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Abstract. Electrolytic capacitors have the disadvantage of
pronounced aging. Non-electrolytic capacitors are therefore used
in applications where long-life is important. In this paper we
present a driving stage for LEDs without any capacitive
elements. The basic topology is a Buck converter with one coil,
one active, and one passive switch. Instead of the output
capacitor, series connections of one or more LEDs and an active
switch are connected. An additional diode is connected between
the output and the input to achieve a current path, when all LED-
paths are off. A nonlinear hysteresis controller is used to achieve
a robust control. A system with three switchable LED-strings is
analyzed. Design hints are given and the function is proved with
the help of LTSpice simulations. The system can be used for
lighting purposes with the possibility to change the chrominance.
The potentiality to transmit data is also treated.

Key words. LED, power converter, current control,
two-level controller, capacitor-free.

1. Introduction

The converter (Fig. 1) consists of the main switch Sy, the
free-wheeling diode Dr and the inductor L. The load
consists of series connections of the light emitting diodes
and active switches Sa, Sg, and Sc¢ which are connected in
parallel. To avoid overvoltage, when all switches of the
load are off, a diode Dr is connected between the output
and the input. In this case the inductor feeds energy back
into the source. To stop the reverse flow of energy, the
electronic switch Sp can be turned on. Now the current of
the coil can free-wheel through this switch Sp and the free-
wheeling diode Dr. This switch can be also used when the
load shall be shunted e.g. for dimming or for sending
information.

The most interesting aspect of the here treated system is
the fact that no capacitive elements are necessary.
Electrolyte capacitors are elements which are aging
especially at higher temperatures and fail. Another
advantage of this converter compared to other LED drivers
treated in the literature (c.f. especially the overview given
in [1]) is that no capacitor is mounted in parallel to the
load. LEDs change their characteristics with the
temperature and controlling the output voltage can lead to
overload and to the destruction of the LEDs. Therefore,
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controlling only the current leads to a reliable system.
Other converters which have a current output are treated
in [2]. The usage of light-emitting diodes is not only
illumination, but also disinfection [3], and medical
treatments e.g. [4]. These papers cite other interesting
literature. Valuable textbooks for Power Electronics are
e.g. [5-7]. About the aging of capacitors refer to [8]. [9]
is a study of the efficiency of pulsed UV-light for
disinfection. In [10] LEDs are used for a high efficient
street lighting without electrolytic capacitors. Especially
in street lighting the devices are exposed to high thermal
stress. A study of predictive control for a capacitor-less
LED driver can be found in [11]. In this case no capacitor
is used parallel to the load, but capacitors are necessary
in the used PFC.
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Fig. 1. Capacitor free LED driver.

2. Linear model

The input voltage must be higher than the necessary load
voltage

U >V,p +RppI, - (D
The linear model for one string can be written as

d. 1 .

EIL = z{ul =R iy — VLED} 2
for mode M1 (main switch is on) and

d. 1 .

EIL = z{_ R ppi, = VLED} (3)

for M2 (main switch is off, the free-wheeling diode is
conducting).

Combining these two equations by weighting them with
the time they are valid leads to

d. 1

EIL =z{u1 d—Rpppi; _VLED} . 4)
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This is a nonlinear equation. Linearization about the
working point leads to the small signal equation
A 1 A A

%iL=z{ul'd—RLED'iL} (5)
and to the connection between the working point values
according to

UiDy = Ryppd o =Vipn =0. (6)
Fig. 2 shows the signal flow graph in the Laplace domain.
The Laplace variables describe the disturbances around the
working point. The actual value is always the working
point value added by the disturbance value.
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Fig. 2. Signal flow graph for a system with only one load string.

The transfer function of the plant can now be given
according to

()

The influence of the disturbance (changes of the input
voltage is given by

U
P(s)=—2%.
(s) "

®)

The small signal system looks very simple, but the system
is always changing between the different operation modes;
also the load LED-strings have different parameters.
Furthermore, the system is an integral one, so a simple P-
controller can be used. But looking at the disturbance
transfer function, a steady state error caused by the
changes of the input voltage occurs! Therefore, it is much
better to use a nonlinear controller.

D
P(s)=—2 .
(5) "

3. Nonlinear control

The best way to control this converter is by using a two-
level controller or a hysteresis controller. This leads to a
very robust control in all switching cases and enables an
easy start-up without overshot. First we calculate the
switching frequency of the controller for the case when
one load stage is turned on (Fig. 3 and 4). To simplify the
calculation, the parasitic elements of the converter are
omitted.

