55 4
0.50
0.45 4
0.40 4
0.35
0.30 +
0.25 4
0.20 4
0.15 4
0.10 4
0.05 H
0.00

Buck

Boost
Buck-Boost
Cuk

Buck/Buck-Boost/Cuk

efficiency

00 01 02 03 04 05 06 07 08 09 1.0
D

Figure 11. Relationship between efficiency and D of the LED in the diode converter.

The efficiency of the boost converter decreases linearly with D. The efficiency of the LED driven
by buck, buck-boost, and Cuk converters is larger than that driven by the boost converter at any D
value. The efficiency of the converter is relatively high for the low duty ratio. The efficiency of the
converters is extremely low for the high duty ratio, especially when the duty ratio is close to 1.

The efficiency of the LED in transistor converters is plotted in Figure 12. The parameters used are
n=3and Vi, =12V, Vi gp = 3.3 V. It can be seen from Figure 12 that the efficiency of buck, buck-boost,
and Cuk converters is constant, and the constant is relatively high. The efficiency increases linearly
with D for the boost converter, and the efficiency is relatively high for the high duty ratio.
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1.00
0.95 -
8§g : Buck/Buck-Boost/Cuk
0.80 4
0.75 4
0.70 4
0.65 4
0.60 4
0.55 4
0.50 4
0.45 4
0.40 4
0.35 4
0.30 4
0.25 4
0.20 4
0.15 4
0.10 4
0.05 4
0.00 T T T T T T T T T

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

D

Buck
Boost
Buck-Boost
Cuk

efficiency

Figure 12. Relationship between efficiency and D of the LED in transistor converter.

The efficiency of the LED in the inductor converters is plotted in Figure 13. The parameters used
aren =3, Vigp = 3.3 V. Vi, can be obtained using Equations (25), (27), and (29). It can be seen from
Figure 13 that the efficiency of boost, buck-boost, and Cuk converters is close to 100%, which means
that loss is zero in an ideal case. For the buck converter, the efficiency increases rapidly as D increases,
and the speed of increasing increases when D < 0.49. When 0.49 < D, the efficiency is 1 too. The
theoretical electrical efficiency to the LED is close to 100% as the R is eliminated from the circuit.
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Figure 13. Relationship between efficiency and D of the LED in inductor converter.
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3.2. The Output Ripple Amplitude

AnLED can be modelled as a series connection of a voltage source, an ideal diode and a resistor [29],
hence assuming it is represented by a fixed voltage Vi rp and a resistive component R, as a simplified
LED model, it is then to analyze the output ripple amplitude, which affects the color drift characteristic
and lifetime of LEDs.

In the case of the LED buck converter (Figure 2), the current ripple of the inductor can be

expressed as:
o Vo + nVLED

Aip 2 (1-D)T (68)

The output voltage ripple is equal to:

Vo +1nVigD "

AVLED = AiLI’ZRd = L

(1-D)TRy (69)
It should be pointed out that AV gp in this paper refers to the ripple voltage of the series LED.
In the case of the LED Boost converter (Figure 3), the current ripple of the inductor can be

deduced as:
_ "Vigp + Vo = Vin

L

(1-D)T = VDT (70)

Ai
1, 2

The output voltage ripple is:

nVinDTRy

AVLED = AiLan = I

(71)

In the case of the LED buck-boost converter (Figure 4), the current ripple of the inductor can be
obtained as:

1% v VinDT
Aip = ﬂ(l—D)T: Zin>- (72)
L L
The output voltage ripple can be calculated as:
nVinDTRq4

AVLED = AiLan = (73)

L

In the case of the LED Cuk converter (Figure 5), the current ripple of the inductor can be deduced as:

V.
Aip. = —2DT 74
L= (74)
V. V. V;
Aip, = M(l -D)T = DT (75)
Ly L,
The output voltage ripple is equal to:
) ) 1 1
AVigp = (AlLl + AZLZ)ﬂRd = (L_ + L—)l’lVinDTRd (76)
1 2

In the case of the transistor path LED buck converter (Figure 6a), the current ripple of the inductor

can be expressed as:
Vin —=nVigp — Vo

A, =
11, L

DT (77)
The output voltage ripple is:

Vin —=1ViEp — Vo

AVLED = AiLTle = L

nDTRy4 (78)
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In the case of the transistor path LED Boost converter (Figure 6b), the current ripple of the inductor

can be equal to:

. Vi - Vi VinDT
Aip, = ”LED%U -D)T = A2— (79)

The output voltage ripple can be deduced as:

nVinDTRy

AVLED = AiLan = I

(80)
In the case of the transistor path LED buck-boost converter (Figure 6¢), the current ripple of the
inductor can be obtained as:

