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Abstract

T'wo important subjects in high frequency fluorescent lighting are investigated. Part
I presents a fundamental understanding ol the negative incremental impedance of flu-
orescent lamps. Search for simple, high power factor, lamp ballast topologies, a more

practical aspect of lighting electronics, is presented in Part II.

Part I

Fluorescent lamps have a special v-¢ characteristic. ‘Their incremental or small-signal
impedance is defined and studied in the frequency domain. It is found that the negative
inecremental impedance of a fluorescent lamp can be characterized by a right half planc
zero. The existence of such a result is explained by the modified Francis equation. Two
approaches are proposed in order to set up a stable operating point for the lamp. First, a
resonant matching network, which provides impedance transformation, is placed between
a voltage source and the lamp. Second, a feedback loop is closed from the lamp current
to control the magnitude of the voltage source. Stability criteria based on the Nyquist
criterion are developed for the impedance of the resonant matching network and for the
loop gain in the above two cases, respectively.

It is found that the input impedance of a switching de-to-dc regulator, which is an-
other case with the negative incremental impedance, and the fluorescent lamp impedance,
are two dual cases and thus can be analyzed in a unified manner based on the stability
of one-porl circuit.

The small-signal lamp impedance is measured in the most practical case of a sinusoidal
carrier, and it is fit by a real rational [unction with a right half plane zero. The small-
signal models describing low frequency variations of sinusoidal magnitude are developed
and are experimentally verified for the three major resonant matching networks. Stability

analysis for resonant matching networks at parallel resonance are performed. It shows
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that the LCC network is the simplest resonant matching network that a fluorescent
Jlamp needs. It is also predicted, and experimentally verified, that the resonant matching

networks at series resonance are feasible as ballasts when the lamp current feedback loop

is closed.

Part II

Unlike conventional high power factor ballasts requiring two cascaded power conver-
sion stages, the proposed new lamp ballasts achieve near unity input power factor and
high frequency sinusoidal lamp current in a single power conversion stage.

A single-stage, high power factor lamp ballast is proposed, which is derived from the
Cuk converter. A new discontinuous inductor current mode of its input inductor makes
this possible by separating the input current-shaping {rom the output high frequency
inversion. The desirable mode of operation is presented with major waveforms. The
high efficiency is [urther enhanced by the soft-switching improvement, which is provided
naturally through the lagging current of the resonant matching network. Design equa-
tions are given. The performances of the proposed single-stage, high power factor lamp
ballast are verified by the experimental results.

Single-switch, unity power factor ac-to-ac converter topologies based on proper in-
tegrations of automatic current shapers and single-switch inverters, such as the Class E
converter, are presented, which are suitable for lamp ballast applications. Descriptions
of the desirable mode of operations and a first order analysis are given. The ballasts have
the compact structure of single active switch, high input power factor and low crest factor
lamp current as well as soft-switching. Experimental results confirm all the performance

advantages.
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Chapter 1

Introduction

1.1 Fluorescent Lamp

We commonly think of ourselves as living in an era when information super highway
and worldwide transportation have changed the entire nature of human life. But reflect
briefly on the fact that information super highway would be of little or no value if half
the world at any given moment was shul down for being in the dark. Making light is
one of man’s most important achievements in the industrialized history.

Light is a kind of electro-magnetic radiation which stimulates our eyes and enables us
to see. Today most man-made light is generated from electricity through an apparatus
named as lamp. There are mainly two kinds of lamps, i.e., incandescent filament lamp
and gas discharge lamps.

The incandescent lamp has a (tungsten) filament which emits light when the clec-
tricity flows through. The spectrum of energy radiated from an incandescent lamp is
continuous. Unfortunately the major part of the energy is radiated in the infrared region
and is converted into heat. Only a relatively small quantity of energy is emiited atl vari-
ous visible lengths as light. Thus the efficiency of an incandescent lamp is low although
it may be more convenient to use than gas discharge lamps.