A. Load operation

During the on-time of the active switch, the voltage across
the inductor is equal to the input voltage reduced by the
voltage across the load. The load is modelled by a fix
voltage Vigp and a resistive component (the differential
resistor of the light emitting diode or diodes) Riep. The
current now increases by Al. During the off-time of the
switch Sm, the free-wheeling diode Dr is conducting and
the voltage across the coil is now the negative voltage
across the load, and the current decreases according to the
hysteresis again by Al. The charge balance (Fig 3, left)
across the inductor in steady-state is therefore
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(Ul - VLED - RLEDIL())' Ton
9)
The on- and off-times and therefore the switching period
depends on the chosen current ripple which is fixed by
the hysteresis of the controller. The on-time and the off-
time can therefore by calculated according to

Al-L
Ui =Viep = RLED[LO

= |_ Viep — RLEDILO Toff .

on —

(10)
Al-L
Ty = :
VLED + RLED[LO
(1)
The switching period is the sum of the on- and off-times
T=AlIL v (12)

1
(Ul - VLED - RLEDIL()XVLED + RLEDIL())
The current produces the voltage U, across the load and
so one can write for the switching frequency (13)
f — (Ul — VLED — RLEDIL() XVLED + RLEDIL()) — Uz (Ul — Uz)

Al-L-U, Al-L-U,
The frequency changes when the input voltage changes
and also when the load changes (this happens, when the
desired current is changed and also when the load itself
changes e.g. by the change of the temperature). Another
advantage is that tolerances of the load do not matter
either, only the frequency of the converter changes.
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Fig. 3. Current through and voltage across the inductor: load
operation (left), recuperation operation (right).

Fig. 3 shows the current through and the voltage across
the coil for normal and for recuperation operation. From
Fig. 1 one can see that two other modes are possible.

B. Recuperation operation

When the load is turned off and the main switch Sy and
the parallel switch Sp are working together and when
both these switches turn off, the free-wheeling Dr and the
recuperation diode Dr turn on, the voltage-time balance
across the coil can be written as

U, T, =[-U| T, . (14)
The on- and off-times are now equal
Al-L
Ton = T;z[f = (15)
1
and so the frequency adjusts to
: U,
=—1—. 16
f=3 L (16)

The frequency now depends only on the input voltage
(the hysteresis of the converter is constant). Fig. 3 shows
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on the right side the current through and the voltage across
the coil for recuperation operation.

C. Idling operation

The third possibility is the idling mode. Here again the
main switch Sy is clocked and the parallel switch Sp is
always on. When the main switch is on, the input voltage
is across the coil. When the main switch turns off, the free-
wheeling diode Dr turns on. Now only the forward voltage
of the diode Up is across the inductor and the current
decreases. The diode is a Schottky diode with a relative
low forward voltage. So the off-time is large and the
occurring switching frequency is low. For the on- and off-
times one can write

AL 17
U
Al-L
T,= 18
off U, (18)
The frequency in the idling mode is therefore
fro s Un (19)

Al-LU+U,) AI-L
Fig. 4 sketches the current through and the voltage across
the coil for the idling operation.

The minimal frequency of the converter will occur in the
idling mode and the maximum frequency occurs, when the
converter works in the recuperation mode, when energy is
taken from the source during the on-time of the switch and
fed back again when it is off. The switching frequency is
indirect proportional to the inductor value.
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Fig. 4. Current through and voltage across the inductor in the
idling operation.
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Fig. 5. Start-up, reference and input voltage steps (up to down):

reference value (green), input voltage (blue), current through the
coil.

Fig. 5 shows the current through the coil, the reference
value, and the input voltage. The load is changed with
cycles of 50 kHz. One can see the step-up, a fast step-
down of the input voltage after 2 ms, a change of the
reference value (1V reference equals 1 A current through
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the inductor) at 5 ms and at 10 ms, and at 8 ms the input

voltage increases again to 14 V.
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Fig. 6. Steady-state (up to down) current through the stages C
(grey), B (violet), A (brown); current through the coil (red),

output of the controller (black): low input voltage.

Figs. 6 & 7 show the currents through the three stages,
the current through the inductor and the output signal of
the controller which supplies the driver of the main
switch. In Fig. 6 the voltage is low, therefore the main
switch is on during most of the period, in Fig. 7 the
voltage is high and therefore the controller generates a
higher switching frequency.
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|I |I : || |I
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e ———
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9.000ms 9.005ms 9.010ms 9.015ms 9.020ms 9.025ms 9.030ms 9.035ms 9.040ms
Fig. 7. Steady-state (up to down) current through the stages C
(grey), B (violet), A (brown); current through the coil (red),

output of the controller (black): high input voltage.