Vin = nV
Aif = %DT 81)

The output voltage ripple is equal to:

Vip — 1V
#nDTRd (82)

AVLED = AiLan =
In the case of the transistor path LED Cuk converter (Figure 6d), the current ripple of the inductor

can be deduced as:
Vin —nViED

Aiy, =~ DT (83)
Vo —Vo—nV
Aig, = —F "Lz YD pr (84)

where Vp is the capacitor charging voltage when T is off.
The output voltage ripple is:

Virl - nVLED Vp -Vo- nVLED
+
Ly L,

AVLED = (AiLl + AiLz)I’ZRd = ( )nDTRd (85)
In the case of the simplified LED buck converter (Figure 7), the current ripple of the inductor is

equal to:
Vo + nVLED
L

The output voltage ripple can be expressed as:

Aip = (1-D)T (86)

VO + nVLED

AVLED = AiLTle = I

n(1-D)TRq (87)

In the case of the simplified LED Boost converter (Figure 8), the current ripple of the inductor is:

pip = VLD = Vin (q _pyyp _ VinDT (88)
L L
The output voltage ripple can be calculated as
AVLED = AiLan = M (89)

L

In the case of the simplified LED buck-boost converter (Figure 9), the current ripple of the
inductor is:

Aip = ”Vﬂ(l_D)T: VinT (90)
L L
The output voltage ripple is equal to:
nVinTRq

AVLED = AiLT’le = (91)

L
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In the case of the simplified LED Cuk converter (Figure 9), the current ripple of the inductor can
be deduced as:

. V'n
AlLl = L_llDT (92)
. TlVLED VinDT
Aip,=——1-D)T = ——— 93
ILZ L2 ( ) Lz(l _ D) ( )
The output voltage ripple can be calculated as:
AVigp = (AiL, + Aip,)nRq = 1 + 1 nVinDTR (94)

The output voltage ripples of different LEDs’ driving circuit topologies are list in Table 2.

Table 2. Output voltage ripples of different LEDs’ driving circuit topologies.

Topology LED in the Diode Path LED in the Transistor Path LED In The Inductor Path

Buck nVinDTRyq Vm_nVLLED_VO ﬂDTRd nVinDTRy4
Boost nVinDTRg 1VinDTRq WV DTR,

L 1

Buck-Boost @ Vin=nVien , DTR nvinL Ry
( ‘}m*ZlVLLTD +
C L+ )Y 1 1.1y

Cuk (Ll T JnVinDTR4 VP—VUL—ZnVI,F,D ynDTRy [Ll + L(-D) ]i’leDTRd

Takingn =3 and Vi, =12V, Vigp =33V, R34 =250, T =20 ps, L = 2000 uH as an example,
according to Table 2, the voltage ripple magnitude of the LEDs for the LED in diode converters is
plotted in Figure 14. It can be seen from Figure 15 that buck, boost, and buck-boost converters have the
same voltage ripple amplitudes under the same parameters. The voltage ripple magnitude increases
linearly with D for all the four converters. The voltage ripple magnitude of the LED driven by the buck,
boost, and buck-boost converters is smaller than that driven by the Cuk converter at any D values.
The voltage ripple magnitude of the converters is relatively low for the low duty ratio. For the Cuk
converter, AV gp/nVigp < 18.0%; for buck, boost, and buck-boost converters, AV gp/nViep < 9.0%.

19
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0.5 4
0.4
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014 S~
00 - I I I I I I I I I
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D
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Boost
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A VLED/V
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Figure 14. Relationship between voltage ripple magnitude and D of the LED in diode converters.
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Figure 15. Relationship between voltage ripple magnitude and D of the LED in transistor converters.

Using the same parameters, according to Table 2, the voltage ripple magnitude of the LEDs in
transistor converters is plotted in Figure 15. It can be seen from Figure 15 that the voltage ripple
magnitude increases linearly with D for boost and buck-boost converters and the curves of buck and
Cuk converters are just like a parabola structure. The voltage ripple magnitude of the LED driven
by the buck and buck-boost converters is very small. For the buck converter, AV gp/nVigp < 0.4%,
and for the buck-boost converter, AV gp/nVigp < 1.6%. For the Cuk converter, the voltage ripple
magnitude increases as D increases (D < 0.66); the voltage ripple magnitude reduces rapidly as D
increases (0.66 < D < 0.89); and the voltage ripple magnitude reduces to zero when 0.89 < D, which
means the ripple is completely eliminated. For the Cuk converter, AV gp/nVigD < 6.5%.