All electric gas discharge lamps convert electrical energy into light by transforming
electrical .energy into the kinetic energy of moving electrons, which in turn is converted
into radiation as a result of some kind of collision process. The primary process is
collisional excitation of (mercury) atoms in a gas to high-energy states from which they
relax back to the lowest-energy atomic levels by means of the emission of electromagnetic
radiation. The unique advantage of the atomic radiation from a gas discharge is that by

a suitable choice of the atoms of which the gas is composed, intensity of the radiation



can be concentrated on a few spectral lines at the characteristic frequencies determined
by the distribution of permitted energy levels of the particular atoms, thereby making
exceptfo'naily efficient light sources. Of all the gas discharge lamps, lluorescent lamp is
one of the most efficient and widely used.

A fluorescent lamp consists of a glass tube coated on the inside with a phosphor
powder. The tube contains a mixture of one or more noble gases (neon, argon, krypton)
at a certain pressure and a small amount of mercury vapor. ‘I'he lamp is operated by
maintaining a gas discharge in it, with the help of two electrodes, one at each end of
the glass tube. In the discharge, free electrons are accelerated by a potential difference
applied across the lamp; mercury atoms are then cxcited and ionized in the discharge
column. Ultraviolet radiation is emitted when the exited mercury atoms return to lower
energy states, which is converted into visible light by the phosphor coating on the tube
wall. The added noble gas is to increase the efficiency of the discharge. The phosphor
plays a key role in determining the color and color rendering of the lamp. The life of a
fluorescent lamp is determined by its electrode’s life.

Incandescent lamp is easy to use due 1o its simple electric behavior. The v-7 relation of
the incandescent filament lamp is determined by the resistance of the tungsten filament,
which is close to the v-i characteristic of a linear resistor. The v-i characteristic of a
fluorescent lamp, however, is nonlinear and time-variant since various physical processes
which are responsible [or the light generation are involved in the gas discharge. Therefore,
fluorescent lamp needs a so-called “ballast” circuitry to run with it.

As a example, Figure 1.1 shows a typical curve of discharge potential drop versus
current when lamp is operated from a dc power source [1] [2]. Because the slope of the
I-V curve is negative, that is, r = dV/dI < 0, the discharge is said to have a “negative
incrementul resistance.” This poses a circuit problem for operating lamps. In general, a
voltage V; higher than the steady-state operation voltage is needed to establish initial
ionization in the gas. After the discharge gets started, the operating point (¢,v) of the
discharge lies somewhere on the iine of V' = V| which is above the steady state operaiing
curve, where the ionization rate exceeds the loss rate or dn./dt > 0. Thus the discharge

current rises without any regulation, which eventually causes system failure.
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Figure 1.1: A typical I-V curve of a gas discharge lamp operated from a dc power.

As a result, a certain impedance must be placed in series with a fluorescent lamp
as a means to limit the lamp current. For dc operation, a resistor R is needed so that
the I-V curve of the series-connected circuit has a positive slope as shown in Figure 1.2.
Suppose the lamp current is higher than its steady state value. The operating point is
to the right and below the steady state operating curve, so the potential applied across
the lamp would be less than normal due to the voltage drop across the resistor R and
thus dne/dt < 0. Accordingly, electron density would have to decrease with time and
operating current would have to shift to lower currents. In this way, the operating point
is brought back to the steady state (45, V5). Similarly, any current smaller than i,
would be also brought bé,ck to the steady state (s, V) so it is a stable operating point.

The resistor B which helps to establish the stable current ¢s; through the gas discharge
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Figure 1.2: An I-V curve of a gas discharge lamp in series with a resistor R operated
from a dc power.

acts as a ballast. To obtain the positive slope on I-V curve as in Figure 1.2, R has to be
larger than |r|.