D. Dimension and simulation hints

The inductor can be calculated from (16) for a chosen
current ripple and for a desired maximum switching
frequency. All simulations were done by LTSpice with
input voltage between 9V and 14V, an inductor of
200 p, strings are modeled by (Viep, Riep) A: 5.5V,
25Q,B:6V,2Q,C:4V,25Q.

4. Inrush-current and start-up

The inrush-current and the start-up of a converter must be
studied carefully, because it can lead to saturation of the
coil and to large currents through the devices.

In our converter no inrush current occurs, because the
main switch is mounted into the power flow path. Power
is only sourced from the input, when Sy is turned on.
Furthermore, no capacitor has to be charged when the
converter is started (e.g. in a normal Buck converter the
output capacitor must be charged slowly by increasing
the duty cycle or by the bang-bang controller).

The converter is started by turning on the main switch Sy
and current starts to flow. When a load is connected the
maximal current

1 =1/

L,max

Al
ot - (20)

is reached within
I, +AI/2

T, =
Ul - VLED - RLED[LO

21)
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when we assume that the mean value lays in the middle of

the hysteresis.

Now the switch turns off and the two-level controller

works in the steady state.

A faster on-time is reached, when the main switch and the

parallel switch are turned on at the beginning
on=(1L0+A1/2)-L. 22)

U,

After this time interval the controller works in the steady

state.

Fig. 8 shows a start-up of the converter. The parallel

switch is turned on (control signal sigma?2), after 25 us the

start signal enables the converter (signal start) and the two-

level controller starts and controls the main switch (signal

sigmal). The current increases linearly until it reaches the

maximum value. Afterwards the converter is in the idling

mode, until the parallel switch is turned off. Now the

normal operation can begin.
[ 1 1 T

V(sigma1)

V(start)

V(sigma2)
\V
| : 1 ]
6 I(L1)
0.8A T
0.0A —
Ops 20ps 40ps 60ps 80ps 100us 120ps

Fig. 8. Start up (up to down): control signal of the main switch
SM (brown), start signal enable (black), control signal of the
parallel switch SP (blue), current through the coil (red).

Using a two-level controller leads to a fast, very stable and
robust system. No special account has to be taken during
start-up (which is necessary when a linear control concept
would be used). Changes of the load or different switching
patterns lead to no pronounced transients.

5. Dimming of the light

To change the intensity of the emitted light two
possibilities are feasible: changing the mean value of the
current through the inductor (Fig. 9), or turning on the
parallel switch and going into the idling mode (Fig. 10). In
this second concept the current through the load is of the
same value as before, when the parallel switch is turned
on, and when Sp is turned off again. The easiest way to
realize this is by interrupting the light of one cycle or to
shorten the time pulses for each load string and include an
idling operation before the next cycle begins. The
advantage of this concept is that the color temperature
does not change (some light emitting devices change the
color a bit, when the supply current changes).
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104 | { ]
-0.2A - |
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VIV IV W IV IV IVIVIVOIV IV VT
12.000ms 12.010ms 12.020ms 12.030ms 12.040ms

Fig. 9. Dimming method 1, steady-state (up to down): current
through the stages C (grey), B (violet), A (brown); current
through the coil (red), output of the controller (black).
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Fig. 10. Dimming method 2, steady-state (up to down): current
through the parallel switch (green), current through the stages C
(grey), B (violet), A (brown); current through the coil (red),
output of the controller (black).

9.01ms 9.02ms 9.03ms 9.04ms 9.05ms

Figs. (9 & 10) show the two dimming methods in the
steady-state. For method 1 the currents through the load
stages and the current through the inductor are shown.
The output signal of the two-level controller is also
depicted.

For the second method the current through the parallel
switch Sp is also shown. The current is always in a small
band around the desired value. Increasing the inductor or
an enlargement of the hysteresis would reduce the
switching frequency.

Normally the loads differ in the various stages. When a
load switch is turned off, another one should have been
turned on immediately before this event. When no load
switch is on and the parallel switch is off too, the current
can fly back to the input source via the recuperation
diode Dr and the free-wheeling diode Dr. With this
recuperation diode reliability of operation is always
given.

6. Application of the system

A. Changing the chrominance and pulsed light sources
With three strings of blue, red and green LEDs the
chrominance can be adjusted by changing the on-times of
the different strings.

