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Abstract—Permanent emergency lighting is a safety de-
vice whose lamp is always on and continues to operate
when a mains failure occurs. The circuit has to charge the
battery and drive the lamp while the grid is present and
keep the lamp running from the battery in case of mains
failure. This might require up to three different converters:
front-end converter, electronic ballast, and battery charger.
Since an emergency lamp must be on for as long as the
local regulations require during a grid failure, efficiency
is key. This paper presents a permanent emergency lamp
based on a series resonant current regulator that operates
both as a ballast and as a battery charger. In this circuit,
the power converter is placed in series with the LED array,
operating as a controllable non-dissipative impedance. A
methodology based on the study of energy balances during
resonant operation intervals is presented, aiming to design
and build a laboratory prototype with low component count
and high efficiency.

Index Terms—LED driver, permanent emergency lamp,
resonant converter, single-switch topology.

|. INTRODUCTION

MERGENCY lighting is an effective life safety tool,
developed to provide sufficient illumination when it is
needed to escape quickly and safely from a building. Since
emergency lighting is an indispensable safety system in build-
ings, its implementation, maintenance, and management is
required by law. A number of standards have appeared for
emergency lighting, defining the particular requirements for
emergency permanent and non-permanent lighting systems,
adequate location, installation, and testing of product to be
considered [1]-[4]. Compliance to these specific standards
is mandatory for all parties involved in the provision of
emergency lighting: from the design/manufacturing company
to the installer.
Emergency lighting units based on compact fluorescent
lamps can be yet found in some buildings although the market
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tended to phase them out [5]. Despite these lamps can last
up to 25,000 hours, low power (< 14 W) compact fluorescent
lamps present a noticeable lower life time (< 5000 hours). This
implies short lamp-replacement times and high maintenance
costs. Nowadays, LED emergency fixtures are the predominant
solution due to the well-known advantages of the LEDs: long
lifespan (more than 50,000 hours), low power consumption
and high efficacy. LEDs with luminous efficacies above 180
Im/W are currently available in the market, giving rise to the
development of very compact lamps with optimal illumination
levels. Moreover, the dimming capability of the LED makes
this device very flexible. Therefore, less maintenance, smaller
batteries, and better reliability is a common characteristic of
LED emergency lamps.

There are different emergency lights available in the mar-
ket: some of them keep a certain illumination level and
increase/decrease it in case of a power cut while others
stay turned off until the absence of the grid. Modern lamps
may also include communications via DALI protocol [6].
However, no matter what, these lamps must comply with the
aforementioned regulations in terms of type of batteries to
be within, battery life, operation time during a power outage,
charging rate, or illumination levels among others.

Depending on the nature of the emergency fixture (per-
manent or non-permanent), different solutions can be found.
There is a wider variety in the market than in the literature. On
one hand, if the lamp is non-permanent then a typical solution
is to have an offline converter operating as a Power Factor
Corrector (PFC)/battery charger, and a DC/DC converter to
supply the lamp (see Fig. 1a) [7], [8]. In addition, a grid fault
detector is also needed to turn on and off the LED driver.
However, for low power applications, much cheaper solutions
can be found in the market (e.g., charging the battery directly
from the grid through a set of capacitors or even a transformer
[9D.

On the other hand, if the lamp is permanent, then the LEDs
are always in operation, supplied either by the grid or the
battery. The cost reduction of LED technology has encouraged
many local administrations in Europe to require the installation
of permanent emergency lighting in a growing number of
applications. Several solutions can be found in the literature:
1) Those involving three power converters: a battery charger,

an LED driver and the front-end PFC. The main drawback
of this solution is that three magnetic cores are required
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Fig. 1: Traditional block diagrams of emergency lighting
systems: (a) Non-permanent. (b) Permanent.

and the production/manufacturing cost can be higher than
other solutions (see Fig. 1b) [8]. Nevertheless, for very
low power applications, the PFC stage can be replaced by
a passive circuit, like a valley-fill.

2) Those involving two power converters: the one that charges
the battery can drive the lamp during normal operation. If
a fault occurs, then the lamp is supplied from the battery
through a different power converter [10]. The efficiency of
this proposal is usually lower than 90%, depending on the
grid voltage.

3) Those involving integrated power converters: in [11] the
authors combine two converters (the battery charger and
the lamp driver) in one single magnetic core. This idea
reduces the cost and size of the solution but also the overall
efficiency of the system.