In general applications, a fluorescent lamp is usuvally driven with an ac power. Reac-
tive components are used in the ballast to avoid the ohmic loss of a resistor. Ac operation
also balances the wearing of two electrodes and maintains a longer lamp life. At 60Hz
operation, a ballast mainly consists of inductive components. It strikes the lamp every
halfline cycle as well as limits the lamp current. Lamp voltage and current waveforms
are quite dissimilar and both contain a fairly large amount of high harmonics due to the

lamp’s nonlinear v-¢ characteristic [2).



1.2 High Frequency Operation of Fluorescent Lamps

The study of high frequency operation of fluorescent lamps started qﬁitevea,rly [3]
and has grown very fast recently due to the pronounced lamp efficacy increase at high
frequencies. It has been shown that the lamp efficacy can be increased by 15% when the
operating frequency rises to 20KHz [4]. High frequeﬁcy operation also makes lamp start
easily and eliminates the stroboscopic effect.

Another advantage of high frequency operation is that the use of solid-state ballast
has a lower power loss due to the non-inductive nature of the resonant circuits [5]. The
size of the ballast is also significantly reduced. Audio noise associated with the 60Hz
magnetic ballast is removed. In addition, voltage regulation and power factor correction
can be easily incorporated into the ballast. High frequency operation of fluorescent lamps
also offers new possibilities for intelligence and energy management. For example, lamp
light can be controlled in combination with the daylight change by using a dimmable
ballast. The major disadvantage of high frequency operation at present is in the increased
cost of the ballast.

Coincident with the rise in luminous efficiency are the changes in lamps v-i charac-
teristic. With sinewave of power applied, the apparent lamp power factor changes from
about 90% at 60Hz to unity at 400Hz and all higher frequencies [3], [9]. Within the
frequency range of our interest, voltage and current waveforms of a fluorescent lamp are
almost propbrtional. If drawn in the v-i plane, the characteristic curve can be consid-
ered as a straight line passing through the origin so the lamp can be approximated as a
resistor. However, this resistor is not linear but varies as a function of time and current

which will be studied further in the following chapters.

1.3 Terminology

Some terminology is introduced in this section which summarizes the above discus-
sions and also provides the necessary background knowledge for the contents of the
thesis.

Efficacy: Efficacy is a measure of the lamp efficiency performance, i.e., the ratio of

total light output over the input electrical power. It is given in lumens per watt (Im/W).



For example, the efficacy of a high frequency fluorescent lamp and ballast system can be
as high as 100 Im/W [6]. The efficacy of a typical incandescent lamp, on the other hand,
is less than 20{m/W.

Current Crest Factor: Crest factor is a measure of the lamp current waveform,
ie., the ratio of the peak current over the rms current. The electrode life is very sensitive
to the current crest factor. The lower the current crest factor is, the longer a lamp lasts.
Sinewave has a crest factor of 1.4. Triangular wave has a crest factor of 1.7. Usually a
current crest factor less than 1.7 is required to ensure a normal lamp life of 20,000 hrs.
For high frequency operation, current crest factor is not only determined by the lamp
current waveform during each switching cycle but also depends on the low frequency
modulation on top of it. To maintain a low crest factor, low frequency ripple also has to
be minimized.

Lamp Ballast: Generally it is the circuitry between an electrical power source
and a fluorescent lamp. A 60Hz ballast comprises several reactive (mainly inductive)
components where power is completely processed at low frequency. A high frequency
ballast is in general an ac-to-ac converter, where the input power is of 60Hz and the
output power is in the range of tens of kHz to several hundred kHz. It includes a rectifier
stage and an inverter stage; usually a resonant matching network is placed between
the inverter output and the lamp. A high frequency ballast is expected to perform the
following functions: supply proper starting and operating voltage for the lamp; maintain
a running current at the designed value with a low crest factor; regulate the lamp current
output against supply voltage variations and have a high overall efficiency. A relatively
new requirement is to maintain a high (near unity) input power factor. In addition, since
a ballast is a commercial product, low cost and high reliability are also highly desirable.

