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Abstract — This paper proposes a resonant circuit
design procedure for multi-Watt magnetically-controlled
electronic ballasts. The procedure is focused on the
ballast performance, which has the advantage of
operating at constant-frequency, and complies with
current IEC standards (IEC 60081) regarding nominal
lamp operation, namely electrode safe operation. Data
collected from TS tubular fluorescents lamps
manufacturers and the Sum of Squares (SoS) technique
are both used to define the suitable design methodology
for the power range of the selected T5 Ilamps.
Experimental results for a set of TS fluorescent lamps are
presented in order to validate the entire design
procedure.

Keywords - Electronic Ballasts, Fluorescent Lamps,
Resonant Converters, Magnetic Control, Multi-Watt
Electronic Ballast, Power Electronics.

[. INTRODUCTION

The application of magnetic control in dimmable
electronic ballasts and universal or multi-Watt electronic
ballast was recently proposed as a viable and efficient
solution for fluorescent lighting [1]-[5]. This control
technique is based on a simple premise: controlling the
circuit through the variation of the resonant frequency,
instead of varying the inverter operating frequency. The
technique is implemented by means of a dc-controlled
magnetic element, the magnetic regulator. Several published
papers show a variety of possible applications for the
magnetic regulator in its various forms: variable inductor or
transformer. The device can be used in LED drivers [6], as
reactive power compensator in electrical power systems [7],
for dynamic load impedance correction in induction heaters
[8], and to eventually provide ZVS or ZCS operation in dc-
dc converters [9].

A key issue when developing electronic ballasts (EB) for
tubular fluorescent lamps (FLs) is to evaluate the physical
conditions of the fluorescent lamp (FL) electrodes during the
lamp operation since, as stated in [10], the lifetime of a FL is
determined by the electrode operation. In order to ensure
sufficient electrode lifetime, its temperature should be kept
within certain limits. Above a certain temperature the
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electrodes will be too hot, leading to enhanced evaporation of
the emissive material and severe end-blackening. Below a
certain temperature the electrodes will be too cold and
sputtering of the emitter will occur. Both situations may lead
to an extremely short lamp life. This implies that, tubular FLs
will obviously present restrictions that must be taken into
account in the design of any EB. Thus, more than just
applying traditionally well-known EB design procedures, in
terms of resonant filters [11]-[31], it is also necessary to
evaluate the electrode operating conditions under those.

One way to evaluate the conditions for proper and safe
operation of the electrodes is based on the sum of squares of
the lead-in wire currents (So0S). These limits are based in the
maximum permissible currents that may pass through the
electrodes. In 2006 these limits were still under discussion at
the European Lamp Manufacturers Association for the
Preparing of Standards, but, in due time, it was expected that
they would result in new data in the relevant IEC standards
[10]. These limits are now referred to in the IEC 60081
international standard (recent edition 2010) [32], [33]. Up to
the present time only few works consider the electrode
proper operation in the design of the resonant filter in EB
[26]-[31], [33]. Among them, only [29], [31] and [33]
consider the SoS limits as evaluation method for both
electrode operation and EB resonant filter design, primarily
in dimming conditions.

The research presented in this paper shows a magnetic
electronic ballast capable of operating high efficiency and
high output (HO) T5 FLs. This research is mainly focused on
pointing out critical issues related to the electrode operation,
regulations, FL features, and the SoS approach which is
taken into account in order to define a suitable design
methodology for the high frequency multi-Watt operation
[32].

In terms of tubular FL technology, T5 are considered the
state of the art. When compared to T8, they present a 40%
smaller diameter. The material reduction due to
miniaturization makes them environmental friendly and
contributes also to the reduction of manufacturing costs.

Compared to T8 and TI12 FLs, TS5 are specially
characterized by a high lamp voltage, and in some particular
cases, low current. This is the reason why they are
conventionally manufactured for HF operation, typically
above 20 kHz. Since maximum efficiency is only attained
with HF operation, 50/60 Hz operation is usually not
recommended. Nevertheless, some authors have recently
investigated the use of low-frequency low-loss magnetic
ballasts. The main argument is the fact that there will be an
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obvious public health consequence due to electronic waste
accumulation in the environment, with other adverse impacts
such as soil and water pollution. In [34] it is suggested the
control of TS5 28W Ilamps, which are the common
replacement of T8 36W lamps, with ultra-low LC magnetic
ballasts. Evidences show the possibility to ignite and operate
the TS 28W lamp at low frequency, with very small
consequences in the lamp efficacy. The fact is that there is an
obvious advantage which is inherent to the low-current
feature of this lamp, which also enables a significant
reduction in both conductions and core losses in the magnetic
ballast.

Therefore, it is possible, that in special circumstances,
magnetic ballasts may stand as a correct choice. But, on the
other hand, multi-Watt operation, remote control and most
importantly, control of the electrode operation conditions are
automatically discarded.

In this paper, Section II describes the standard multi-Watt
EB topology with magnetic control and TS HE/HO operation
limits according to standards and manufacturers data,
considering safe electrode operation. Section III presents the
standard design procedure regarding parameter estimation
and points out the possible impact of this procedure on the
electrodes operation. It also describes typical conditions for
obtaining ZVS operation. A new design procedure based on
the SoS limits which guarantees proper electrode operation is
proposed. Theoretical predictions are compared to
experimental results for a range of 14W-49W TS5 HE, HO
Philips FLs, with a special attention to the electrodes currents
are presented in Section IV. Finally, Section V presents main
conclusions regarding this proposed design methodology.

