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expressed by (1). Therefore, in this converter transistor
commutates the current that, due to power equilibrium,
undergoes doubled 1/(1-D) effect. This leads to more strong
effect of D on the switching losses (Fig. 7).

B. Expected influence of modulation frequency

Switching losses in the diode are defined mostly by its
recovery process. In the bust converter they depend on the
duty cycle D, but are still small compared with those of
transistor and, especially with its on-state losses. The impact
of the switching frequency fs» on the commutation losses
expressed by (2) and (3) is linear. On the other hand Table I —
A3...B4 shows that this frequency has no effect on the
conduction losses. If the thermal parameters of the
transistor/diode are known then it is possible to determine the
maximal power losses and maximal frequency. For instance
without a heatsink transistor losses are APyp,,=(175-
25)/62=2.4W but diode losses APjyp,=(175-25)/75=2W.
Then the maximal switching losses of the transistor are 2.4—
0.4=2W, but of the diode 2-0.27=1.73W. From where and
from (2)...(3) maximal frequency of the diode is
1.72W/1219nJ=1.41MHz, but of the transistor -
2W/8370nJ=0.24Mhz. Here switching energy have been found
previously utilizing (4)...(6). On the other hand increasing the
frequency decreases the value of reactive components linearly
while their physical volume has square-root dependence.

C. Expected influence of inductance

The inductance of a coil has direct impact on its volume
expressed with proportionality coefficient A4; that ties the
inductance of the coil and number of its turns in power 2.
Therefore if the coil utilizes the entire available wire window
its volume is proportional to the square-root of its inductance.

At the same time, smaller inductance leads to higher current
pulsations in the coil and, hence, in the transistor and diode.
Therefore, rms current of the transistor must be higher at
lower inductance. The corresponding dependence may be
presented in a simplified form as following:

, ©

However (9) shows that this dependence is quite weak and
can mostly be ignored.

IV. DEVELOPMENT OF MODEL AND SIMULATION

Initial evaluation (the corresponding results are presented
Fig. 8 and Fig. 9) of the DC/DC buck and boost dimmer has
been made through PSpice simulation. For the most of the
elements a compromise between the complicity of the model
and tolerance has been achieved: power diode and MOSFET
are simulated as PSpice models while models of the coil and
LEDs utilize macro-circuits based on the datasheet parameters
of the elements. At the same time input voltage source, control
source and driver are simulated as ideal elements.
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Fig. 8. Results of PSpice simulation of buck converter: a) Lgy=761pH,
fsw=var; b) Lsy=var, fsw=40kHz
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fsw=var; b) Lgy=var, fsw=40kHz
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The simulation results of the buck and boost converters are
presented in this subsection. The switching frequencies
through the simulation have been set to 40 kHz, 80kHz and
120kHz, but values in inductance of the coil — to 317uH,
417uH, 512uH, 610uH and the 761uH.

Efficiency at fixed value of Lgy, and different values of
frequency for buck converter is given in Fig. 8-a, but for boost
— in Fig. 9-a. Efficiency at fixed value of fg» and different
values of inductance for buck converter is given in Fig. 8-b,
but for boost — in Fig. 9-b.

As can be seen from the graphs, the higher switching
frequency reduces the efficiency. The highest efficiency can
be observed with frequency 40 kHz. To reduce the size of the
passive devices, the switching frequency must be increased
but — at the cost of lower efficiency.

Simulation results show that buck converter switching
topology is a good platform for a high efficiency LED drive
system, because it provides higher efficiency than the boost
converter.

V.EXPERIMENTAL EVALUATION OF THE DIMMERS

A. Buck converter

Efficiency of the buck converter has been evaluated with
three switching frequencies - 40, 80 and 120kHz (Fig. 10). As
can be seen from the Fig. 10, the overall efficiency of the
converter decreases with frequency growth. The reason is
increasing switching losses in semiconductor switches,
inductor core losses and conductor skin effect. Increasing the
switching frequency has a beneficial effect on the output filter
size and in turn, on the converter size.