Resonant Matching Network: It is a network of reactive components inside the
high frequency ballast, which is usually placed between the inverter output and the lamp.
Its major functions are to shape the switching waveform into the sinewave as well as to
provide an impedance matching for the lamp. Isolation can be also offered by inserting

a transformer in it.



Carrier: The waveform that a lamp is operated with. If a lamp is driven by a dc
_power source, then the carrier is dc. If a lamp is operated by a high frequency sinewave

current source, then the carrier is sinusoidal. A carrier could also be a squarewave, etc.

1.4 Summary of Contents

General study of the negative incremental impedance of fluorescent lamps and the
corresponding stability analysis are presented in Chapter 2. The lamp incremental
impedance is characterized in a small-signal sense in the frequency domain. The re-
sult is explained by the modified Francis equation. Two approaches which stabilize the
lamp operation are proposed, and the stability criteria are developed based on Nyquist
criterion. As a brief aside, another case of the negative incremental impedance, the input
impedance of a switching dc-to-dc regulator, is reexamined and its relation with the lamp
impedance is revealed.

Chapter 3 concentrates the investigation on one of the most practical case where
a lamp is operated with a high frequency sinusoidal carrier. The incremental lamp
impedance is measured and fit. Small-signal models which descibe low frequency varia-
tions of magitude of sinusoidal carrier are developed and experimentally verified for the
three major resonant matching networks. Stability analysis for resonant matching net-
works at parallel resonance are performed. It is also shown and experimentally verified
that the resonant matching networks at scrics resonance are feasible as ballasts when the

lamp current feedback loop is closed.
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Chapter 2

Negative Incremental Impedance and Stability

of Fluorescent Lamps

It is a well known fact that a Aluorescent lamp, like most other electric discharge lamps,
has a negative incrcmental impedance characteristic and thereforc must be operated
in series with a current controlling circuit or a ballast. The above statement merely
gives a qualitative description of the lamp’s distinctive electrical characteristic and its
requirement. The primary issue is that the ballast should be designed to ensure stability
when operated with such a special circuit clement. Therefore, it is necessary to develop
an accurate model to describe the lamp’s v-i characteristic.

Several studies [7], [8], [9] have been reported in the literature which intend to es-
tablish a mathematical model for the gas discharge. The authors of [7] presented a
model with a set of six constants based on the physical principles inside the discharge.
The parameters are obtained from the measurements of lamp voltage, current, and the
relative light' intensity waveforms. The approach gives accurate simulation of lamp’s ter-
minal v-i characteristic in the time domain. However, this physics-oriented model is too
complicated to give a clear picture of lamp negative incremental impedance. Another
approach is more empirical and electrical where physical theory only suggests aspects of
the form of the mathematical model. Francis [2] proposed a simple differential equation
which satisfactorily describes the first order effect of lamp behavior but alsa fails to show
the negative incremental impedance. Various modifications [8] and [9] were made to the
Francis’ equation in order to increase its accuracy. The final forms of the model are a set
of differential equations which are shaped to best duplicate the experimental waveforms.
The parameters of equ-ations.are obtained from the measurement. The final goal of all

the above modeling approaches is to accurately match the lamp’s voltage and current
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waveforms in the time domain.

The interest of lamp modeling here is to characterize its salient feature, negative
incremental impedance, and to provide a good base for the ballast design. As we know,
at high frequency or dc operation, a lamp’s steady-state impedance can be considered
as a resistor B. Thus instead of studying a lamp’s steady-state behavior, our efforts are
focused on the change of operating point or its incremental impedance. As opposed to
the previous approaches, a lamp’s incremental or small-signal model is studied in the
frequency domain where the negative impedance can be clearly presented in poles and
zeroes. In addition, stability.analysis of the lamp and ballast is also easy to perform in
the frequency domain because of convenience and the availability of existing analytical
tools.

