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Dynamic Interaction Analysis of HF Ballasts and
Fluorescent Lamps Based on Envelope Simulation
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Abstract—A SPICE-compatible simulation methodology for an- Viamp
alyzing open— and closed-loop high-frequency electronic ballasts A current
for fluorescent lamp was developed. The proposed procedure ap- \ source
plies envelope simulation and makes use of the SPICE-compatible Vs ¢ ‘\
model of a fluorescent lamp. Experimental results validate the re- ~ \
liability of proposed simulation method. ~ N \
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I. INTRODUCTION

LUORESCENT lamps are nonlinear devices that exhibit
negative resistance over the useful range of operation. Ag. 1. The statid’—I representation of high frequency ballast-lamp system
low frequency, this negative resistance peculiarity is pass@f'aing in open-loop configuration.
through during each period of the ac driving current [1]. When
the fluorescent lamp operates at high frequency, the negatialasting element (e.g., the series inductor). As the open-loop
resistance is associated with the average power rather tlafput impedance of the ballast is decreased, the effect of
with the instantaneous, cycle by cycle, power [2]. To avoithe incremental impedance of the lamp must be considered
problems of instability in open-loop operation due to th{8]-[5]. To handle such cases one would need design tools that
negative resistance characteristics of the lamp, the driver needa deal with the full dynamic behavior of the ballast—lamp
to have a high output impedance [3]. The classical treatmentgyfstem, including the time dependent response of the lamp.
the problem is normally carried out by examining statie/ At present, such tools are unavailable. The objective of this
plots similar to Fig. 1. Open-loop operation calls for a “currergaper was to develop a simulation procedure that will enable
source” driver since a “voltage source” driver will result inthe examination of ballast—lamp systems over a wide frequency
unstable operation. At present, commercial electronic ballagésge. Such a tool may conceivably be used to study and design
are designed to comply with the “current source” behavior jose loop ballast-lamp systems.
placing a high impedance element (the ballast) in series with
the lamp. The system may include some feedback to stabilize
the operating point or to facilitate controlled dimming. This
low frequency feedback network is normally designed underThis paper addresses the issue presented schematically
the assumption that the lamp can be represented by a resigtoFig. 2, namely, closed-loop operation of a lamp-ballast
when operated at high frequency [2]. This assumption is a gosgstem. In the example considered here, an inverter drives a
approximation as long as the open-loop system (e.g., balllabrescent lamp. The current of the lamp (after rectification)
and lamp) is stable. is used as the output signal of the plant. The objective of
An alternative approach to stabilizing the ballast-lamihe control is to stabilize the current of the lamp. The lamp
system is to obtain the current source behavior by incorpcan be driven by an ac pulsewidth-modulation (PWM) signal
rating a wide bandwidth feedback to emulate, in closed loofhat is, in fact, amplitude modulation (AM), or by phase- or
a “current source” output characteristic. The advantage fwéquency-modulated (PM, FM) signals in which the amplitude
such a solution would be the smaller size of the physice kept constant but the frequency is controlled. In the latter
cases, the frequency shift will affect the lamp current due to the
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HF Electronic As was shown earlier [5], the small-signal response of this
c 0 Ballast T ! amp model follows that of the physical lamp. The incremental ad-
ontroller _ YT — mittance of the modeY (f1.) as a function of the small-signal
Vs=f(Verr) 1 _"_ Vi frequency(fr) includes a pole located at the right half of the
po—— lamp i .
A L complex plane and a zero at the left side of the plane [5]:
T T e
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Fig. 2. Electronic ballast for a fluorescent lamp operating in closed loop.
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Fig. 3. SPICE-compatible equivalent circuit of a fluorescent lamp. This negative resistance explains Why the Iamp will be un-

) __stable when driven by open-loop “voltage source” ballasts [3],
knowledge. In this paper, we attack the problem of obtalnlr[g]_

the small-signal response by SPICE simulation.