One more series of experiments has been conducted with
different value of the inductance coil (Fig. 11).

The tendency found in Fig. 11 is the same for different
frequencies — efficiency curve becomes more linear at bigger
inductance. Efficiency increases at smaller output powers with
bigger inductance. Smaller inductances provide better
performance at higher output powers because of its smaller
active resistance (Table II).

Three different inductor cores (T94-26, T106-26 and T130-
26) were used to evaluate influence the core size of a coil on
its performance (Fig. 12).

From Fig. 12 is seen that bigger inductor core size is better
at lower output powers. At the same time at higher output
power smaller core is preferable because of smaller active
resistance of wires (Table III).

Optimization of the switching frequency considers the skin
effect of the inductor. Skin effect has been evaluated on the
next stage (Fig. 13). This effect appears at higher frequencies
and reduce effectively used conductor cross sectional area. To
reduce conductor skin effect several parallel wires of the
smaller diameter can be used (Table IV).
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Fig. 10. Changes in efficiency of buck converter at different switching
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Fig. 11. Changes in efficiency of buck converter at different values of
inductance coil

TABLE II
EXACT PARAMETERS OF INDUCTANCE COIL
Toroidal iron powder core T94-26
Number of turns Precise inductance ' Active
at 25kHz, uH resistance, mQ
70 314 75
80 410 87
89 507 98
98 606 110
TABLE 111
EXACT INDUCTOR PARAMETERS FOR CORE SIZE TEST
Inductance coil 300puH
Core size Exact inductance at Active resistance,
25kHz, pH mQ
T94-26 314 75
T106-26 311 75
T130-26 317 80
TABLE IV

EXACT PARAMETERS OF INDUCTANCE COIL FOR SKIN EFFECT TEST

Toroidal iron powder core T94-26
indll)lz:ft:;lscee at Wire diameter, regzselijlece, Number
25kHz, uH mm mo of wires
307 0,21 80 17
317 0,51 80 3
320 1,11 60 1
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impact on these losses.

The presented data proves that buck dimmers may be more
compact because of their better overall efficiency, especially
at higher output power. This can be explained by longer
operation time of the transistor and shorter — of the diode. This
leads to smaller conduction losses in the diode and higher but
acceptable in the transistor.

Using lower switching frequency reduce losses of switches
but requires bigger coil and vice versa. Some compromise can
be found if switches with reasonable heatsink operate at the
highest heat transfer level.

Inductance has contradictory effect on the converter size.
Bigger inductance may reduce frequency and losses but is
bulky itself. It must also be noted that converter efficiency at
higher output power can be improved by using of smaller
cores that reduce resistance of the coil.
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It must be especially noted that the impact of wire

resistance of the inductor coil is significant.

Therefore,

effective (including skin and proximity effects) cross-sectional
area of the wires must be kept high enough but their length —
short enough. For smaller inductances this can be reached by
using of smaller inductor cores.
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ABSTRACT: This paper presents comparative investigation
of both voltage and current fed buck converters. This
comparison takes into account the controllability, efficiency
and size of the converters. The first section of the paper
briefly describes a standard voltage fed buck converter.
Transformation of voltage fed buck converter into the
current fed converter is presented next. Then the operation
of current fed buck converter is discussed. On the next stage
experimental estimation of current fed buck converter is
described. Finally conclusions about current fed buck
converter with LEDs are drawn.

1 Introduction

Artificial lighting consumes a considerable amount of
electricity generated in the world. Taking into account the
increase of energy consumption in other segments and
limited facilities of energy generation, development of
more efficient lighting systems is becoming more
important. Current market of lighting devices is recently
supplemented by novel light sources that enable
revolutionary improvements of lighting and electrical
parameters of lighting systems while ensuring also high
reliability and durability.

One of these sources is the Lighting Emitting Diode
(LED) [1]. The use of high power LEDs in lighting
applications is becoming increasingly popular due to
rapid and constant improvements of LED’s efficacy,
lifetime, reliability and overall cost. Dimming functions
are also more easily implemented with LEDs. Dimming
of LEDs does not have negative impact on them. Besides
that they are more robust and offer wider design
flexibility compared to other light sources. Furthermore,
LED lighting devices have advantages in their slim sizes
and low pollution due to the elimination of heavy metals.