General study of the lamp negative impedance and stability are performed in this
chapter. The study of the most practical case where the carrier is a high frequency
sinewave will be presented in the next chapter. First, both steady-state and incremen-
tal lamp impedances will be defined. Only the incremental impedance is important in
stability analysis. Based on the results in previous publications, Section 2 introduces
a general shape of the lamp incremental impedance and the way to characterize it in
the frequency domain. Physical interpretation of the above property is given based on
the modified Francis equation. Stability analysis of the lamp and ballast is treated as
a one-port circuit stability problem. Another kind of negative incremental impedance
in power electronics, the incremental input impedance of a dc-to-dc switching regulator,

which is the dual case of a lamp’s impedance, is described in Section 3.

2.1 Lamp Impedance: Steady-state and Incremental

As mentioned earlier, lamp v-i characteristic at high frequency approximates a re-
sistor. Figure 2.1 shows the waveforms of lamp voltage and current where they are
completely in phase and share nearly the same shape. To better demonstrate its termi-
nal behavior, the same waveforms are shown in i-v plane of Figure 2.2. The trace shown
contains a little hysteretic loop but is very close to a straight line passing through the

origin. This is because at high frequéncy the switching period is much smaller than the
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Figure 2.1: Voltage (upper trace) and current waveforms of a fluorescent lamp at high
frequency operations.

gas ionization constant. Gas does not have enough time to ionize and recombine within
a switching cycle so that its impedance looks like a pure resistor.

When the lamp current varies as in a dimming ballast, however, the slope of the
straight line also changes. So the lamp resistance is not linear but a function of lamp
current. The trace of the moving operating point is plotted in Figure 2.3, which is similar
to the lamp steady-state curve at dc operations as in Figure 1.1. Now we have two curves
to describe the lamp impedance. One is the straight line A — O through the origin which
has a positive V/I slope and describes a lamp’s steady-state behavior. Another curve
A — B has a negative dv/di slope which describes the change of the operating point or

its incremental behavior.
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Figure 2.2: Lamp voltage and current waveforms in i-v plane at high frequency opera-
tions.

To study a lamp’s incremental impedance, a perturbation which is sufficiently small
in magnitude is applied around the operating point so that a linear small-signal model
can be obtained. The ballast can also be analyzed to a good approximation based on the
small-signal model. For example, when lamp is driven by a dc power source superimposed

with a small-signal perturbation, its voltage and current are:

v=V+9 (2.1)

i=I+1 (2.2)
where the applied perturbation voltage # and the resulting current  are:

b = |9)cos(wpt)

i = Iglcos(wmt - ®m) (2.3)



Figure 2.3: Plot of change of lamp operating point in i-v plane at high frequency opera-
tions.

and the small-signal condition is

= <=

~|

(2.4)

The incremental impedance is

. S |p
Zi(jwm) = H Lpps.

As another example, if carrier is a perturbed sinusoidal, then

(2.5)

v =(V 4 9)sin(wst) (2.6)

i = (I + 1)sin(wst) (2.7)
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where % and ¢ can be expressed as in Eq. (2.3) and satisfy the small-signal condition.
The incremental impedance can be also defined as in Eq. (2.5).

As a summary of the above discussions, the steady-state impedance and incremental
impedance are set forth in the following definitions:

Steady-state impedance: Magnitude ratio of lamp voltage over current at a
steady-state operating point. If the carrier is dc then the steady-state impedance is
the dc voltage over dc current. If the carrier is high frequency sinewave, then the steady-
state impedance is the ratio of their rms values. In both cases, it is a positive value.

Incremental impedance: Ratio of small-signal magnitude perturbations in lamp
voltage over that of lamp current. Usually it is a complex number, and a function of
the perturbation frequency w,,. Incremental impedance is also called as small-signal
impedance.