B. SPICE-Compatible Envelope Simulation

Ill. PROPOSEDSIMULATION METHOD . .
The method of envelope simulation [6] follows the concept

The approach pursued here hinges on two elementsofahe “imaginary resistors” as was discussed in [7]. Any analog
SPICE-compatible model of the fluorescent lamp [5] and thRodulated signal (AM, FM, or PM) can be described by the
method of SPICE-compatible envelope simulation [6]. For thfellowing general expression:
sake of completeness we repeat here the fundamentals of these

two tools. w(t) = U (t) - cosw.t + Us(t) - sinw,t (8)

A. SPICE Model of Fluorescent Lamp whereU () andU,(t) are the modulation signals and is the

The equivalent circuit that can be used to emulate the staiegular frequency of the carrier.
and dynamic behavior of a fluorescent lamp, when driven atEXPression (8) could also be written as
high frequency [5], includes three dependent sources and some . .
passive elements (Fig. 3). This SPICE-compatible model hinges u(t) = RE(UL(t) — j - Ua(t)) - exp(jwt)] 9)
on the fact that the impedance of fluorescent lamps operation at

. . ; L . or

high frequency is approximately resistive and that the resistance
is a function of the lamp rms current [2].

The definitions of the dependent sources are thus (per the u(t) = [U(t)] - Refexp(arg(U(?))) - exp(ywet)] (10)

notation of Fig. 3) wherearg(U (1)) is tan— (— Uz (£) /UL (£)).
e 2 Expression (10) implies that the modulated signal in the time
£y = {i(lamp)} (1) domainu(t) can be represented by a generalized phasor that
Ey =+/v(p) (2) both its magnitude and phase are time dependent. The expres-
_ v(lamp) sion of the complex phas@r(t) is
Gr=—% 3)
—3 4 Ky + K -v(rms) Ut) = U(t) — j - Ua(2). (11)
v(rms) + Ha2 1 1 J 2
whereK7, K», andK35 are constants of the lamp. The magnitude
Note, that here we extend the fitting range of the model by .
applying a second-order polynomial. This extension was found ‘U(t)‘ = V{U1(0)} + {Ua(t)}2 (12)

to emulate the behavior of the lamp overa 1 : 10 dimming range.
For such a range, a second-order polynomial fitting seemsgsaequal to the modulation envelope of the original sigi@)
better choice [5]. (20).
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The input to this circuit £,) needs to be proportional to the
square of the lamp rms currefitlamp)). This can be obtained
for the simulation model by addling the contributions of the real
and imaginary parts [Fig. 4(d) and (e)] Namely, the output'of

(the voltage at nodeisq”) is defined as

ofisg) = LG UG )

whereuv(isg) is the voltage of nodessq” and (G4 ) andi(G1)
are the current through elemertts andG», respectively. No-
tice that dividing by 2 is required to translate the envelope signal
(that follows the peaks) to rms values.

Following the explanations given in Section Ill, it is thus ev-

L 2ot > @At L L denttha
1 Y S S &Y
T g, 2 g 2
)4 I G G l y o(rms) = \/%/ HEFEHEI 4y (ag)
@ ™S 7 e ’
The definitions of the dependent sources are thus [per the
&, @ notation of Fig. 4(f)]
RO ol 3 (G + [i(G))
= ® B, = 5 (20)

Ly =+/v(p). (21)

Fig. 4. SPICE-compatible model used to run envelope simulation of a ballast—
lamp system.

V. EXAMPLE

IV. ENVELOPE SIMULATION OF A BALLAST—LAMP SYSTEM . .
For the illustrated case, we chose the carrier frequéficy-

The envelope simulation procedure is demonstrated by coR-/27) to be 28.9 kHz, the modulation parametery; =
sidering simple ballast driving a fluorescent lamp via a seriegg v, fm = 800 Hz, and Kpy = 6.25. The simulation
inductor [Fig. 4(a)]. It is assumed that the circuit is driven by @&as carried out for an OSRAM lamp (L 18 W/10) for which
PM-modulated carrier of the form the model parameters were measured tole = 51.3,
Ky=-816,K3=753,R;, =1 kQ, C; = 100 nF.

The circuit was prepared for envelope simulation per the pro-
&gdure given above. The equivalent circuit can be fed to any cir-
Hsimulator (we have used PSPICE) to carry out time domain
RAN) simulation.