The aim of the present paper is to study and validate a new
topology for a permanent emergency LED fixture with low
component number and very high efficiency. This solution is
based upon a series current regulator with two objectives: to
drive the LED array and to charge the battery. This proposal
avoids the use of two magnetic cores, one for the battery and
one for the lamp, as in Fig. 1b. This series regulator needs
to be very efficient to maximize the time interval on which
the LED array can be on during a power outage. Hence,
in order to achieve high efficiency it is important to reduce
switching losses. One possible solution to this problem is
to add resonant networks to standard DC-DC configurations
[12], [13]. These techniques allow to operate at very high
frequencies without severely compromising the efficiency due
to the fact that the capacitor placed in parallel with the switch
ensures a small dv/dt reducing the turn-off losses. Moreover,
power loss during the turn-on is very small if ZVS condition
is met.

In this work, the series regulator is based on a resonant
converter whose input is placed in series with the LED lamp
and the output resonant voltage is clamped by the battery,
as shown in Fig. 2. This high frequency converter controls
the LED current and the battery charging rate at the same
time, making it a suitable solution for low power emergency
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Fig. 2: Schematics of proposed circuit.

lamps. The current flowing through the lamp, and therefore,
the battery, is controlled by means of the switching frequency.
The higher the frequency, the lower the power handled by
the converter and vice-versa. One of the main disadvantages
of the proposed circuit is selecting the correct battery. As
shown ahead, its voltage is directly related to the difference
between the bus and the lamp voltages. Moreover, the PFC
stage has to provide a low ripple, low voltage output (different
solutions can be found in the literature [14]-[17]). This stage
is out of the scope of the present work. Finally, although
one power switch is required, this topology needs as well a
small transistor in order to stop the charging process when
the battery is fully charged. The proposed power converter
derives from resonant Class-E inverters. Technically, this kind
of converters can operate at switching frequencies over 1| MHz
[18]-[22].

The rest of this paper is organized as follows. Section
Il presents a detailed description of the converter operation.
In Section III, the equations are obtained using an energy
balance approach. Section IV deals with the design procedure
whereas practical results are reported in Section V. Finally, the
conclusions of this work are presented.

II. CIRCUIT TOPOLOGY AND OPERATION PRINCIPLE

The basic waveforms of the proposed circuit during normal
operation are depicted in Fig. 3. As can be seen, there are
two resonant (dark gray) and two linear intervals (light gray).
Within the resonant areas, the series converter behaves as an
LC circuit.

When the transistor switches-off, the current begins to
flow through the parallel resonant capacitor C., starting the
first resonant stage (f..). The maximum voltage that this
capacitor reaches is equal to the battery voltage due to the
clamping diode D;. While the capacitor voltage is clamped,
the battery charges linearly during the ¢4, interval. Once the
current through the series resonant inductor, ¢,, changes from
positive to negative, the second resonant stage (tg-) begins
and therefore, the capacitor discharges over the inductor. The
transistor must be switched on when the capacitor voltage
reaches zero to ensure ZVS operation. From this point on, the
inductor charges linearly (t,,, interval) until its current reaches
the maximum value, %,,.

Diode D is necessary whether there is a power cut or
the battery is fully charged. It is worth pointing out that,
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Fig. 3: Basic waveforms of the proposed resonant series
regulator during normal operation (i.e. no power outage).
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Fig. 4: Operation modes during normal operation: (a) .y,
interval. (b) t., interval. (c) t4 interval. (d) ¢4, interval.

under normal line supply, the converter functions as a regular
electronic ballast and a charger, while under power failure, the
converter will automatically switch to battery mode operation
without any delay. Finally, diode Dpy s represents the classic
output diode of the PFC. It also prevents energy from flowing
backwards from the battery to the front-end power converter
in the case of a grid fault.

Fig. 4 shows the different operation modes of the power
converter assuming it is working under no power outage and
the battery is not fully charged. If the battery was fully
charged then diode Dy would be directly biased during t4
interval. Nevertheless, during a power outage the battery
supplies the lamp and diode Dpgg is reverse-biased. Unlike
normal operation mode, the battery does not charge during any
interval. In this case, during t,, and 4 intervals, diode D> is
forward-biased.