II. MULTI-WATT BALLAST WITH SAFE ELECTRODE
OPERATION

A. T5 HE/HO Multi-Watt Ballast

The schematic of a standard multi-Watt magnetically-
controlled electronic ballast (MCEB) is presented in Figure
1. This type of ballast uses a parallel-loaded high frequency
(HF) half-bridge inverter. Two additional blocks are
required: the magnetic regulator, which replaces the typical
resonant inductor, and the dc current source, to control this
regulator. The regulator operates as a variable inductance as
response to the dc control current, I;.. A higher value of I;,
corresponds to a lower value of the inductance L.

TS HE/T5 HO ﬁ
M, Variable resonant circuit rl: [{:

IFT

C variable inductor - L. Tubular

LAMP DETECTION

REGULATED DC CURRENT
SOURCE

CONTROL CIRCUIT

arc
current

} | Magnetic regulator L&:’H

Sfluorescent lamy

Fig. 1. Standard multi-Watt EB circuit with magnetic control.
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By simply controlling the magnetic device an adaptable
and flexible resonant circuit is provided. Hence, a simple and
effective control method is used which avoids typical control
methods for wuniversal operation: adapting V;. or
simultaneously change both switching frequency and duty-
ratio of the inverter signal.

The ability to change and adapt the resonant circuit to the
working parameters imposed by each lamp is consequently
integrated in the ballast. Opposed to other commercial
ballasts, MCEB may be operated at constant-frequency,
which is an important advantage since it reduces the
switching losses and electromagnetic interference stresses. In
this control technique the parallel capacitor value, C;, remains
constant. The power delivered to each selected FL can be
adjusted according to its wattage rate, by simply changing
the filter characteristics [1]-[5].

Developing an appropriate design methodology for the
resonant circuit parameters, guaranteeing proper lamp
operation, including safe ignition and correct electrode
temperature are essential to the ballast project.

B. Electrode Operation - SoS Limits

1) General considerations - Presently, there are several
regulations regarding ballast and luminaire design. Issues
regarding installation, environment, performance, operation
conditions, ignition and electrodes pre-heating are referred to
in several IEC standards [32], [35], [36].

The ignition process is a decisive factor in terms of
electrode preservation with an immediate effect on the lamp
life. Repeated lamp switching evidently shortens the lamp
life and these are the reasons why the pre-heating process is
extremely important to ensure a longer lamp life.

For similar reasons as well as to avoid evaporation of the
emissive material, it is also extremely important to maintain
the electrodes temperature at an appropriate level during
normal or dimming FL operation [37]. Obviously, all of
these issues are critical aspects to be considered while
developing a new highly efficient MCEB. As will be
described, the proposed multi-Watt MCEB will provide soft-
starting and correct electrode temperature for all FLs in
nominal operation. The developed design methodology will
show that it is possible to overcome eventual critical points
related to electrode operation. The existence of these critical
points affects the FL life and negatively contributes to the
performance of whole system.

2) Soft-starting and pre-heating - For the parallel loaded
MCEB shown in Figure 1, the usual method for soft-starting
the FL is to control the inverter switching frequency, f; [14].
The frequency is reduced until the starting voltage is
obtained, igniting the FL. By employing magnetic regulators,
it is possible to use the variable ac inductance as additional
control parameter to achieve soft-starting in a narrower
frequency range similarly as the switching frequency
method. This process may be observed in Figure 2.

Firstly, the inverter frequency is set at the selected value.
Secondly, the dc current is adjusted in order to get the
maximum inductance value, L,,. During this operation the
electrodes are pre-heated due to the current that flows into
the parallel capacitor, before the ignition of the FL.
Afterwards, the value of the inductance is lowered to L;4, by
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increasing the dc control current, until the FL is ignited.
Then, the inductance must be set at the appropriate level,
Lqc, according to the selected FL. This action may easily be
accomplished by the microcontroller (¢#C) and must be done
respecting the pre-heating times, defined for each FL by the
manufacturer. Other soft-starting processes may involve
electrode pre-heating from external heating sources (North
America practice), in rapid-start circuits or warm-start
circuits [36], [38].

3) SoS limits - According to IEC standards, the proper
method to evaluate the electrodes operating conditions is
based on the SoS limits. Thus, in order to prevent the
decrease of FL life, these limits which are imposed by T5 FL
manufacturers should always apply. The SoS definition
shown in (1) takes into account both electrodes currents, as
defined in Figure 3. In Figure 3.a I,.,, represents the resonant
current, I, the discharge current, I;; the heating current, I,y
the higher lead wire current and finally I;; the lower lead
wire current. Figure 3.a [y is flowing through the entire
electrode by entering via one electrode lead-in wire and
leaving by the other and it is equal to [;;. Therefore,
measuring the current through one of the lead-in wires will
result in a value for I, while the other will represent the
superposition of I, and I; which will correspond to the total
current I [39] as it can be represented in Figure 3.b. These
currents are all rms values. For each rated lamp power,
maximum rms limit values are defined for each of these
currents, for nominal power operation or dimming operation.
The electrodes are designed in such a way that the I, can be
varied around its rated value within certain limits without
negative impact on the lamp.

SoS = Ly* + 1% Ly >Iy )

The normal operation is therefore bounded by the
minimum and maximum discharge current, Ip,,;n and Ipyax
values. Within these limits of the lamp current, additional
heating is not strictly required.

