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Abstract— This work presents the study and the implemen- this work is classified as typ€ and the limits established by
tation of a repetitive controller for the power factor correction  the standard are listed in Table I.
(PFC) for electronic ballasts, using a boost converter. A quick

review of repetitive control is presented followed by the controlle TABLE |
design. It can be seen through experimental results that the IEC-61000-3-2STANDARD FOR CLASSC EQUIPMENTS.
repetitive control implementation applied to the PFC' presents i s
a simple solution and a straightforward implementation with Harmonic (n) | Standard limit (%)
satisfactory results when compared with others techniques, as 2 2
described in the article. 3 30*PF
Keywords - Repetitive Control, THD, PFC, Electronic Ballast. ? 170
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I. INTRODUCTION 11<n<39 3

This work presents the study and implementation of a
controller for the power factor correction stage in an etaut obs.: PF (Power Factor)~ 1.
ballast with a boost converter used to supply High Pressure
Sodium - HPS lamps. These lamps behave as a constantThe main goal for the repetitive control in this work is to
resistance in high frequency operation. Symptomatic gnergduce the effect of theDC' link voltage oscillation in the
crisis all over the world have brought to the center of thesceoutput (lamp) voltage. These are low frequency oscillatioh
the efficient and rational use of electrical energy, amomgmt known spectrum, typicalll20H = due to the diode rectifier,
forms. Public lighting has a considerable share of the gnerghich for their repetitive nature, may be easily rejectehgs
consumption. Therefore, the use of long lasting efficiemtyda.  repetitive control.
and ballasts has been proposed in this sense. The remaining of this work is organized as follows: Section
High intensity discharge lampsH(/ D) are broadly used ||, a brief review of the repetitive control and its applicet in
in public and industrial environments due to their high tighhe electronic ballast is presented. Section Il deals with
efficiency and long term lifetime as well as a good colaesign of the repetitive control associated with a Pl cdntro
reproduction. These lamps, due to their negative resistartd presents some simulation results. Section IV compares
characteristic, demand devices which limit their curremgid- the proposed technique with other two approaches based on

ing thus their malfunction or disruption. On the other han@xperimental results. Finally, in Section V, the conclosiof
these lamps demand high ignition voltages [1]. Ballasts c@fe work are made.

be classified in this context in two classes: 1) the Elec-
tromagnetic (conventional) ones and 2) the Electronic ones Il. REPETITIVE CONTROL: A BRIEF REVIEW
The first ones are bulky, heavy and present low efficiency, The repetitive control is an appropriate strategy for tiagk
poor power regulation and high sensitivity to oscillatians periodic signals in the presence of disturbances, which, in
the feeding line. Generally, these ballasts present lowepowits most common version, presents itself as a plug-in type
factor. The electronic ballasts are smaller and lightentthee control associated with standard feedback compensation. |
electromagnetic ones and are capable of controlling theepovis based on the Internal Model PrinciplelA7 P and in the
and light flux in the lamp. They also posses a good powdecomposition of the control and disturbance signals irriEou
regulation when submitted to oscillation in the line vokag series. According to thé)M P [2], in order to achieve tracking
besides eliminating the stroboscope effect, and can apératerror convergence to zero in steady-state it is necessaty an
both low and high frequency. sufficient that the generator for the reference signal bedtec
The International Electrotechnical Commission Standaiathe closed stable loop. The generator for the referempebi
establishes limits for the current harmonics emission inads is understood as the linear system (a compensator), which fo
(gathered in classes) with current smaller thér per phase, certain initial condition and null input, generates theerefice
described in the IEC-61000-3-2 standard. The ballast usedcommand as an output.
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Based on the/ M P, a compensator that generates all the distance

periodic references must be incorporated in the closed lo&eee
of the controller in order to track periodic signals of a kmow_ *
period T, in steady-state. If stable, the repetitive control wilf*
guarantee zero tracking error without exact knowledge ef th

plant.

The closed loop dynamics of the repetitive control presents ) » _ _
high order and it is very sensitive to high frequency noise arggbﬁ'iziﬁlozlgrﬂ'%?ram of the repetitive control plug-in and the main
unmodeled dynamics. As mentioned above, it is a plug-in type g '
controller used in combination with state feedback cotgrol
such asPI, Adaptive Control, Deadbeat, etc. The K,(z) block corresponds to the stabilizing controller

Figure 1(a) shows the diagram of a generic feedback contt@|P€ defined, in discrete time. The repetitive control bjock
and the additional structure of a repetitive control in @mnt #(2) [5], is described in discrete time in Figure 3.
ous time.P is the plant to be controlledy, is the standard
stabilizing controller ands,, is the command generator used réference error
to track a periodic signab. The output variable is fed back
and compared with the reference, generating the error Isigap + . - u
z. J;z'—>cr—>C(z)—>

+
e D e T e Il o '
[ e—Ts

feedback
control

plant output

repetitive control

repetitive control signal

Q(Z-1) — N

Fig. 3. Block diagram of the repetitive control.