[1l. MATHEMATICAL ANALYSIS OF THE CONVERTER

Rather complex methodologies that aim to model Class-
E converters can be found in the literature [12], [23], [24].
However, in the present paper, the equations that describe the
circuit behavior are obtained using energy balances during
different operation intervals of the converter, which greatly
simplify the mathematical analysis. In addition to that, two
simplifications are done in order to carry out the analysis:
first, parasitic components are not taken into consideration.
Second, the difference between the bus voltage and the LEDs
(V) is considered constant, meaning that the ripple of the bus
voltage is neglected. Thus, the mathematical analysis is done
in three steps:

1) Resonant charge of C,. (t..): The voltage waveform of
capacitor C,. over one full switching is depicted in Fig. 3.
However, one can firstly study the resonant charge of the
capacitor that occurs during ¢.,.. The equivalent electric circuit
during this interval is shown in Fig. 5a. Likewise, Fig. 6 shows
the evolution of the voltage across the resonant capacitor in
more detail. The ideal waveform is represented by a dotted
gray line whereas the blue line is the actual voltage withstood
by C.. Notice that, ideally, the capacitor voltage would reach
a peak value, VCTP- As a matter of fact, that value is never
reached because the capacitor is clamped by D; and the
battery. This parameter will be useful later to obtain design
equations and charts.

Assuming there is no power loss and that any voltage source
in series with an LC' circuit should be included in the energy
balance as it was part of the initial charge of the capacitor, the
energy balance between the inductor and the capacitor during
te, interval is:
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Fig. 5: Equivalent circuit during: (a) t.. interval. (b) 4.
interval.
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Collecting terms:
(irp2 - ird2) . Lr = (V32 — 2. VB . VI) : Cr (2)

The duration of this resonant charge is a fraction of a full
resonant cycle. Therefore, it can be expressed as:

Vi Ve =V,
ter = [arcsin (VCIT,,) + arcsin <E€/CTPI)] VL, -C,

3)

where Vi, is the ideal peak value of the resonant voltage
of the capacitor, as shown in Fig. 6. The expression of this
variable can be obtained similarly to (1):

1 1

1
7.‘ 2. —_— 2. e 2.
5 i’ Lot 5 Vit Cr=5 Vo, ? G =
.o Ly 2
;»VCW: Lrp .HJFVI 4)

2) Resonant discharge of C, (t4-): At this point, another
important relation can be obtained by analyzing the discharg-
ing interval of capacitor C'.. During ¢4, interval, the capacitor
discharges over the inductor like a classic resonant circuit.
The equivalent electric circuit during this interval is shown in
Fig. 5b. The main waveforms are illustrated again in Fig. 6
with more detail. During ¢4, the energy balance between the
inductor and the capacitor can be studied and rearranged as:

G

T

. 2

in? = (Vs® —2- Vs - Vi) 5)
From the previous equation, an important condition of the

behavior of the circuit can be obtained:

Ve >2-V; (6)

This limiting factor when designing this series regulator im-
plies that if the difference between the bus and the lamp
voltages increases, then the battery voltage also should. Thus,
it is convenient that both bus and LED voltages are rather alike
in order to work in a valid operation point. In the experimental
setup used in this work, these voltages differ by 4.1 V.

Similar to (3) and from Fig. 6, the duration of the resonant
discharge can be defined as a fraction of a full resonant sine
wave:

tar = {; —I—arcsin( Vi )} “VL.-C, (7

VB =V

3) Linear charge and discharge of L, (1., /t4): The energy
balance in the reactive components during t., and ¢4, intervals
is equal to zero. One can assume that if Cppp is big enough
to keep the lamp voltage stable, it does not interfere with
the resonance between L, and C,.. Therefore, the whole LED
array plus the capacitor set behaves as an ideal voltage source.
This behavior is based upon the fact that the impedance of the
capacitor at high frequencies is small enough to carry all the
high frequency components of the current, whereas the DC
component flows through the LEDs. However the parasitic
elements of the lighting semiconductors can lead to small
discrepancies with the theoretical calculations. In any case,
the error between these last two is negligible.