Typical consumer applications, like those of home
appliance, have to be plugged into an AC power source.
At the same time LED has to be powered by DC source,
the voltage level of which depends on the number of
LEDs. Therefore, AC should be converted into DC for
LED correct supply and LEDs always require some
electronic ballast. The conversion efficiency and cost of
the converter are two main concerns for application of
white light LED illumination [2]. The LED ballast often

978-1-4673-2773-2/12/$31.00 ©2012 |[EEE

gives an opportunity of dimming. Then it can be
configured as monolithic circuit providing rectifier and
dimmer functions or as a composite unit consisting of
several stages. From the light regulation point of view the
ballasts can be divided into three groups: ballasts with
pulse mode luminous flux regulation, with fluent mode
regulation and that of step-mode.

It is advantageous to supply LEDs from current
sources, because LEDs luminous flux depends on their
current [3]. However, nowadays most of available power
suppliers operate as voltage sources. There are a few
researches of current fed converters [4], mostly devoted to
applications with natural current sources like photovoltaic
[5] and superconductive magnetic energy storages [6].
This paper discusses which one - voltage fed or current
fed buck converter - is more usable in LED applications,
taking into account controllability and their sizes.

2 Voltage Supplied Buck Converter

The buck converter is one of the high efficiency (about
95%) topologies often used in Switch Mode Power
Supplies (SMPS). This topology is also known as step-
down converter because of its main feature - the output
voltage is always lower or equal than the input voltage.
Fig. 1-a shows a simplified diagram of the common buck
converter supplied from a voltage source and attached to
LED load.

The purpose of this part of work is to find out the
dependency of the luminous flux on the duty cycle D.
This relation is not explicit. It consists of several stages:
stage of the regulation curve of the converter (Vi gp vs D),
then Volt-Ampere (V-A) curve of LEDs and the Lumen-
Ampere (Lm-A) curve of LEDs. The output voltage Vi gp
of the voltage fed buck converter is determined as the
following well-known expression:

Viep =Vin XD )

The analytical expression of V-A curve (of 7 in series
connected LEDs W724C made by Seoul Semiconductors)
of LEDs exists only as the graphic in the datasheet or can
be found experimentally.
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Based to these data it is possible to find approximated V-
A expression (the 3rd order polynomial):

Ligp = fWVigp)=ag+ay-Vigp —Vo) +...
wtay - Vigp *Vo)z +ay-(Vigp *V0)3 . @

where V(;=20,2V is the voltage value of the working
point, and a0...a3 are the polynomial coefficients for the
explored LEDs in the range of VLED from 17 to 23,5V
and ILED from 0 to 3000mA. The polynomial
coefficients calculated for the described working point are
equal: a0 = 557, al = 442, a2 = 89,6 and a4 = 1,92.With
this coefficients the accuracy is higher than 2%.

On the basis of the same principle the Lm-A
expression was constructed as the 2nd order
approximation polynomial:

Drpp =fUgp) =by+by - pp —Ip)+...
by Uy =10)° . (3)

For this approximation the current range is from 0 to
3000mA and the luminous flux ®,p is from 0 to 700Im.
In this range optimal working point is I = 1487mA, but
the coefficients are b0 = 442, bl= 0,244 and the b2 =
0,0000241 producing accuracy about 2%.