However, I;; has to be limited by a maximum value, in
order to prevent strong evaporation of the emissive materials.

This limitation of I is necessary for the entire range of 1.
If the lamp current is to be dimmed over a broader range, it
may be necessary to supply additional heating to the
electrodes to maintain its optimum temperature.

7 lgndon
S| Y
oo ph .
Er-————f- Pre-heating
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< | operation
3 p

Variable Inductance
Soft-starting process using the inductance as control

Fig. 2.
parameter.
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This additional heating is only necessary to keep the
cathode at a sufficiently high temperature for thermionic
emission especially for low current values. If the ballast does
include external heating sources, the currents in the lead-in
wires I;; and I;; should also be kept below the maximum
values, I pgmax and Iipmax, given in the IEC 60081.
Therefore I, has a lower limit to ensure sufficient electrode
heating by Iy if the lamp is dimmed whereas in the nominal
operation region, the lower boundary for I is dictated by the
requirement Ip,,in [39]. The value of the required additional
heating current is a function of I, (arc current), but it is also
dependent on the ballast circuit configuration. For the
parallel-loaded circuit shown in Figure 3.a there is an
obvious phase-shift between these two currents. However,
the research which led to this SoS approach showed a linear
dependency between the sum of the squared lead currents to
the electrode and the discharge current, where neither the
phase shift between I, and Iy, nor the distribution of the
discharge current trough the leads, has an influence [39],
[40]. This linear dependence establishes current boundary
limits related to the SoS wvalue. Therefore, in dimming
operation, instead of having one SoS value for each FL,
maximum, minimum and target SoS curves are defined for
the whole dimming range. These current boundary limits are
defined in (2).

S0Smin = X1 = Y1+ Ip
S0Smax = Xo = Y27 Ip ()
S0Starget =X1—2z Yy Ip

The minimum sum of squares, S0S,,in, is defined to keep
the electrode just at a sufficient temperature to prevent
cathode sputtering, and the maximum sum of squares,
S0Smax, 1s defined to avoid electrode overheating and
accelerated end-blackening. In some applications, these
boundaries may still be critical in terms of FL performance,
so a target and safe SoS line is also defined, S0S¢qrger- X1,
X5, Y1, Y, and z are quantities defined by the manufacturers
according to each lamp. For TS HE FLs, which have the
same rated nominal current, these boundaries are the same
whatever the lamp wattage. In some other ballast circuits
where the additional heating current is delivered by separate
heating sources, it is not clear through which lead-in wire
will flow part of the lamp current. Nevertheless, whatever the
configuration, all these effects can be taken into account by
measuring the currents through the two lead-in wires to the
electrode and calculating the sum of the squares of these two
currents as a function of the discharge current. If this
definition is applied to the standard configuration for MCEB,
it becomes clear that I,.,; = I,y and I; = ;.

SOS:/"IH*/"LL

electrod

Ip
I

(@) (b)
Fig. 3. Currents definition nomenclature for the SoS approach for:
(a) Circuit (b) Electrodes.
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Lighting engineers involved in standards preparation
consider this definition the simplest and most unambiguous
way to describe the requirements for proper electrode
operation and therefore this technique will be effective when
designing the filter circuit. The purpose of this paper is to
present an adequate design methodology for the calculation
of the filter parameters for a multi-Watt MCEB. The ballast
is capable of supplying a broad range of T5 HE and HO FLs
at nominal power and at constant f;. This methodology
guarantees that each FL SoS limits are respected by limiting
the currents to the maximum values established by the IEC
standard.

III. MULTI-WATT MCEB DESIGN METHODOLOGY

A. Standard Design Procedure

1) Parameter estimation - The primary goal is to operate
all selected lamps (TS5 HE series, TS HO 24W, 39W and
49W) at nominal power while maintaining the same
switching frequency, f; and the same resonant circuit
capacitance. Therefore, it is necessary to calculate this
capacitance and the inductance value required by each lamp
in order to provide universal operation. The circuit is
characterized as a low-pass resonant filter and the standard
design  procedure, using the fundamental-harmonic
approximation is adopted [14]. For the half-bridge inverter
connected to a parallel-loaded resonant circuit, it can be

observed that |Q(]w)| = @, when fs/f = 1. In other words,
[

the voltage gain can be approximated by Q at the natural
frequency, f,, Q@ being the quality factor of the load, as
represented in (3). This equation can be used to calculate the
base impedance of each resonant circuit, Z;,, for each lamp,
using the nominal values for the lamp voltage, Vg, and the
lamp resistance, R;qm,- So, as first step, the estimation of the
resonant filter parameters, L,. and C,, is done considering

that f; = f,, using (3)-(5).

Vlamp Rlamp 1
Q:—:—’ forf:f = — 3
Vrmsl Zb ° ’ 27T1/LCP ( )
— Lac . — 4
Zy= |75 forfs=/o “4)

14
— % . —_1

LaC N 21 fy’ P 2nZpfo (5)

where V61 = ngC is the rms value of the fundamental

component of the half-bridge output. If the circuit is operated
at f, = f,, the rms value of the discharge for each lamp can
be defined as in (6). In these conditions, the circuit will
behave as a current source and this current value will depend
exclusively on the bridge output voltage and Z,.