A steady-state impedance is usually associated with a large-signal operating point
while an incremental impedance is concerned with small-signal perturbations of an op-
erating point. Since lamp carrier waveforms include sinewave, squarewave and dc, etc.,
the steady-state point is not necessarily a dec operating point.

An interpretation of the above definition is.illustrated in Figure 2.4 where a lamp is
driven by a high frequency sinewave at the {requency w; whose amplitude is modulated
by a slow-varying signal at the frequency w,,. The incremental impedance of the lamp
thus can be defined as the ratio of the slow-varying signals which modulate lamp voltage
and current, respectively. It is the incremental impedance that appears to be negative at
low frequency as shown by the curve A-B in Figure 2.3. In the mean time, lamp voltage
and current waveforms are still proportional. Large-signal impedance remains resistive
because lamp is a passive component{ which always consumes power.

Stability problem is closely related to the change of lamp operating point. The lamp

incremental impedance will be studied first before stability analysis is performed.

2.2 Negative Incremental Impedance and Stability of Fluorescent Lamps

Fluorescent lamp has a negative incremental impedance and it needs a ballast cir-

cuitry to set up a stable operating pyoint. This statement will be fully explained in this
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Ycos(@mt+dm) |

|4

{tos( (:Int)’J

Figure 2.4: lllustration of the incremental impedance with high frequency sinusoidal car-
rier.

section within the scope of lincar circuit theory. Based on the measurements in the
frequency domain, the distinctive property of the lamp incremental impedance Z;(s) is
studied first. It turns out that the negative impedance can be effectively modeled by
a right half plane (RHP) zero in the frequency domain. The physical interpretation of
this simple result is given based on the modified Francis equation. To establish a stable
operating point, an equivalent ballast component Zp(s) has to be placed between the

lamp Z;(s) and the voltage source v,. Certain stability criteria for Zg(s) in terms of

Zi(s) are also derived.

2.2.1 Negative Incremental Impedance of Fluorescent Lamps

The small-signal impedance Z;(s) of fluorescent lamps in various carriers were mea-
sured and reported by several authors [7], [9], [10]. Results of measurement in the case

of high frequency sinewave will be shown in Chapter 3. They all share a common shape
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Im(Z)
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/ Re(Z)

%=0 Om= o2

Iigure 2.5: A typical plot of lamp incremental impedance Z;(s) in complex plane.

as shown in Figure 2.5 where the impedance Z(s) is plotted in the complex plane as
a function of modulation frequency w,, = s/j. When w,, is close to zero, Z)(s) has a
negative value with a phase of 180°. As the modulation frequency w,, increases, the
magnitude of Zj(s) rises but its phase decreases. When the modulation frequency wy,
approaches the switching frequency ws, Z;(s) is close to a positive value.

From the previous plot in Figure 2.3, we can infer that incremental impedance Z;(s)
must be negative when w,, is zero since the slope of A — B curve in i-v plane is negative.
Since the trace is plotted by dimming the lamp manually, its slope can be considered
as the dc value of the incremental impedance or Zj(s)|s=0- On the other hand, when
the modulation frequency w,, approaches the switching frequency w;, the small-signal
impedance Z;(s) should be close to the positive slope of the straight line A — O. [9]

illustrated how the phase of the small-signal perturbations changes when lamp is driven

by dc power.
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A real rational function, which is the ratio of two polynomials with real coefficients

in the factored form as shown beclow, can be used to fit the measurement. .

_ E) (F1) (£ +Y)
Zi(s) = K(Pil+1)(p%+1)...(7§7+1)

where K is a multiplication factor, Z;, P;, i = 1...n are real zeros and poles, respectively.