Once the time domain simulation is done, any of the envelope

v(t) = Ag - cos(2m - fo -t 4+ Kpn - cos(2m - firn - 1)), (13)

The circuit was transformed according to the guidelines giv
above, assuming at first that the lamp can be represented
resistor [Fig. 4(b) and (c)]. The phasor domain sources were

Vi = Ag - cos(Kpm - cos(27 - fi, - 1)) (14) signals can be displayed. For example, the rms current of the
Vo=—Ao- Sin(KpM . COS(27r N t)) (15) Iamp IS
. 2 s 2
In the next step, we replace the resistisk, that were ini- Ty = \/{L(G1)} ;—{L(GQ)} 22)

tially used to represent the lamp [Fig. 4(b) and (c)], by depen-
dent current source§; andG, [Fig. 4(d) and (e)], to account while the RMS voltage of the lamp is
for the dependence of the lamp resistance on the rms current of
{u(re)}? + {v(im)}?
= 5 . (23)

the lamp. The definitions off; andGs follow (3): Viamp

rms

v(re)

Gy = (16) The plots of Fig. 5 demonstrate the excellent agreement be-

Ky -v(rms) + K> + s tween the proposed envelope simulation and cycle by cycle sim-

) v(rms) ulation (using in both cases the fluorescent lamp model [5]).
Gy = v(im) 17)
K1 -v(rms) + Ky + _Ks VI. SMALL—-SGNAL RESPONSE
v(rms)

To solve the problem of feedback loop design of a ballast—
The lamp’s model has to be modified now to take into accoulstmp system, we need the transfer functitwys/ver.)(s)

that the current is broken into the real and imaginary part. Sinfféig. 2). This can now be obtained by envelope simulation of

the resistance of the lamp is a function of the absolute valuetbé system. The transfer function is extracted by injecting a

the lamp rms current, we define a single additional subcircigéries of envelope signals and measuring the gain and phase.

[Fig. 4(f)] to derive the smoothed value of the lamp rms currento test this proposed procedure, we examined the case of the
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Fig. 5. Comparison of envelope and cycle-by-cycle simulation results for tt . i
circuit of Fig. 4. 100Hz 1kHz 10kHz
Frequency
+170V Fig. 7. Simulated small-signal response of the experimental ballast (Fig. 6)
loaded by a resistor (150 Ohm) and a fluorescent lamp load.
MC34066 y ( ) P
Gain [dB] Phase [°]
Ve;r_ISUF 2 4mH 10n|: Gain{lamp) i 4282427 kHz
Phase Q2 -60dB e e - 200°
Modulator]
Y 10kOhm  10hm
6700hm
v v 2 g L4mF l 100°
500hme T -70dB
Vib AV A
10KONm _ 10kOhm S
:Phase(resistor) °
-80dB T b 0
Fig. 6. Experimental ballast-lamp system.
QOB 4o d -100°
system of Fig. 6. The nominal switching frequency was 30 kH | i & & @ iiii: ™= % Vg
and the input voltag®’.,.. was applied to phase modulate the Phase(lamp) )
signal. It should be noted that the experimental ballast—lary ~100d8 3= S I e i1 -200
assembly is rather close to the instability region since th e —
y Y 9 100Hz 1kHz 10kHz

operating frequency is close to the series resonance frequet
(33 kHz) [3], [4]. Two tests were run: one with a load resistor
of 150 Ohm replacing the lamp and one with an OSRAM L 18y 8. Measured small-signal response of the experimental ballast (Fig. 6)
W/10 lamp. Comparison between the simulation results (Fig. /@aded by a resistor (150 Ohm) and a fluorescent lamp load.
and the measured data (Fig. 8) show very good agreement.

The experimental and simulation results suggest that the Ballast

Frequency

system can be readily stabilized around the nominal operating L "Co  RT Vamp_2MP
point by a feedback loop. jonF_100hm| Tame 1 (TY]
______________ -l |
e
Hal
VII. STABILITY ISSUE ANDNYQUIST PLOTS '_ l
We apply now the proposed simulation method to examine
the stability of ballast—lamp systems operating in open lo®. 9. Ballast-lamp system operating in open loop.
(Fig. 9).
Vex (Fig. 9) is an amplitude-modulated excitation signal Vex Verr 1
+ Zballast lilamp

Vex = Am (1 + Ky, - cos(2m - Fp, - 1)) - cos(2m - F. - t). (24)

Viamp

Ziamp |

The open-loop ballast-lamp assembly can be treated as a
feedback system by examlnmg the VOItage across the series 'tgal 10. Control block diagram of ballast-lamp system operating in open loop
last. The voltage of the series eleméht.. is the difference be- (,:,g 9).
tween the excitation voltagé,,. and the lamp voltag#iau.p