_ Vrmle _ Vrmsl
Rlamp Rlamp Zb

_ Vlamp

Ip (6)

By taking (6) into consideration, and by using the nominal
arc current values for each FL given by the manufacturer, (5)
can be rewritten as in (7), and (8). Table I summarizes the
determined component values for each T5 FL considering a
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constant operating frequency, f;=55kHz, and V,,,;,=140V
for a dc bus voltage V,;.=310V.

Vrmsl
Lgc = 7
ac an:gID ( )
Ip
Cp=o—7— ®)
Zﬂfsvrmsl
TABLE I
Resonant Filter Parameters for TS Lamps
Lamp Cy [pF]  Cp [nF] Lqc [mH]
TLS HE series (14/21/28/35) 1 3.48 2.35
TL5 HO24W 1 6.15 1.33
TL5 HO39W 1 6.94 1.17
TL5 HO49W 1 5.33 1.53

As expected and according to Table I, the resonant
capacitor Cp is different for each attached lamp. However,
the nature of the desired universal operation requires a
different design procedure. For this control technique, it is
necessary to determine a single Cpvalue, to operate all TS
FLs considering the determined respective inductances. As
initial approach and through the analysis of Table I, an
intermediate Cp value is specified. A reasonable option is to
set Cp around 4.7 nF, since it is the nearest commercial value
for all the selected TS5 lamps. Using (9) it is possible to plot
the lamp power using the specified resonant parameters and
the lamp resistance value. It is important to remind that the
lamp resistance is power dependent, Rgm,(P). A small
change in the lamp power P will have an immediate effect on
the resistance value. A recent model even includes
temperature effects on the lamp [41]. Figure 4 shows the
lamp power behaviour for different FLs, for Cp, = 4.7nF. It is
observed that for most of the selected lamps a small change
in the value of the parallel capacitor will not have a
significant effect in the FL power, even if the inductance
value is maintained.

Vr2mislamp (P)

p= Vl?zmp
(P)(l - szaCCP) + (wl‘ac)z

B Rlamp(P) B RZ

lamp

(€)

The question arising now is how to comply with the
referred standard SoS limit values and simultaneously
identify a maximum limit value for €, common to all
resonant circuits and to guarantee that with this value the
ignition of the FL is not compromised.

'
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Fig. 4. FLs power P versus parallel capacitor Cp using their
respective L, values.
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The following sections will describe the additional steps
included into the resonant circuit design methodology to
guarantee proper operating conditions. The design
methodology considers that no external heating sources are
linked to the electrodes.

2) Conditions for obtaining ZVS operation - As key
condition for ZVS in the half-bridge switches, the phase shift
between the resonant current and the inverter square-wave
voltage must be negative. However a more thorough analysis
can be easily done by reporting to the classic design
methodology. In order to guarantee ZVS operation, the
traditional design procedure considers as sufficient condition
to operate the half-bridge inverter at a frequency f; above
the resonant frequency of the filter. For the parallel-loaded
half-bridge inverter, if the quality factor of the load, Q,
defined in (3), is equal or greater than 1, and if the switching
frequency, f; > f,, the circuit is defined as a resonant circuit
and will behave as an inductive load. In these conditions, this
resonant frequency, f,., is defined as in (10).

fi=f [1-= Q=1 (10)

However, if Q is smaller than 1, the resonant frequency
does not exist and the circuit is only characterized as an
inductive circuit whatever the switching frequency. The filter
current waveform will not be fully sinusoidal and the rule
that establishes f; higher than f,. to obtain ZVS is simply
invalid [15]. Still, in both circumstances the inductive
characteristic of the circuit guarantees ZVS operation for the
half-bridge inverter.

B. Design Procedure Based on the SoS Limits

1) Capacitance selection - The first additional step is to
check if the value of Cp defined in section 4 maintains the
electrodes operating in a safe mode, using the limit values for
the currents I;; and I as defined by the IEC 60081.

Figure 5 shows a typical FL model which considers the
electrodes resistance, 7,, evenly distributed, as defined in
[25]. In FL EB, the impedance of the capacitor Cp is
normally very high compared to the value of 7., so, the
maximum Cp can be evaluated considering 7,=0. In this case,
the capacitor voltage, V¢, , can be considered equal to the FL
voltage. The lamp voltage can be defined as in (11).

(11

|Zlamp| = |!LL| ) i

ro/2 ro/2
AAAA AAAA
vy vy

Fig. 5. Conventional equivalent resonant filter circuit.
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Taking into consideration that 1/ w,Cp > 1,, the
S

maximum capacitance value for each TL5 can be determined
by (12), using the limit value for I, and the Vg,,, modulus
for each lamp (both rms values), according to the data
provided by the manufacturer and the [EC 60081 [10].

Co = |!LL| (12)
|Zlamp| ' Zﬂfs

Table II shows the maximum defined limits for /;;, and
I, and the corresponding maximum allowed Cp value in the
filter circuit, obtained from (12), for each T5 FL. The first
restriction is set by the TS HE 35 W lamp. Since this is the
FL with the highest lamp voltage, Vjg,,, (and the lowest
discharge current, 1), it will automatically dictate the value
of Cp, which will be the lowest value among all, 2.37nF.
Capacitance values higher than 2.37nF would damage or
reduce the lifetime of this lamp, since the electrodes would
be submitted to excessive current, beyond the maximum

limit established for [;; and therefore excessive heating.