(2.8)

Certain properties of the above rational function can be derived from the special shape
of lamp impedance. First the lamp impedance has definite values at both zcro and
high frequencies so that the numerator and denominator of the impedance function must
have equal orders. In addition, since Z;(s) is negative when w,, or s is zero, so K < 0.
Finally Z;(s) is positive when w,, = s/j approaches infinity, so the product of all Ps ands
Zs are negative. Now assume 7;(s) does not have any RIIP poles (which makes sense
since the lamp can be dircctly driven by a current source) and note the phase of 7;(s)
monotonically decreases from 180° to 0°. It is thus concluded that there is a right half
plane zero in Z;(s).

According to the linear circuit theory, an impedance with a RHP zero can not be
driven directly by a voltage source since otherwise the transfer function of its current
would contain a RHP pole. The above statement indicates if the lamp is directly con-
nected to a voltage source, its current would not be stable. Certain measures need to be
taken to stabilize the lamp current. For example, a ballast circuitry with an impedance
of Zg(s) can be inserted between the lamp and a voltage source.

The RHP zero in Zj(s) uncovers the mystery of the lamp’s negative incremental
impedance in a rather straightforward way. It would be interesting to find any inherent
connections between this simple model and physical principles in the gas discharge as

described next.

2.2.2 Interpretation of RHP Zero from Modified Francis Equation

Francis [2] proposed a first order linear differential equation to describe the gas dis-

charge behavior:

dgj
— 1 2,
= Aw — By (2.9)
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where y is lamp conductance, w is lamp power and A, B arc positive constants. It
states that the change of lamp conductance is proportional to its power and in reverse

proportionality to its conductance. At steady-state, it becomes
AW =BY or V?=RB/A (2.10)

when W = VI and Y = I/V are substituted. If the lamp carrier is dc, then the steady-
state solution is just its dc operating point. I the lamp carrier is a high frequency
sinewave, then the steady-state operating point represents its rms values since switching
period is much smaller than the ionization constant and conductance can be considered

as constant.

From LEq. (2.9) the small-signal impedance Z;(s) can be derived. First y can be
presented by:

(2.11)

i=I+1, v=V+9. (2.12)

Substitute Eqgs. (2.11), (2.12) and (2.10) into Eq. (2.9) and apply Laplace transform;
Z)(s) can be obtained as (derivations are shown in Appendix A)
|4 E

4ls) = Feravaa =)

(2.13)

It does not show a RHP zero!

Reflect briefly on the fact that the RHP zero in Z;(s) is related to the negative
incremental impedance or more specifically it relates to the negative slope of lamp’s
v-i curve A — B. But the steady-state solution in Eq. (2.10) says V is a constant or
Zi(8)ls=0 = 0, which means Francis equation does not predict a negative impedance.
That is why Z;(s) derived does not have a RHP zero even though it satisfactorily explains
the first order effect of the gas discharge behavior. In fact, this observation may also
even explain why several modifications [8] [9] were made to the Francis equation for a

better simulation in the time doma.iﬁ.
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Thus a modified model which can better handle this issue is proposed as

dy Ai

E = m — By (2'14)

where G(i) is a monotonically decreasing function of i. lts steady-state solution is

B

and it has a negative slope since G'(I) < 0. In [11] a lamp model is proposed and verified

oV
v Yme 5o 2.16
\/§ S ( )
which is a specific case of Eq. (2.14) when
A (Vinas ,
G4 :—( ma“L—RsI). 2.17

The small-signal impedance derived from Eq. (2.14) is

_ Vs+AVIG(D)/GA(I)
T T s+ VA/GU)

which indeed has an RHP zero —AVIG'(I)/G*(I).

Zy(s) (2.18)

In conclusion, the negative slope in the lamp’s v-i plot and the modified Francis
equation inherently gencratc a RHP zero in the small-signal impedance Z;(s). However,
the above discussion only discovers the existence of an RHP zero in the lamp model. To
accurately fit the measurement, zeros and poles have to be properly chosen in Eq. (2.8).
Generally, the higher the order of the polynomials are, the better the rational function

will fit the measurement.