B. Pulsed light sources for disinfection

Especially for disinfection pulsed LED devices are
necessary [3, 9]. Pulsed UVC light is more efficient than
a continuous one.

C. Sending additional information

Another interesting aspect is that one can code
information into the transmitted light [12]. At the
receiver side, photodiodes for the three colors are
necessary to separate the different information streams
(or optical filters).

o I(Vied3) :
0.7Ag-— 1 FARS S A (RS S [ R R I S i
3§ I(Vled2)

3 S 1) L [ LN [ S S I
1 —
s e o I e
- I(L1)

T AA AN AAAAANTAAAA AR AR A ARAAAAAL]

L VVYVWVVVYVVVVVVYVVVVVVVVYVYVVV VN
Ops 9us 18us 27us  36ps  45us  54us  63pus  T2ps 81ps  90us

Fig. 11. Transmitting information 1001 (up to down): current
through the LED-strings C (grey), B (blue), C (green), current
ripple of the coil (red).
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Fig. 12. Information coding current through the LED-strings C
(grey), B (blue), C (green), current ripple of the coil (red).

One easy to realize concept is that one stage is the
reference signal and the information is coded into the
sequence of the two others. As an example we use stage A
as the reference clock and we code a logic zero by turning
stage B before turning on stage C. When a logic one shall
be coded, we turn on stage C before stage B. The
information 1001 would therefore be sent as ACB, ABC,
ABC, ACB. This is depicted in Fig. 11.

Synchronizing pulses (start bit) can be achieved by turning
on SP for e.g. one period. This will not influence the
brightness, as the switching frequency is high to avoid
perceptible flicker. The information rate is naturally small
and no bidirectional information flow is possible, but it can
be used for sending state information e.g. for energy
optimizing or to transmit information from a sensor like
temperature or humidity.

Another way is to turn-on one string longer e.g. two times
longer and do not turn on this string during the next cycle.
The other strings, which have reduced on times in the first
cycle, have longer on-times in the second one, so the mean
value is equal when calculated over two cycles (Fig. 12).
In the next cycles other combinations are chosen. More
complex patterns can be used.

The parasitic inductances of the LED-strings lead to
overvoltage across the string-switches Sa, Sg, Sc when the
strings are mechanically far away from the driver. In this
case small RC-snubbers have to be used in parallel to the
string-switches.

7. Conclusion

The converter has several interesting points:

e No capacitor is necessary in the power stage
(except for a snubber network which can be
necessary in some cases, or a small input
capacitor to avoid an overvoltage, due to the
parasitic inductance of the connection wires to the
input source)

e Low count of devices, therefore high reliability
and efficiency

e A simple two level-controller leads to a very

stable and robust system

No inrush-current

Easy soft-start

Easy dimming

Possibility to change the chrominance of the
produced light

High frequency, therefore no flicker

e  Possibility to code information

e Common input and output
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The converter can be used especially for lighting
applications in combination with small DC micro-grids
supplied with photovoltaic, fuel cells, small wind or
water turbines and batteries and super-caps as energy
storage devices. Additionally, it can be used also for
UVC-LEDs in disinfection systems and to drive IR-LEDs
for thermal treatment and punctual heating.

The complete system (without the coil and naturally the
LED-strings) can be implemented into an integrated
circuit. The possibility to code information can be
interesting to send state informations of the system
without using RF (radio frequency) devices. The optical
receiver can be easily realized. So the lighting system can
be included into a distributed system (e.g. street lighting
in a village or city).
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Appendix: Realization of the controller

A simple way to realize the controller is by using a
comparator with hysteresis. The hysteresis can be adjusted
by the resistors R1 and R2. The comparator is supplied by
plus/minus 5V (it is also possible in our case to use a
single supplied comparator; if a negative voltage is
necessary, it could be realized by a small switched-
capacitor converter, because only small power is needed).
The current through the inductor, the control variable, has
to be measured. In the simulation this is done with the

o
=
8

voltage source V3 which controls the current-controlled
voltage source H1, which produces a voltage signal
representing the current through the load “I_mes” which
is connected to the controller. The reference value is
generated by the voltage source V4. The circuit is
enabled by the signal “start” and the AND-gate Al. The
voltage-controlled voltage source E1 realizes the floating
driver for the main switch. (Using a p-channel MOSFET
would simplify the driver for Sm.) The load strings are
modelled by a diode, a voltage source, and a resistor for
each string.
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Fig. A. Control of the converter and used simulation circuit.
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