TABLE II
Nominal and Safety Operation Conditions from TL5
Philips Lamps at 25 °C
I, Vigm Ipmax  ITiamax T, Cpmax
Lamp  ymAl  (v]  ImAl [mA] (@]  [oF]
HE 14 W 170+40 83 +10 170 240 40 5.82
HE21 W  170£40 12510 170 240 40 4.00
HE 28 W 170+40 166 +17 170 240 40 2.96
HE 35 W 170+40 208 +20 170 240 40 2.37
HO 24 W 300+30 80 8 370 475 12 13.38
HO 39 W 340+70 119 +£10 370 475 12 9.13
HO 49 W 260+50 195 +£20 275 370 16.5 4.07

On the other hand, the analysis of Table II shows that the
TS5 HO 24 W could allow using capacitance values higher
than 12nF without deterioration of the electrodes. However,
the proposed control technique requires using a single
capacitor for all lamps. The standard resonant circuit design
procedure sets a Cp value around 4.7 nF, yet, it is clear now
that a lower Cp value must be used in order to operate all
lamps in a safe condition: Cp must not exceed 2.37nF. This
limit value absolutely guarantees not exceeding the
maximum permissible value for I;; for the 35 W FL and
therefore the other limit values for the remaining FLs, are
implicitly respected.

2) Dual-parallel-capacitor configuration - The nearest
commercial value to Cp = 2.37nF is 2.2nF. However, it is
possible that such a low value does not guarantee a proper
ignition for all the lamps, nor that each lamp is even capable
of delivering the rated power. Ensuring these conditions
represents the next steps of the methodology. A possible
solution which simultaneously limits the current I;; and
ensures proper lamp operation is to use two parallel resonant
capacitors instead of using a single Cp. The capacitor Cp is
therefore replaced by capacitors Cp; and Cp, connected as
shown in Figure 6.a. During ignition, these two capacitors
will act as a single equivalent resonant capacitor circuit,
thereby guaranteeing a higher ignition voltage spike. Thus,
with this configuration it is possible to reduce I;; to an
acceptable value by imposing a limit value for Cp,, as given
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by (12). If a dual-parallel-capacitor configuration is selected
the following step is to evaluate Cp, in order to verify also
the compliance with the [ current limits. A simple way to
perform this analysis is to simplify the circuit shown in
Figure 6.a employing the Thévenin’s theorem between points
a and b. Figure 6.b shows the simplified circuit. It can be
easily observed that I;; = Iy, and therefore the modulus of
Iy and I;; can be determined as a function of Cp; using (13)
and (14), respectively.

[Vrn (Coy)|
I, (C = |l (C, = 13
|_LH( P1)| |_Th( P1)| |Z7~h(Cp1) +Zo| ( )
R
|1L.L(CpD)| = |1 (Cpr) - il (14)

Rlamp + Te + ZCPZ

Where: Z, is the load impedance, obtained by the
combination of the lamp resistance, electrode resistance and
Cp, impedance; Vyy, and Zpy, are the Thévenin’s equivalent

voltage and impedance. These quantities can be defined as in
(15), (16), and (17).

7 = (ZCPZ + re) ' Rlamp

+ 1 (15)
ZCPZ + Te + Rlamp ¢

Zc
Vrn(C, )=——P1.V 16
ZTh\~P1 ZL+ZC})+ZCP1 rms1 ( )
(Zy, + Zc,)
ZLac ZCp
Zon(Coy) = : (17)
S L+ Loy + Ly, T

. — i . =1 . =1 .
Where: ZLaC —](A)Lac, ZCb = /ijb, ZCpl = /jwcpl,
Zcp, =/ jwCpy Finally the total impedance of the circuit
may be defined as Z = Zpp, + Z,,.

Figure 7 shows the plots of the I;; and I, rms values as a

function of Cp, for the TS5 HE 35W lamp and the current
limits imposed by the IEC 60081.

Co e Ly AAA ——AAAA L‘L
_| |_,m\ ) >— Wy Wy—>
Ip
M‘bl'D Cn L Riamp Cp
"""" """"
Z,
(a) -
Iy Zm Lu
—
a
Vo
@ z,
b
(b)

Fig. 6. Equivalent circuit schematic: (a) Modified; (b) Thévenin’s
equivalent circuit.
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The lower minimum values for [;; and [} are determined
by the T5 HE series, however, as previously referred, the TS
HE 35W presents the highest lamp voltage and at the same
time the lowest discharge current. As a result, this lamp
presents the worst limiting conditions from the set of the
selected T5 lamps.

Nonetheless, it is noticed that these minimum values are
merely referred by accuracy, since they would only be
relevant for dimming operation, particularly for low power
dimming levels. It is recalled that this multi-Watt MCEB is
only expected to operate all lamps at their nominal power.

So, the plot in Figure 7 assumes C,, at the previously
determined value, 2.2nF, Ry, at the rated values of voltage
and current for 35W lamp, L, as calculated in (7) and C,, at
1uF.

The plot shows that any value of Cp; may be employed
without exceeding the limits of I;; and I;y defined by the
dotted lines. Thus, an ideal value of Cp; may be selected,
around 2.2nF, in order to obtain an equivalent capacitance
Cpeq = Cp1 + Cpy, near 4.7nF, which corresponds to the
ideal capacitance defined in the traditional design
methodology.

3) Quality factor analysis and ZVS operation -
Experimental tests performed in the laboratory shown a
proper operation of all lamps at nominal power except for the
HE 35 W lamp, for which power oscillations were observed
using the selected set of Cpq and Cp,.