2.2.3 Stability Analysis

Since Z;(s) has a RHP zero, it can not be directly connected to a voltage source v4(s).
One way to stabilize its operation is to place a ballast network having an impedance of
Zp(s) in series with it. The stability problem is considered as an example of the more
general one-port circuit stability problem [12] as illustrated in Figure 2.6. There are three
elements: voltage source v,(s), a ballast network with an impedance of Zg(s) and a lamp
represented by its incremental impedance Z;(s). After Z;(s) is given, certain conditions

have to be met by Zg(s) to ensure the stability of lamp current #;(s) as developed next.
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g(S) i (S)

Figure 2.6: A block diagram of ballast/lamp system comprising a voltage source v4(s),
an equivalent ballast impedance Zg(s) and a lamp model Z;(s).

Lamp current #;(s) can be expressed as

vs(8) 1

") = 2T 4 2

(2.19)

The necessary and sufficient condition of its stability is 1+ Z;(s)/Zp(s) does not have any
RHP zeroes, which means, from Nyquist criterion, The Nyquist plot of Z;(s)/Zg(s)
does not encircle (-1, 0) point.

A stronger or a sufficient condition can be easily seen

Zi(s)
Zp(s)

< 1. (2.20)

Physically this criterion implies that a lamp wants to see a current source. In a special
case of resistive ballast with dc carrier, the necessary and sufficient condition simply
reduces to R > |r|, where r = Zj(s)|s=0 as discussed in Figures 1.1 and 1.2.

Placing a circuit network Zg(s) between the voltage source v5(s) and a lamp Z;(s) is
a simple way to set up a stable operating point. Zp(s) provides an impedance transfor-
mation, but at the same time this added network will incur certain power loss and reduce
the system efficiency. For example, if a lamp is operated from a dc voltage source, then
the resistor R which is to stabilize lamp current will significantly decrease the system

efficiency. At high frequency sinewave operation, usually a resonant matching network
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Figure 2.7: A block diagram of a close-loop ballast where lamp current 1;(s) is sensed to
control the input voltage v,(s).

(which has a output impedance Zp(s)) at parallel resonance provides the impedance
transformation required by the lamp. It inevitably causes certain conduction losses due
to the excessive circulating current flowing through the parallel branch. This problem
can be avoided by another approach as explained below.

Another way to stabilize the lamp current 7;(s) is to operate the lamp in a close-loop
manner as shown in Figure 2.7. Lamp current 4;(s) is obtained from v,(s)/Zi(s). 1(s) is
sensed, amplified by the compensation network G(s), then compared with the reference
Vres. The error signal then controls the magnitude of the voltage source vy(s) which is
applied across the lamp to regulate its current i;(s).

According to the control theory, a system which is open-loop unstable or has an
unstable plant (due to the RHP zero in Zj(s)) can be always stabilized by closing the
loop [13]. This can be shown by using the complete version of Nyquist criterion [14].
The system characteristic equation is:

G(s)
Zy(s)

14 : (2.21)

Since Z;i(s) has a RHP zero, then %((% has a RHP pole, or system is open-loop unsta-
ble. Therefore necessary and sufficient condition for a stable close-loop system is the

Nyquist plot of %((% counterclockwise encircles (—1,0) once.
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Physically, the feedback loop converts the voltage source into a current source in or-
der to build up a stable operating point. This impedance transformation is accomplished
without adding any components in the power conversion circuit but at the price of in-
creased complexity of the control circuitry. A ballast based on this concept is introduced
in Chapter 3.

To make the above analysis complete, appropriate models which can effectively rep-
resent the circuit small-signal low-frequency behavior of various carriers arc also needed
so that the above classical linear circuit theory can be legitimately applied. If the carrier
is dc then the circuit model is the original circuit itself. If the carrier is the squarewave
as in the PWM switching converter, then state space averaging approach [15} would be a
useful tool to derive the small-signal model w