(a) Repetitive Control Kg) (b) PSG Note that the block—" delays the input signal (the error
r —y) of N sampling periods, which correspond to one period
Fig. 1. Block diagram of a) the repetitive control and b) the periodiof the reference signal. The same ™ block is inserted
signal generator (PSG). previous to the filterC'(2~') in order to render it causal.
In this structure, the block§)(z~!) and C(z~!) are low-

A periodic signal generator of period’, with infinite pass filters aiming to guarantee stability margins to theeclo
frequency spectrum, is a pure delay of the type’* in loop system, according to the idea of the Modified Repetitive
feedback, as shown in Figure 1(b). Although suitable for ai@ontrol, which is to limit the bandwidth of the periodic sajn
type of periodic signal, there is no admissible controllér capable of being tracked by the control. Lets consider two
capable of stabilizing strictly proper planf3 [3]. In order simple possible structures t@(z—1). One is:
to stabilize systems described by the diagram of Figure 1(a)
for strictly proper plants (which constitute physical gmss QizN=¢q <1 A3)
such as theP F'P boost converter of the present application)
it is necessary that the periodic signal generator be lanite Other possibility is a second order low-pass filter as:
somehow in its frequency spectrum. In other words, a pure
delay with an infinite spectrum is not stabilizable.

Note that the pure delay in the feedback loop, seen as a
transfer function, presents an infinite number of polesjrall
the imaginary axes:

Q1) = az4ag+ ozt @

2001z 4+ ag

which has the advantage of attenuating only the high
frequencies.

TheC(z~!) block is also a filter with the purpose of guaran-
teeing unitary gain and zero phase shift between the céatrol

A trade off solution in this case is the inclusion of a lowinput and output periodic signals, e (27 )Gzt =
pass filter coupled to the pure delay as: 120° where G,(271) = 752:15 There are at least two

1 possibilities forC(z~1!). One is:
Kgpou(s) = 1—a(s)e-Ts 2)

—q(s)e

kg(s) = 1_72,“ (1)

1

C(Z_l) = Gm(z1)

®)

This technique, commonly called Modified Repetitive Con-
trol - M RC [4], operates the removal of the high frequency o _
poles of the generator rendering the plant stabilizablehey t Which implies in obtaining the inverse of the close loop

control actionk(s). transfer function,,, (). Another option, much simpler, is:
There are several variations of repetitive controllerqgisi
the M RC principle. See Figure 2 for an example. C(zh =24 (6)
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THDxq, -C =0.1

where d is determined such that the gain of the output- s
input signals be unitary and the phase shift as close to zero a
possible for the frequency range of interest for the colerol

Finally, ¢, is a scalar gain, satisfying. < 1, and also that
guarantees close loop stability of the system consistintpef

50

I
ol

IN
S

)
a

repetitive and the standard feedback control. gso
It is appropriate to mention that there are other control "2l
approaches using basically the same principles and haeiryg v 20
similar structures of this one [6], [7], [8]. 15}
Section Ill below presents a study for the parameters 1o
design of the repetitive control described above. The stahd 81 02 o3 04 05 o8 07 08 o8 1

feedback control will be &1 controller.

Fig. 4. THD variation as a function of the parametgr.

I1l. REPETITIVE CONTROL APPLIEDTO THE PFC BooST

THDxC,

CONVERTER 70
60
Repetitive control has been applied ihPS (Uninterrupt- o -=-9,015
able Power Supply) inverters with success, aiming at the —9,706
rejection of periodic disturbances due to non linear loads gL 709
consisting of, for example, a rectifier followed by a caparit £ ol
filter and a resistive load.
In the present application, the main objective is to rejret t ?
effects of low frequency oscillation in theC' Link due to the 10
ballast input rectifier, in terms of harmonic distortion imet e
output (lamp) voltage. The boost converter is used, thus, fo 80w 0w o om @ oz oz 00203
power factor correction and the input curré@t/ D mitigation,
using repetitive control. Fig. 5. T'HD variation as a function of the parametsr.

There are applications of the repetitive control #C-
DC' converters using®W M [9], [10]. The main difference  Figures 6 and 7 present tHeH D and the3"® harmonic
between these applications and the one presented hergynifplitude as a function of the controller gainwithin interval
that the power factor correction in the referred papers {s.0.9,0.3). The choice of negative values for is due to the
done in the (three phase) rectifier stage which is contrpllegbn minimum phase characteristic of the boost convertdr [12
whereas in our work the rectifier is uncontrolled and the gfowg can be seen that, for negative values, THé D and the3"
factor correction is done by controlling the boost converteharmonic amplitude are smaller than for the positive values
Therefore, the low frequency oscillation of thBC' link, |t can also be observed that the effect of the capacitance for
caused by the uncontrolled rectifier has also to be rejectggh different valuesCy,..; = 2200 F and Cypose = 220 F.
by the control of the boost converter.