The analysis of the lamp oscillations imply the analysis of
the quality factor, Q, of the filter, considering each TS5 FL
using the predetermined resonant parameters. Table III
shows the value of Q and the damping factor, {, obtained
using (3) and (18), as well as the resonant frequency and the
phase ¢ of the circuit’s impedance.

1

(=35 (18)

Table III reveals that the TS HE 35W lamp has the lowest
¢ and the highest Q values which may be considered as the
cause for the FL oscillations. In order to avoid these
oscillations, { should be increased, which can be done by
selecting a lower value of Cp;. As result from the previous
observation, a Cp; =1.1nF was selected and new tests were
performed.

[
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=

Fig. 7. Selection of Cpyversus I; 5 and I;; limits for FL TSHE35W.
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TABLE III
Quality and Damping Factor Q and { for Cp = 4.4nF and
Q; and {; for Cp=3.3nF

Lamp Q¢ g @ @ & falkz ¢y

HE 14 W _0.66 0.76 - 609 0.57 0.88 - 66.1

HE21W 099 0.51 546 0.85 0.59 56.7

HE28W 136 037  33.6 5.1 1.18 0.42 30.4 48.0

HE35W 1.71 0.29 40.1 49.7 148 0.34 42.1 41.1

HO24W 043 1.17 - 59.1 037 1.35 - 63.9

HO39W 0.62 0.80 45.7 0.54 093 51.6

HO49W 126 040 375 29.9 1.09 046 28.7 32.3

The new values of Q and { named as Q; and {; are shown
in Table III. Assuming this new Cp;, value the equivalent
capacitance Cp is now equal to 3.3nF. Experimental results
will be presented in section I'V indicating that no lamp power
oscillations were observed for the critical lamp with this set
of parameters.

Table III both show Q and @Q; values higher and smaller
than 1. When Q or Q; < 1, the traditional concept used to
characterized the half-bridge switching conditions cannot be
applied, since there will be no corresponding resonant
frequency to be shown in Table III. Therefore, using the
traditional method, only for a quality factor Q > 1 it is
possible to apply the resonant frequency concept, which
immediately guarantees ZVS operation. It is therefore
expected that the following lamps, the HE 28W, the HE 35W
and the HO 49W will operate in a resonant mode and the
resonant current will present in these conditions a near
sinusoidal waveform. Although for some set of components
this concept is not applicable, we can observe that for all
cases the phase ¢ of the circuit’s impedance is always
positive. Therefore, the circuit will maintain an inductive
characteristic whether it operates in a resonant mode or not.
These observations are valid for both Table III and Table IV.

Figure 8 show the frequency response for the 35W FL in
terms of lamp power and phase angle of the circuit’s
impedance: Pigmy,(R(P), f5), and ¢(Z(R(P), f;) for Cpeq =
3.3nF. Figure 8 shows also that any phase angle is positive
around the electronic ballast f;. Therefore, an increase in the
operating frequency will not affect ZVS operation, since will
be operating above the resonant frequency. Figure 9 shows
the effect of a possible inductance variation on the lamp
power for the selected FLs using each corresponding
Ryamp (P) curve, previously retrieved from the experimental
HF characteristics (using commercial electronic ballasts).

10 00"
30 60"
30"

20

10

for FL. TSHE35W ( °)

T5HE35 W FL Power (W)

Resonant Filter Impedance’s Phase

50 55 60 65 70 75
Switching Frequency (kHz)

Fig. 8. Phase of circuit’s impedance and lamp power using the
fluorescent-lamp model versus frequency for TS HE 35W lamp.
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For each FL it is also possible to compare the lamp power
curve with the predicted operating point. It is pointed out that
in (9) the lamp’s electrodes are neglected, therefore R;qpp, =
Ryye, implying that P = P,

Therefore, for future comparison with multi-Watt MCEB
experimental results it is preferred to use the experimental
high-frequency characteristic Rgy,.[Pyc] ecasily obtained
using commercial ballasts.

4) Design Procedure - Figure 10 summarizes the design
procedure proposed in this paper. It starts by defining the dc
bus voltage, V,., the operating frequency, f, calculating
Vyms1> selecting the first lamp and collecting its nominal
characteristics, then calculate Z;,, L,. and Cp. The same
process is repeated until all lamps are considered. These
values of L,. and Cp represent the initial pre-set values. The
next step is to determine the group of Cp values defined by
the SoS limits, according to (12). The flowchart shows that
the final Cp value is determined by Cp = min[CPL.]; i=1,...,n.
This minimum value is given by the lamp with the lowest
I 1max and the highest Vg, If this value is sufficient to
guarantee that all lamps are ignited, the ballast is tested using
these parameters. If not, the dual-parallel configuration is
adopted, Cp, is set equal to the previously determined Cp.
The selection of Cp; is done using the restrictions given by
élilzl()cpl) <Ipimax and I y(Cp1) <Ippmax uvsing (13) and

The phase of Z is determined in order to verify ZVS and
Q and ¢ are calculated. The ballast is then tested with all the
lamps. For the single or dual-parallel capacitor
configurations, if lamp power oscillations are experimentally
observed some steps are added to the process: decrease the
value of Cp, in order to decrease the quality factor Q of the
load and therefore increase the damping factor { of the
circuit.