3 Transformation of Voltage Fed
Converters into Current Fed Converters

The transformation of voltage fed (VF) converter to the
current fed (CF) converter is based on the following
transformation methods for basic circuit elements: 1)
voltage sources are replaced with current sources; 2)
capacitors are replaced with inductors; 3) open circuit is
turned into short circuit; 4) star connection becomes a
circular connection (and vice versa). This process is
presented in Fig. 1-b, Fig. 1-c, while Fig. 1-d presents the
results of these transformations - CF buck converter.
Static operation of CF buck converter is defined by
the currents balance of its capacitor, like operation of VF
converter is defined by the voltage balance of its inductor.
When the transistor M1 is on the current source is short-
circuited. Then the capacitor is being charged by the load
current —/;zp (discharged). Then voltage across capacitor
Ccr decreases and can be expressed by the equation:
T
AV, = L J.(_[LED)dt = M L@
CF p.r CF
When the transistor is off the current is conducted by
diode D1 and the capacitor of the converter is charged by
the difference of the supply and load currents Iy —/;gp.
The corresponding voltage increasing by:

T
1
AV =—— I(IIN — 1 pp)dt =
CCF DT

_ Uw—=1ypp)-(-D)-T )

(5)
Cer

In (4) and (5) T is switching period, but D — the duty cycle
of its switch operation. In the case of static operation of
the converter the voltage across capacitor has to be the
same at the borders of the switching period: AVc

+AVc=0. This gives the following current
transformation equation:
L gpepuck =1y -(A=D) . (6)
M1 Lve
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K T + » ii
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Fig. 1. Transformation of VF buck converter to CF buck
converter: a) VF buck converter; b) input transformation; c)
output transformation; d) CF buck converter.

TABLE I. CALCULATED AND MEASUREMENT CONTROL
PARAMETERS OF LEDS wiTH CF AND VF DIMMING LED DRIVERS

NL, % Dspana % Grawr, %
EXP MATH EXP MATH EXP MATH
VBuck 11 11 18 16 6 7
CBuck 13 7 94 90 1 1
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Fig. 2. Calculated/measured regulation curves of LED lamp with
buck driver (solid — CF/measured, dashed — CF/calculated,

dotted — VF/measured, dash-dotted — VF/calculated).

4 Comparison of Controllability

In order to compare controllability of VF and CF buck
converter the parameters to compare are to be determined.
These parameters are: 1) maximal gain of the lamp; 2)
nonlinearity of light regulation and 3) span of values of
duty cycle practically usable for light regulation. The
explanation of these parameters is presented below.

The first parameter is the rate of changes of Relative
Light output (RLO) with changes of D expressed by (7):

dRLO _ ARLO
dD AD
where ARLO and AD are finite changes of RLO and D
The maximal value of the gain is important:
Grippmax = ARLO,, / ADcp . ®

The nonlinearity is relative RMS declination of
regulation curve from the corresponding linear curve (9).
This parameter has very strong effect on the stability of
the system and is equal to the root-mean declination AS of
the regulation curve RLO(D) from a line connecting its
borders RLO, (D) to root-mean value S of RLO(D):

NL =(AS/8)-100% . )

where S is defined as

Grmp =f(D)=

; (7

DI‘ﬂAX
5= ! jRLOZ(D)dD, (10)
Dmax ~ Hmin Dy
but AS — as
1 Dmax
as= |- I [roD) - rLO, (D)f D . (1)
max ~ ~min D

‘min

In (7)...(11) RLO,,;, and RLO,,, are minimum and
maximum values of RLO achieved at D,,;,, and D,,,.. The
difference of these values produces duty cycle span:

(12)
The above mentioned equations (1), (2) and (3) give

an opportunity to calculate the regulation curve of VF
buck converter, but (3) and (6) — those of CF buck

DSPA‘V = Dmax _Dmin .
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converter. The corresponding curves, as well as those
taken experimentally are presented in Fig. 2. Based on
these data the parameters of controllability defined by (8),
(9) and (12) have been calculated (Table I).

Note that the calculated and measured lighting
parameters are different. Due to the limited laboratory
facilities it was possible to measure the illuminance at a
distant point (1m) from the LEDs only. At the same time
the datasheet of LEDs provides information about Lm-A
curve. That is why normalization has been applied and
RLO calculated (bases values are 51801x and 700lm). Fig.
2 and Table I demonstrate that CF has wider span of
usable duty cycle values. It provides also a comparable
nonlinearity and lower value of the gain that together can
make regulation loop with CF buck converter more stable.