As described in the precedent section, the repetitive obntr
design aims at a compromise between robustness of the tontre
system as a whole and the rejection of periodic disturbances

with a good tracking of the reference signal. 3o
A study of the effect of parameterg, defined in Eq. (3), 250

andc, in the total harmonic distortion was made. Firstwas g

kept constantd. = 0.1) and g, was varied. Figure 4 shows F

these results. Notice that smallgr corresponds to smaller 7

overall TH D values in an almost linear rate fgr < 0.8. For 1op

q- > 0.8, the TH D increases rapidly. 5 ,
Figure 5 presents th&H D response as, varies, for three S S —— e e}

different values ofg,.. It can be seen that tHEH D does not or

vary much for values of,. < 0.8. Yet, forg, > 0.8 the THD

increases linearly withe,.. Fig. 6. THD variation as a function of the parametsr.
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Fig. 8. Diagram of the electronic ballast.

Third harmonic amplitude (%)

‘ ‘ ‘ ‘ The present section shows a comparison between the pro-
A o8 s oa oz 0 0z 04 posed repetitive control approach and two other ones: thie fir
one consists on the use of twBIs (one for the voltage
Fig. 7. Third harmonic amplitude for as a function of. and other for the current), sampling the output voltage at

the same frequency as for the inductor current, called $¢las
cal"approach; the second one uses the sameR\© as the
first one but, with a sampling frequency for the voltage of

A boost converter used as a power factor correction stah@)Hz, implemented through a Zero Order HoldeZ O H.
was implemented in order to obtain a high efficiency ballasthe use of th&ZOH in this second approach, as well as in the
Two different techniques were employed in the boost coeverf€petitive control, aims at the elimination of the0Hz DC
control: the classical approach with current sampling dane link ripple effect in the output voltage [11]. The advantaafe
the same frequency as the current oscillation anfl/athe the repetitive control over th&OH approach is its simplicity
second approach uses a repetitive plug-in control addeneto @nd its smaller computational cost.
main PI control. Both aim at the reduction of the harmonic The ZOH controller, where théC link voltage is sampled
distortion in the input current. at120H z, presents & H D of 4.13% in simulation [11], [12],

In order to validate the proposed technique, a boost cahich is smaller than the previous one. The inconvenience of
verter was implemented as a part of an electronic ball&${ch an approach is the determination of the sampling time
which supplies aH PS-150W GE Lucalox LU150/100/D/40 instant because the correct acquisition of the voltageevalu
lamp. The controllers were developed in a Texas Instruméfiticial for the output voltage regulation. Once an erroseou
(TMS320F2812) DSP. sampled value is obtained due to a miscalculated sampling

The electronic ballast diagram is shown is Figure 8 Tﬁgne instant, a static error is inserted in the control. A eom

characteristics of the ballast are: pow&s0WW; boost output monly used technique to determine the sampling time instant

voltage, V, : 250V; switching frequency.f.: 24kHz; line is based on the zero crossing of the voltage which is not an

voltage, E:127Vrms/60Hz. The boost inductor oscillation €2 task to accomplish by software requires extra hardware
current is given as: Therefore, only the repetitive control was implemented.

Figure 9 presents the block diagram of all the three tech-

IV. EXPERIMENTAL RESULTS

) (V,— E)E niques whereas Table Il shows tii¥ gains K, and K; for
Ay ="— 7, () the same control specifications.
Equation 8 gives the inductor current average as a funcfion ZoH e L) |
. . - iLboost
the input voltage and power: L) —_ NNy Jo Wy »
- CM_boost
—_— P 2 Vref REPETITIVE
- Dv2 ® =
Vrede Voltage loop Current loop

Once the reference voltage is a cosine function and the Fig. 9. Block diagram of the implemented controllers.
maximum current oscillation correspondsio= VT the boost
inductance as a function of the maximum ripple is given as:

TABLE I
I — Vo ) VALUES OF THEPI GAINS K, AND Kj.