Using the same parameters and taking Vp =25V, L; = L, = 2000 pH as an example, according to
Table 2, the voltage ripple magnitude of the LEDs in transistor converters is plotted in Figure 16. It can
be seen from Figure 17 that buck and boost converters have the same voltage ripple amplitudes under
the same parameters, and the voltage ripple amplitude of the buck-boost converter is constant. The
voltage ripple magnitude increases linearly with D for buck, boost, and Cuk converters. The voltage
ripple magnitude of the LED driven by the buck and boost converters is smaller than that driven by
the buck-boost converter at any D value. For Cuk converters, voltage ripple magnitude increases
rapidly as D increases, and the speed also increases. When D > 0.4, voltage ripple magnitude of Cuk
converter is more than 1V, which means that AVygp/nV1gp > 10.0%. The voltage ripple magnitude of
the buck, boost, and Cuk converters is relatively low for the low duty ratio. For buck, boost, and Cuk
converters, AV gp/nVigp < 9.1%.
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Figure 16. Relationship between voltage ripple magnitude and D of the LED in inductor converters.
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Figure 17. Input characteristics of the proposed boost converter with fs = 50 kHz. (Top Trace) Input
Voltage (5 V/div); (Middle Trace) Input Current (2 A/div); (Bottom Trace) Input Power (2 W/div).

It can be seen from Figures 14-16 that voltage ripple magnitude of boost converters is the same.
Referencing the values, we could get a conclusion that voltage ripple magnitude of LED in transistor
converters is minimal and that voltage ripple magnitude of the LED in inductor converters is maximal
under the same parameters.

For LEDs in diode path circuits, it can be found from Figures 11 and 14 that buck and boost
converters have very high efficiency (almost no loss) and relatively low voltage ripple magnitude for
the low duty ratio.

For LEDs in transistor path circuits, we can conclude from Figures 12 and 15 that buck, buck-boost,
and Cuk converters have relatively high efficiency and low voltage ripple magnitude for any duty
ratio. For buck and buck-boost converters, voltage ripple magnitude is low (AV1gp/nVigp < 0.4% for
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buck; AV gp/nViep < 1.6% for buck-boost). For the Cuk converter, the ripple is completely eliminated
for the high duty ratio.

For LEDs in transistor inductor circuits, we can conclude from Figures 13 and 16 that all converters
have very high efficiency (almost no loss), except buck converters, at a low duty ratio. Boost and Cuk
converters have relatively low voltage ripple magnitude for a low duty ratio at the same time.

To sum up, the appropriate circuit topology, which can meet criteria of LED lighting for special
effect designs, can be selected from the proposed circuit topology. According to different special
effect application requirements, different circuits will be chosen. Boost and Cuk LEDs in transistor
inductor circuits can be selected if we need extremely high efficiency and minimal components. Buck,
buck-boost, and Cuk LEDs in transistor path circuits can meet requirements if extremely low voltage
ripple magnitude is needed. Extremely high efficiency and relatively less components can also be
achieved by buck and boost LEDs in diode path circuits for a low duty ratio.

4. Experimental Results

Experimental results are presented in Figures 17-20. To confirm the operation of the simplified
boost converter with a reduced number of components, a simplified booster converter was used. The
components used are: L = 70 pH, transistor = IRF540, LED = 3 W LED with 6 in series. The circuit as
shown in Figure 8 was used for the test. The brightness of the LEDs could be regulated successfully
by the duty ratio control, as shown in Appendix A. Figure 17 shows experimental waveforms of the
boost converter at switching frequency fs = 50 kHz and 80% duty ratio. Figure 18 shows the output
waveforms, with the output voltage impressed onto the LED. The measured efficiency was 69%. From
Section 2.4.2, we know that the efficiency of circuits with ideal elements was close to 1. The error was
31%. The reason was the switching losses of the LEDs and the transistor. Figures 19 and 20 show
the results at 100 kHz with 80% duty ratio. The dimming could be regulated successfully. The LED
illumination output was confirmed to be regulated successfully by the high-frequency switching signal.

f'h Agilent Technologies
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|
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a Source ) Select: Measure Clear Settings I‘I’!reshnlds
Math Avg Avg Meas i ~

Figure 18. Output characteristics of proposed boost converter with fs = 50 kHz. (Top Trace) Output
Voltage (10 V); (Middle Trace) Output Current (2 A/div); (Bottom Trace) Output Power (20 W/div).




Energies 2019, 12, 4203 23 of 27

Agilent Technologies

Figure 19. Input characteristics of the proposed boost converter with fs = 100 kHz. (Top Trace) Input
Voltage; (Middle Trace) Input Current; (Bottom Trace) Input Power.

{{' j--AgiIent Technologies

GND

— GND

GND

Figure 20. Output characteristics of proposed boost converter with fs = 100 kHz. (Top Trace) Output
Voltage; (Middle Trace) Output Current; (Bottom Trace) Output Power.