If the design procedure is applied to the lamps hereby
selected, it is possible to conclude that the single parallel
capacitor configuration would lead to excessive current into
the electrodes and this would contribute to their quick
degradation over time. Therefore, the solution is to adopt a
dual-parallel-capacitor configuration and by doing so,
guaranteeing compliance with the current standards.

50

——HE 14W 3.3nF
— HE14W
——HE 21W 3.3nF
X HE21W
——HO 24W 3.3nF
® HO24wW
——HE 28W 3.3nF |
<+ HE28W
——HE 35W 3.3nF
B HE35W
HO 39W 3.3nF
HO39W

N
=)

w
o

N
=)

N&

Fluorescent Lamps Power (W)

10 C,=3.3nF =
and L, as defined k‘ \
by Table | \\ S
0 | 1

0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
Controlled Inductance L,. (H)

0.0045 0.005

Fig. 9. Inductance L, variation and its effect on the lamp power
considering Cpeq = 3.3nF.
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Fig. 10. Multi-Watt MCEB design methodology: flowchart.

C. Inductance: Variable Inductor

The design of the magnetic regulator must be done
considering a quite broad inductance range, in order to cover
all calculated inductance values. According to the values
presented in Table I, the magnetic regulator must have as a
minimum, an inductance variation between 1mH and 2.5mH,
approximately. The magnetic regulator can be implemented
using a gapped E or EFD core set. The main ac winding,
which corresponds to the variable inductance responsible for
the power control, is placed in the middle leg of the core and
the control windings are placed in the left and right legs, in
opposite polarity [1]-[4]. An experimental prototype was
built using two EFD20/10/7 cores, with N87 type core
material. The prototype and the small-signal characteristic of
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the magnetic regulator, for a dc control current of 0 to 1A,
are both presented in Figure 11. The main winding, N, is
composed of 150 turns while the control windings, N is
equal to 55 turns. The gap g in the main winding is 0.25mm.
The small-signal characteristic was obtained using a LCR
meter. The maximum inductance value is obtained for a zero
dc current value.

3.5

cld—psd
Nae 1: A= ¢ SR
|

Inductance L,. (mH)
[
[—}

(@)

rr——
EFD20 Core (D)

air gap 0.25mm p
0'50.0 0.2 0.4 0.6 0.8 1.0
Control Current I (A) (©

Fig. 11. Variable inductor: (a) Schematic: core, winding, and

auxiliary windings; (b) Experimental prototype; (c) Small-signal
characteristic.

IV. EXPERIMENTAL RESULTS

A. Experimental Prototype

A digitally-controlled multi-Watt MCEB was developed
and an experimental prototype was built according to the
schematic shown in Figure 12, considering the design
procedure described in the previous sections. Each T5 FLs is
therefore supplied by a voltage-fed resonant inverter
connected to a parallel-loaded resonant circuit. The ballast
requires two additional dc-dc converters, one specifically for
the control of the magnetic regulator, and a microcontroller
unit, uC. The magnetic regulator is controlled by a dc-dc
buck converter operating in CCM. The inductance variation
is imposed by the output dc current, I;., of this converter,
which is directly connected to the control windings of the
regulator. The control of I, itself, is done by adjusting the
duty-cycle of a PWM signal generated by the pC, and
applied to converter, according to a voltage reference, Vy.of.

! PSoC CY8C29466 H
[ Digital | | cpumsc |
i1 PWM CORE H
H H
H H
H H
\ J

—
0sC

current
probe

16 bits (@ 24MHz

voltage
probe

Flyback
Converter

2
WA vo
C VO
N/C VEE

.: o
[y Py

VB

IN HO|
T— COM VS

LO N/C|
| IR2111 ARAR I,
w4 < Buck

Converter

o)
=
o)
LS

= Resonant inverter

Fig. 12. Digitally-controlled multi-Watt MCEB schematic.
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This voltage reference may be imposed manually, or by
the uC according to the implemented lamp detection method.
The voltage required for the gate driver and the buck
converter, 15V, is generated by a dc-dc flyback converter,
powered by the ballast dc bus voltage, V;.. The flyback
converter will also ensure electrical isolation between the
power stage and the control stage of the ballast. This
isolation is also guaranteed by two additional optocouplers,
one used in the de-dc buck converter and the other in the gate
driver. At last, the gate driver, responsible for setting the
inverter switching frequency, f;, is also managed by the pC,
during the preheating mode and at steady-state conditions.
As usual, the generated PWM signal will have a duty-cycle
of approximately 50%, for an even aging of the lamp
electrodes.

B. Experimental Data Analysis

The data collected during prototype testing were obtained
with a Picoscope. The first step is to adjust the ballast initial
settings, f; = 55 kHz, V;. = 310 V and 1. = 0. Afterwards,
I;c 1s increased in order to ignite the attached lamp: the
inductance value is lowered by adjusting the buck converter
duty-cycle until ignition is obtained.

Finally, the regulator’s inductance is adjusted until both
rms values of lamp voltage and arc current are coherent with
the values imposed by the manufacturer. Collected data,
presented in Table IV, shows adequate and safe operation for
all TS FLs. Table IV shows the obtained values for all lamps
in terms of Vjgmyp, Ip, heating currents, Iy, and I, It can be
seen that for almost all selected lamps, the rms values of I} 4
and [;; are below or within the maximum admissible limits.