5 Comparison of Efficiency

Due to the limited size of the paper the losses and
efficiency were only approximately estimated. Fig. 3
represents the experimentally obtained efficiency, Fig. 4 —
losses, but Table II — shows temperatures of switches
(thus indirectly showing also loss distribution).

As it is seen in Fig.3 and Fig. 4 the VF buck converter
is more efficient at all values of RLO. The difference is
especially significant at low load that can be explained by
the differences in operation. The best range of D of VF
driver is 75...95% and diode losses are minor. In CF
driver all losses highly depend on D. At the high load
(low D) the MOSFET conducts input current shorter time,
but the diode — longer and diode losses are significant. At
the small load (high D) the MOSFET conducts almost all
the time and its losses are dominating. Moreover in CF
driver the one of the switches always conduct the full
input current 2.8A. However, at the high load the output
power is also high and the efficiency is acceptable.

Efficiency, [%]
100

40
0 10 20 30 40 50 60 70 80 90 100
RLO, [%]

Fig. 3. Measured efficiency of VF and CF buck driven LED
lamps (solid — VF, dashed — CF, dotted — CF after inductor).

Losses, [%]
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0 10 20 30 40 50 60 70 80 90 100
RLO, [%]

Fig. 4. Measured losses of VF and CF buck driven LED lamps
(solid — VF, dashed — CF, dotted — CF after inductor).



TABLE II. CASE TO AMBIENT TEMPERATURE DROP OF CF LED
DRIVER AT DIFFERENT VALUES OF DUTY CYCLE

AT, at D=10%
M1 24°C
D1 31°C

AT, at D=40%
19°C
22°C

AT, at D=75%
10°C
15°C

Some static losses appear (Fig. 4) also in the input
inductor that is optional element and its losses can be
omitted (dotted line). Data in Table Il approve the above
statements.

6 Comparison of Size

Both VF and CF buck converters with the same load have
the same set of components: MOSFET, diode, capacitor
and inductor. The sizes of the inductor and capacitor are
the main factors that define the whole size of the
converter. At the same time these elements finally define
LED current ripples that have to be minimal.

In the case of VF converter LED’s current ripples are
defined by their voltage ripples that, in turn, are defined
by the current ripples of inductor and can be expressed as:
V,At,  ViyD(1-D)T

L

AL :% = (13)
0

The maximal value of these ripples is achieved at D=0.5
and is Al =VyT/4L. Then the voltage ripples are:
Al
1 1

AVp=—— I1C(t)d,:_._._._:_
Cyr ¢ Crr 8-Cyp

where /(?) is found as a difference of direct LEDs and the
saw-tooth inductor’s currents that is equal to the current

ripples. (14) and maximum of (13) give the following
product of the capacity C and inductance L:

Vi T?

Lyp XCpp 2. —— 15

TS AY 32 (1)

Similarly, the output current ripple of CF converter gives:
Iy T?

LepXCpp 22— 16

FTTETAL 32 (16)

LEDs current ripples have to be lower than 3% that, due
to the V-A curve, requires 1% of voltage ripples:

LypXCyp 2 (Vi 10.01,)-(T%/32) =100-T2 /32, (17)

Lep XCop 2 (Ipy 10,031,)-(T7/32)=33-T%/32. (18)

Analysis of (17) and (18) leads to the following remarks:
1) the volume and weight of L and C elements of CF buck
converter can be up to 3 times smaller; 2) their linear
dimensions are up to = 1,44 times smaller than those
of VF buck converter.

7 Conclusions

In this paper the comparative investigation of VF and CF
buck converters has been presented. The results of this

investigation shows the CF buck converter has the lower
gain and wider span of practically usable duty cycle
values that gives to it preferences from the controllability
point of view.

The second conclusion regards the efficiency that in
the case of VF buck is higher but is comparable in both
occasions. The detailed distribution of the losses,
localization of their most significant part, as well as
means of their reduction requires one dedicated research.

At the same time the volume and weight of CF buck
converter can be significantly lower. This, however, also
requires some special investigation.

Finally, it can be concluded that CF buck converters
can serve as a good alternative to other LED drivers.
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