5. Discussion

When compared with the classical LED driving topologies presented in [13-18], the proposed new
family of power converters have the following advantages: First, the design can be used to reduce the
cost and components. Since the LEDs are put in the diode, transistor, and inducer paths, the drivers
can have less components. Thus, if a small size is required, the corresponding size can be reduced.
Second, the proposed converters can work at low voltage. Third, high efficiency is achieved without
a complicated control circuit. In Figures 11-13, the proposed power converters could achieve high
efficiency at specific duty ratios. However, current high efficiency research often focuses on high LED
power applications [36]. These new power converters can be used in special occasions where low
voltage, low size, and high efficiency is needed. Moreover, the output ripple amplitude is low in this
family of power converters. From theoretical analyses, the output voltage ripple of the proposed LED
drivers can be reduced significantly at specific duty ratios.
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However, this paper pays more attention to the topology and theoretical derivation. All the circuit
components are ideal in this paper. Therefore, in some cases, the efficiency can be close to 100%. But
for real circuits, there are switching losses and conduction losses of LEDs and the transistor.

The switching losses of MOSFET Pgyy in this paper can be expressed as [37]:

P sw — VinIdmaxtcross f (95)

where Igmax is the maximum current through MOSFET, and tcrss is overlap time.
The conduction losses of MOSFET Pconp in this paper can be expressed as [37]:

Pconp = Irms*Ras (96)

where Irns is the root-mean—square value of the current, and Ry, is resistance.

When the efficiency is being calculated, Psyy and Pconp should be taken into account.

LED is the freewheeling diode in Sections 2.2 and 2.4. The conduction losses of the freewheeling
diode cannot be neglected. The conduction losses of freewheeling diode Pconp-p are:

Pconp-p = Ip avG*Ra 97)

where Ip ayg is the diode average current.
The way to reduce the conduction losses is to reduce the forward voltage drop of the diode and
the transistor.
The switching losses of the freewheeling diode or LED include turn-on losses and turn-off losses.
Turn-on losses can be derived as:

tp )
P, tarmon = f fo VE(R)ip(E)dt ~ 0.5V It f (98)

where tg, is the forward recovery time, Vy, is the peak forward voltage, and If, is the peak
forward current.
Turn-on losses are:

to
Pp, turn-off = f t VE(t)ip(t)dt = 0.5Viphptp f (99)
where t;p, is the reverse current descent time, Vyp, is the peak back voltage, and Iy is the peak
back current.

When the efficiency is calculated, Psw, Pconp, PconD-D, PDturn-oft, and Pp tyrn-on Should be taken
into account. In the next research, we will build circuits to verify these topologies, and the ideal
elements will be replaced by real ones.

There is another issue that should be taken into account. Because uneven voltage is inevitable
among the LEDs, this factor can affect the life of LEDs, which leads to potential safety problems for
the circuits. As the LED lifespan increases, the driver controls the overall lifetime of the LED system.
However, the driver consists of a number of components, and the components’ lifespan is usually less
than that of LED chips; therefore, the safety issue is still unknown. The authors will explore these
issues in our next research.

6. Conclusions

In this paper, we propose a new family of power converters to the low-power LED lighting for
lighting and special effect design. It was found that the LED could replace the freewheel diode in the
converters. It can also be placed in the transistor and inducer paths. The proposed circuits reduce
both the cost and component count through simplifying the classic driving for LEDs, especially for
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LEDs in inductor path circuits. The formulation of an output conversion ratio, power of the LED, and
the efficiency was derived. Efficiency and output ripple amplitude of the proposed circuit topologies
are discussed in this paper. Analytical study shows that efficiency of proposed circuits can be high.
Buck, buck-boost, and Cuk LEDs in transistor path circuits have relatively high efficiency. It should be
emphasized that buck and boost LEDs in diode path circuits and all LEDs in inductor path circuits
have almost no loss. It was found that low output ripple amplitude could be obtained for the proposed
circuits. For buck and buck-boost LEDs in transistor path circuits, voltage ripple magnitude was
very low (AVigp/nVigp < 0.4% for buck, AVigp/nVigp < 1.6% for buck-boost). The results also
show that the proposed circuit topologies could be easily adopted to design LED lighting because
high efficiency, less components, and low voltage ripple magnitude criteria can be met at the same
time. Finally, the experimental waveforms of the laboratory prototype confirmed the operation of the
simplified converter.

An LED integrated in the inductor winding has been demonstrated that is another method of
integration of inductor and LEDs by combining the LED leads and inductor winding. It is shown in
Appendix A.
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Appendix A

Figure A1. The LED connected in inductor path.
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