Based on these assumptions, the expression of the average
LED current can be written as:

= i'rp - irt ton ird tq
= —_— r el — 8
LLED ( 5 ) T + 5 T )
Both linear intervals ¢4 and ¢,,, can be studied as in classic
power converters, yielding the following expressions:

Z.7"d . Lr
tg = ————
1= Wy = V1) 9)

¢ _ (irp + irt) : Lr
on ‘/I

From Fig. 3, the average value of the battery current can be
defined as:

(10)

- irdg td
=— = 11
iB="5 T (11
Combining (9) and (11), the final expression of the average
current through the battery is obtained:
.2
- lrd - Lr
= 12
PTT (V- V) (12
An equation that will be useful later to define the design
charts and relates three important current values in Fig. 3 can
be acquire by merging (2) and (5):

Z‘1”t2 = irp2 - ird2 (13)
Equation (8) depends on many variables and it is difficult
to handle when designing the converter. Hence, it is advisable

to get it simplified by combining it with (9), (10) and (13):
ird2 : Lr + ird2 . Lr
2.T-Vi  2-T-(Vg—=-Vp)
The last step of the analysis of the currents can be done
by dividing (12) over (14). The relation between the LED and

battery average currents can be represented as a function of
the voltages Vpus, Viep, and Vp:

iLED = (14)

= 1

B Vv VI
1 o4 1
Vi + V-V Vs

= 5)
LLED

This last expression denotes that all those signals are not
decoupled. As the battery voltage rises, the battery current is
reduced, keeping constant the ratio % In order to prevent
the battery from overcharging, it has to be disconnected by
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hardware when the maximum voltage is reached. This issue
will be addressed in Section V.

Finally, the expression of the switching period 7' is the
combination of (3), (4), (7), (9), and (10):

T:ton+td+t6r+tdr:

.r + 'r : Lr ) - L
_ (l p T 1 t) + lrd r T

Vi Ve -V

. Vi
+ | arcsin +
’L'sz . (LT: + V12
Ve =V,

+ arcsin B ! +

- 2 L 2
er Ciz‘i‘VI

+ il + arcsin L
2 Ve —V;

vV Lr : Cr (16)

IV. DESIGN PROCEDURE

In the proposed topology, there are two components that
must be calculated to complete the design: capacitor C,. and
inductor L,.. The design methodology followed by the authors
in order to obtain these values is explained ahead. One can
begin by choosing the lamp and then the battery and the
nominal bus voltage. In this section, the design curves of the
proposed converter are shown.

Regarding this application, Li-ion batteries are usually
a good choice. They have high energy density, low self-
discharge, low maintenance, and the charging methods are well
known [25]-[28]. As stated in (15), the battery charging rate
is related to V7. Thus, Vgys cannot be too small. In order to
comply with both (6) and (15), a valid solution is to use three
18650 Li-ion batteries placed in series (Vp,,,, = 10.6 V) and
a nominal bus voltage of 12.6 V. Design specifications of the
converter are given in Table L.

Once the specifications have been defined, the first step of
the design procedure is to calculate the resonant capacitor,
C,.. This calculation is better tackled by means of a chart.
From (15), the average current coming to the battery under
normal operation (no grid failure and nominal battery voltage)
is calculated. Then, a parameter g can be defined as the product
irg> - L. Combined with (12), one can obtain:

q:i3'2'T-(VB—‘/[) (17)
where it is noticeable that parameter g strongly depends upon
the switching frequency.

TABLE I: Design specifications

Bus voltage Nominal battery voltage | Nominal frequency
Vhus= 126 V VB,om= 106 V 220 kHz
Lamp current/voltage LED max. values LED model
05A/85V 180 mA /3.1 V NFSW757H-V1

A second design parameter m can be defined as the ratio
between the currents ¢,, and %,;:

m= U (18)

From (5), (17), and (18), the expression of the resonant
capacitor is achieved:

q
(m2—1)~(V32—2~VB-V[)

Cr= 19)

The numerical solution of this expression is shown in Fig. 7.
On one hand, small values of m imply bigger capacitances
(Fig. 7c) so for these design conditions, it is recommendable
to operate between 4 and 6. On the other hand, high ¢
values yield low switching frequencies (Fig. 7b). This kind of
resonant converters are able to work at very high frequencies
without losing efficiency. Hence, in this example, trade-off
values of 1.15-107° and 5 were set for the parameters q and
m, respectively. From Fig. 7, the required resonant capacitor
is thus around 17 nF.