Afs Nipmazn Type Voltage Current

_— _ Kp K; Kp K;
For a Aipmaee = 40% of I, and an efficiencyy, of 90%, Classical | 1.5 | 75 | 0,5 | 1.000
L=35mH. Z0OH 15| 75| 0,5 | 1.000
The repetitive control were made with the number of Repetitive| 1,5 ] 75 | 0,5 | 1.000

switching periods per period of the periodic sigrg 200.
Note that the parameterof the filterC(2~!) = »¢isequal ~ The input voltage was varied of27V + %15 and two
2. different values of capacitance were tested in order touevel
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both approaches considered in this study: the classical and

repetitive control. ’ /" | e /‘ | ﬂ
The input voltage variation tests the controller regulatio [ ", o | \.
capability were as, the capacitance variatioh,,s:) evaluates ," ;} ;‘,«q,
the impact of the voltage ripple in th€ HD of the input i / /‘\4
current. I\ \N \
In both tests the same gains for the Pl were used. Tables \
[l and IV show theT HD as well as the amplitude of each 1\ | \ / \\
harmonic component for different voltage values, for both Cm“_“w,.mge(sw,d:;‘ Time Grasiley
capacitance. The power factor and the output power are also ch- Corrent (1474
shown.
(@) Vip, = 146V,
TABLE IIl
HARMONIC COMPONENTS OF THE REPETITIVE AND CLASSICAL
APPROACHES FOR A BOOST CAPACITANCE po05: = 1500uF. =t
R 8 A
Classical Repetitive f \ f"ﬂ“ /‘ A
Vin (V) Vin (V) - \ i
Harm. |EC Standard 104 127 147 104 | 127 v ) * :f
n % % | % | % | % | % &} \_J/ E.,f
2 2 07 | 12 | L7 | 027 | 041 / \ /
3 30*PF 4 3,8 4,5 4 3,78 |
5 10 59 | 58 | 61 6 | 58 Cha- Curremt ey
7 7 0,5 1 1,3 0,7 0,89
9 5 055 | 07 | 08 | 0,87 | 1,04 (b) Vi, = 104V,
11 3 1,2 1 1,3 1,1 1,53
19 3 0.7 L7 2.5 1,05 | 1,61 Fig. 10. Input voltage and current waveforms0{//div), (1A/div)
THD (%) 765 | 801 | 922 7.7 7.81 for Choost = 22uF — Repetitive Control. Time scalesms/div.
PF 0,992 0,993| 0,979 | 0,997 | 1
TABLE IV
HARMONIC COMPONENTS OF THE REPETITIVE AND CLASSICAL 'f"!/“'“ﬂge /‘ /\.
APPROACHES FOR A BOOST CAPACITANCE hp0st = 221.F . 5:\ ‘\L corvnl 1Y '1i ,f,. 1|
Classical Repetitive \/ j/\," j \Q
Vin (V) Vin (V) I | ;
Harm. |EC Standarq 104 147 | 104 147 \ / / \ /| / {
n % % % % % v W f v |
2 2 161 03 | 027 0,32 " L %
3 30*PF 2,16 20,6 4,41 4,25 'cr} V‘o]mge(S[W/dlv‘)\ Tlme(Sms/di}J
5 10 54 8,37 | 6,19 6,32 Ch2 - Current (1A/div)
7 7 04 147 126 141
9 5 0,84 127 0,82 0,86 (@) Vin = 146V,
11 3 1,02 1,29 | 1,08 1,51
19 3 0,84 1,85 | 0,92 2,21
Vout (V) 2505 262 | 250 250,1 P
THD (%) 6,5 22,64| 8,06 8,01 i, }l
PF 0,997 0,92 0,997 0,987 \';|
Pout (W) 152 167 | 152 148 !
”f
Figures 10 and 11 present the current and voltage wave- '
forms for both the classical approach and repetitive céntro _
approach. Cha - Corrent (A/aryy e S
It can be seen from Table IV, witll,,,; = 22uF, for
147V at the input, the repetitive control result inBH D (b) Vin = 104V,

8.91%, much smaller than the value for the classical approach
which is 22.64%. This is mainly due to capability of the Fig. 11. Input voltage and current waveforms0(//div), (1A/div)
repetitive control rejecting tha"¢ harmonic component. for Choost = 22uuF" — Classical control Time scale:sms/div.
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The experimental results so far obtained show that other
than having a simple structure, appropriate for on-line im-
¥ plementation, the repetitive control show a good harmonic
distortion reduction. Th& H D is smaller than that the stan-
dard Pl approach. Its advantage with respect to AeH
approach, which has some drawback and difficulty in its
software implementation, is its simplicity.

. As can be seen from the experimental results the PI con-
trollers sampled a the same frequency of the current predent

5 a THD of 8.01% which is acceptable by the standards.
Nevertheless, the tuning of the Pls is rather involving and
complex due to the sensibility of such controller to the fixed
(a) Output voltage (00V/div) waveform of the point represgr_natlon of the gains.

boost converterCy,.; = 15004 F. Time scale: The repetitive control presented BH D around 7.81%
10ms/div. in experimental results which is better than the classical
approach. Nevertheless, it is an extremely simple type of
controller, very easy to be implemented via software given
that its basic structure can be seen as a delay buffer.

[DRetf A. 100V 10 ms

ﬁﬁﬂﬁﬂﬁ,ﬁﬁﬂﬁﬂ
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