We can represent the system (Fig. 9) by a control block dia-
Verr = Vex — Viamp- (25) gram of the form shown in Fig. 10.
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Fig. 12. Envelope simulation SPICE-compatible equivalent circuits of 30
separated ballast—lamp system operating in open loop (Fig. 11). gﬁ
- . . -4
Therefore, it is clear from Fig. 10, that the “loop gain” of the
open-loop ballast lamp system is
-8
. -6 -4 8 12
LoopGain=  Zamp- (26) Re(LoopGain)

ballast

This implies that one can examine the stability by, sa}_( _ . . .
. 13. Nyquist plots of the LoopGain for different values of carrier
Nyquist plots of the function LoopGain. To this end, we caﬂequency: (@F. = 33.3. kHz (b) F. = 32.3 kHz. () F. = 30.3 kHz.

separate the two transfer functiony.Zy,anas: and Zi.mp and
put them in tandem (Fig. 11).

The “broken” network of Fig. 11 is always stable (the lamp Glamp = V{I(Er o)} + {I(Er_im)}? (29)
is fed by a current source) so we can even examine by simus _
lation cases in which the original ballast-lamp assembly is un- B =1 (Eramp) - < e+ Ky UUmS)) - (30)
stable. The original driver (Fig. 9) can be simulated (by normal
cycle-by-cycle or envelope simulation) only if the system is The parameters of the fluorescent lamp model are the same
stable. If the system is unstable, the simulator will fail to st&s given in Section IlI.
bilize the system (of Fig. 9) at the desired operating point. The simulation was repeated for various values of excitation

We demonstrate the proposed simulation method for thignal frequency. Amplitude valué,, of excitation signal (27)
LoopGain by considering the envelope simulation SPICE-comas adjusted to maintain the same lamp operating point in all
patible equivalent circuits (Fig. 12) of separated ballast—lanigns. The results where used to generate Nyquist plots of the
system (Fig. 11). LoopGain function (Fig. 13).

The simulation was done for the given RLC ballast—fluores- The resonant frequency of the ballast under consideration
cent lamp model topology (Fig. 9). The nominal ballast-lamp(&ig. 9) is 35.5 kHz. At frequencies close to the resonant

(rms)

current wad).34 A4, ., and frequency the ballast represent low impedance and instability
may occur. This can be observed in the simulation results. The
Einre =Am - (1+0.05-cos(2 -7 - Fry - 1)) (27)  system is unstable at 33.3 kHz [Fig. 13(a)], oscillatory at 32.3

Einim =0 (28) kHz [Fig. 13(b)] and stable at 30.3 kHz [Fig. 13(c)].
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To verify the results of envelope simulation (Fig. 13), we run [3]
cycle-by-cycle simulation of the complete ballast-lamp system
(Fig. 9). It was found that the system was indeed stable for

carrier of 30.3 kHz and unstable for the other two cases.

VIII. Di1scussiON ANDCONCLUSION

The results of this paper show that envelope simulation
can be useful to obtain the small-signal response of a highy7)
frequency ballast—-lamp system. Based on the open-loop gain
and phase, the feedback path can be designed by classical
frequency domain techniques. The validity of the proposed
simulation method was verified against experimental results,
showing that the simulation tool is reliable and simple to use.
It is thus concluded that by applying the proposed simulatic”
and design methodology, one can improve the performar
of electronic ballasts by operating the system in closed-lot

configuration while assuring dynamic stability.

The results of this paper further suggest that once the inc
mental impedance is taken into consideration, the necessity
having ballast with open-loop “current source” characteristic

can be removed. That is, with properly designed feedback,

ballast—lamp system can be made stable in closed loop, even if it
is unstable in open loop. This implies that stable ballasts can be
designed with series elements of small impedances. Filaments
preheating and lamp ignition can be achieved, in such cases *
adding a small series inductor and a small parallel capacitor. T
parallel capacitor should be placed in series with the filamer
as shown in Fig. 2. Start up conditions can be met by driving tl
system at frequency slightly above the (very high) series res
nant frequency. The small series inductor will also help to r

duce the EMI and help achieve soft switching.
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