In order to address the calculation of the resonant inductor,
one can observe that it has influence over many parameters
on the circuit, i.e., the switching frequency, as seen in (16).
Moreover, the duration of t.,. is also determined by a third
party parameter: Ve, . Therefore, it is advisable to obtain the
numerical solution of (4) and (16) as a function of the resonant
inductor and the current ¢,,,. As depicted in Fig. 8, big values
of the inductor or the current imply high Vg, = voltages. A
similar condition is applied to %,,. Big peak currents involve
a high V¢, and hence, a succinct resonant stage. A similar
scenario is shown in Fig. 9, where small values of L, and
i, imply very high switching frequencies. Consequently, the
decision over L, and ¢,, is not arbitrary; it must comply
with a reasonable switching frequency as well as with the
desired average LED current. In the present work, authors
have decided to choose an inductor of 6 pH and an i, of
around 1.4 A yielding a nominal switching frequency of 220
kHz. This process is iterative and the solution is not unique.

4 4.5 5
m

(c) (d)

Fig. 7: Calculation of C, capacitor.
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V. EXPERIMENTAL RESULTS

A prototype with regular and emergency lighting features
has been designed and implemented to verify the feasibility of
the proposed power converter. A compromise solution based
upon all previous design charts is shown in Table II.

TABLE II: Calculated and measured parameters of the con-
verter

Symbol  Theoretical value  Simulated value =~ Measured value
Ly 6 uH 6 uH 6.04 ©H - ESR = 33 mQ @ 220 kHz
Cr 17 nF 17 nF 16.8 nF
CLED 1.2 puF 1.2 uF 1.15 puF
Cpus 3440 nF 3440 nF 3416 nF (3 uF ceramic, 440 nF MKP)
ton 2.49 us 2.63 us 249 ps
tq 1.25 ps 956 ns 0.89 pus
ter 120.41 ns 160 ns 98 ns
tar 711.97 ns 749 ns 702 ns
Semiconductors
Symbol Reference Electrical characteristics
My IRF530 RDS(M) =0.16 Q, Coss = 250 pF
Dy, D 11DQ10 Ve=05V @T;=125°C

A. Control strategy

One of the main objectives of this manuscript is to test
the feasibility of a novel series resonant converter for a
permanent emergency lamp. However, the control strategy
represents an important part to obtain the desired behavior.
That way, a frequency control scheme is used to regulate the
current through the LED lamp. This current can be either
measured directly with a current sensor with high common-
mode rejection ratio (CMRR) or indirectly by means of a
couple resistors in the return path to the power source (DC
bus or battery). Notice that switching frequency and power
are inversely proportional in this power electronic converter,
meaning that the higher the frequency, the lower the current.

Regarding the battery charging process, several tech-
niques can be found in the bibliography, such as constant-
trickle-current charging, constant-current charging (CC), and
constant-current constant-voltage charging (CC-CV) [25],
[26]. Due to the proposed design methodology, the current
flowing through the battery slowly decreases until it reaches
almost zero. The behavior is therefore, similar to a CC-CV
algorithm. However, this current never reaches zero amperes
and at some point, the charging needs to be stopped by hard-
ware in order to not overcharge the electrochemical device. A
small transistor (battery protection unit, or BPU) in series with
the battery operating as a protection device is thus required.
This semiconductor does not switch at high frequencies. It
opens and closes the battery circuit as a protection . Hence, a
small low-cost bipolar transistor working in the cut-off and
saturation regions is enough. The efficiency of the overall
system is slightly affected if the collector-emitter saturation
voltage is small (see Fig. 10).

In this manuscript, a digital control based on a microcon-
troller is proposed to control the state of the battery as well
as the current flowing through the LEDs. A low pin count,
medium-density performance device like a STM32F103CBT6
can properly perform. The battery charging process is slow,
meaning that the calculation of the current reference is not
a critical task that affects the dynamics of the converter. The
peak current %,, is the control variable of the system since
it points out the end of the lineal interval ¢,,. Although
irq 1s the control current in (14), a change of variable can
be easily performed by means of (13) and (18). The PI
controller establishes the switching frequency depending on
the error but an additional synchronization block is required in
order to maintain ZVS operation, detecting when the resonant
capacitor is fully discharged. An equivalent block diagram of
the feedback control scheme is shown in Fig. 10.
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Fig. 10: Control strategy.
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B. Experimental results

A laboratory prototype has been built to test the feasibility
of the proposal, as shown in Fig. 11. Figs. 14a to 14d show the
behavior of the power converter in steady-state with a constant
input voltage. The experimental results of the circuit operating
in normal mode, i.e., during no power fault are depicted in Fig.
14a. Resonant and LED currents as well as the PWM control
signal and the capacitor voltage waveforms are illustrated. In
this experiment, the battery is charged at its nominal voltage of
10.6 V. The current flowing through the battery under the same
conditions as before is shown in Fig. 14b. The ZVS operation
is kept all the time and the waveforms are quite similar to the
theoretical ones represented in Fig. 3.