TABLE 1V
Power Rating of the Electronic Ballast and T5 Lamps

Lam ILL lLH VEL PLA PARC PEI, VLA Il') '1
P ImA] [mA] [VI [Wl W] [W] (V) (mA) [%]
HE14W 77 168 246 14.0 1398 0.72 88.0 161 81.2
HE21W 108 202 350 214 21.09 122 1292 166  90.5
HE28W 141 221 526 28.8 2799 209 175.6 162 927
HE35W 181 238 629 36.0 3465 274 219.5 160 942
HO24W 72 326 0.86 24.1 2421 045 79.6 306 85.1
HO39W 105 349 095 38.7 3895 044 1229 319 872
HO49W 175 274  1.17 44,0 432 1.17 2237 195  91.6
0.3_ — e e ___0475A I;ymax ee
_T_T Ippmeas 0O ||
2 | | Iijymax @@
-~ I ymeas OO
= 0 0374 | 03A
- T ———— — — = - —T—Z i ..
= ! D _T
g Q I |
2 0 L N
= FPm—_——_———————— = — — — —+0 275A
2 oz | |
£ ol | Q | | | 1
5 ] oama | | o)
< S | [
] oak | & | | | 4 | i
S ) | | | ) | |
= [ [ [ [ [ I
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Fig. 13. Experimental results of heating rms currents for all tested
TS FLs.
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There is only one limit case: the T5 HE 35W lamp
presented an [;; value 6% higher than the permitted value.
However, this percentage is acceptable considering the
features of the proposed universal electronic ballast that limit
the design to attend almost all of TS fluorescent lamps. It
also shows the measured electrode voltage, V¢, and the
average lamp power, Pj4p,. The lamp power is given by the
dc average value of the product between the lamp voltage
and I;y. Heating currents I;; and [;; show satisfactory
results when compared to the maximum limits, previously
presented in Table II. Figure 13 shows a graphic view of I, 4
and [;; for all T5 lamps. It is possible then to compare the
measured experimental values with the maximum limits for
each lamp series. The overall efficiency of the prototype with
each lamp rounds about 89%, which is fairly acceptable for a
universal EB. It is however pointed out that this topology
does not include a PFC stage. A small decrease of this
efficiency should be expected if this stage was included.
Using a PFC boost converter operating in critical conduction
mode a efficiency of 95% could be achieved for the PFC.
Then, the total estimated efficiency of the complete ballast
would be around 85%. Except for the TS HO 49 W all the
lamps are operated at rated lamp power and all the minimum
values for the discharge current, Ip,,;,, are fulfilled. The TS
HO 49 W is however operated at a value slightly lower than
the minimum limit recommended by the manufacturer.

In order to verify if the lamps present a normal operating
condition at steady-state, the lamp operating waveforms were
also measured. Figure 14 show the waveforms of the
electrodes voltage vgecer» the heating currents i;;, and i;y,
and the resulting discharge current i, that is composed by
both heating currents i;;, and i,, for all FLs. It is clear that
not all corresponding waveforms present similar shapes,
mainly Vgeerr and ip;. Nevertheless all current waveforms
present rms values within current standards. Thus, the
electrodes temperature is kept within the stipulated limits.
According to the manufacture’s recommendation, this
condition is enough to guarantee the lifetime of the
electrodes. In conclusion, the proposed design procedure and
the MCB operation, both guarantee a standard lifetime for all
selected TS FLs.

Figure 15 shows the reference value of the lamp power for
each FLs and the difference between the experimental
operating point for the FLs and the initial theoretical
operating point in terms of lamp power and inductance. This
slightly different behaviour was expected. The method that
was used for determining the resonant circuit parameters is
based on the fundamental approximation and the equations
are defined assuming that the circuit is operating near
resonance. However as discussed previously some of the sets
of fluorescent lamp plus filter circuit are not in resonant
mode and in those circumstances the resonant current will
not assume a perfect sinusoidal waveform. Figure 15 also
shows the theoretical values of the lamp power as function of
the experimental inductance values using (9). Again similar
observations can be made. This implies that the real
inductance value required to operate each lamp at its rated
power is as expected slightly different.
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V. CONCLUSION

This paper proposes a design methodology suitable for
multi-Watt T5 electronic ballasts, based on magnetic control.
Stable lamp operation was obtained through a suitable design
procedure which ensures the fulfilment of the HE-HO T35
lamps operation limits. Specifically, it proposes a design
methodology for the estimation of the resonant circuit
parameters, based on the SoS technique and the IEC 60081
standard. This technique is based on the observation of the
electrodes currents, setting safe operational limits for these
currents, for each rated lamp power. All the lamps were
operated at a constant frequency, avoiding concerns related
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to EMI and switching losses. Using the dual-parallel-
capacitor configuration, all T5 FLs were operated within the
values recommended for nominal lamp operation, ZVS was
also ensured, and the electrodes’ currents were kept within
recommended limits. The proposed design methodology
discloses the necessity to fulfil current regulations in order to
maintain the manufacturers estimated lamp life. It represents
an efficient alternative to enhance the performance of multi-
Watt TS MCEB. This procedure can be extended to other
EB, since most of FLs ballasts are typically parallel-loaded
half-bridge based inverter circuits. It can also be adapted to
dimmable systems. In dimming operation, instead of having
one limit SoS value for the electrode currents, maximum,
minimum and target SoS curves are defined for the whole
dimming range. It is also pointed out that in this multi-Watt
MCEB no external heating sources are used and therefore the
cost-penalty of including this type of electrode operation
control is avoided.
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