Fig. 14c shows the effect of having the battery almost
charged. Part of the current is sent back to the DC bus through
recirculation diode Dy (CH2) while the remaining goes to the
battery (CH1). The current through the LEDs is kept constant
while CC-CV control is naturally achieved, preventing the
battery from getting damaged.

The waveforms of currents and voltages during fault op-
eration are shown in Fig. 14d. The operation frequency and
peak current values are reduced in order to keep the nominal
current through the lamp.

The response of the power converter to disturbances in the
input voltage is shown in Figs. 14e and 14f. Both figures
include zoomed areas of the waveforms. The dynamics of
this power converter are extremely fast, making it simple to
compensate for 100-120 Hz perturbations in the bus voltage
using the proposed PI controller (provided that the converter
operates inside the linear region and ZVS condition is met).
The AC impedance of the LED lamp combined with ca-
pacitor Cppp is negligible at 100-120 Hz, and both the
resonant inductor and capacitor are really small, meaning
that the converter reacts almost instantaneously compared to
the expected perturbations. The dynamics are, therefore, not
critical for the application. Fig. 14e shows the effect of a 100
Hz perturbation in the input bus voltage with the converter
operating in open-loop. As it can be seen, there is no delay
between the perturbation signal and the filtered LED current.
Fig. 14e shows the same traces with the control enabled. The
LED current ripple is noticeably reduced.

Finally, the basic goal of permanent emergency lighting
systems is to provide sufficient lighting during power outages
thus dimming is not a feature that is normally implemented.

Fig. 11: Prototype of the proposed power converter.

However, this topology allows to reduce the current though the
LEDs to an extent. In order to show the dimming capability
of the converter, the basic waveforms of the power converter
at 50% are shown in Fig. 12. It can be noticed that the
frequency increases while the peak resonant current is slightly
reduced. Dimming below 30% is not recommendable in this
power converter due to changes in the operation intervals. The
resonant capacitor does not clamp during the resonant interval
and therefore, battery is never charged.

The efficiency of the power converter as a function of the
lamp current is depicted in Fig. 13. This chart shows the
efficiency when the power converter operates under no fault
condition and during a power cut (fully charged battery).

V1. CONCLUSION

In this manuscript, a permanent emergency lamp based on
a series current resonant regulator has been presented. This
topology has been placed in series with the LED, operating
as a controllable non-dissipative impedance, yielding minimal
switching losses. Besides, the emergency lamp battery is
charged by means of a clamping diode, thus avoiding this
way the need of a different power converter. This means that
a single power converter is able to control the current through
the lamp and charge the emergency battery at the same time,
providing a seamless transition between normal and grid fault
operation modes.

The circuit behavior during all the operation intervals has
been analyzed. This analysis has been oriented to obtain a set
of charts that allow a straightforward design and calculation of
all the circuit components. Based on the proposed procedure,
a design laboratory prototype has been built and tested.

e
(CH1)

irep
(CH3)

Fig. 12: Basic circuit waveforms at nominal battery voltage
and 50% dimming.
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Fig. 13: Measured efficiency as a function of the LED current.
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Fig. 14: Experimental results: (a) Basic circuit waveforms at nominal battery voltage. (b) Current flowing to the battery during
charging time. (c) Currents through LEDs, battery and diode Dy when state of charge of the battery is at 90%. (d) Basic circuit
waveforms during fault operation and battery fully charged. (e) Open-loop operation. (f) Closed-loop operation.

Several laboratory tests have been performed on the proto-
type in order to evaluate the feasibility of the proposal. First,
during normal operation mode, the power converter controlled
the current flowing through the lamp and the battery, main-
taining ZVS and high efficiency. During a power outage, the
battery supplied the lamp and, therefore, waveforms changed
(in terms of frequency and peak values). Nevertheless, good
efficiency as well as ZVS condition were kept.
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