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An Experimental Comparison of Several PWM Controllers for a Single-Phase
AC-DC Converter

Dimitrios Karagiannis, Eduardo Mendes, Alessandro Astolfi, and Romeo Ortega

Abstract—An experimental comparative study of various con- _
trollers for a class of ac—dc converters, known as power factor pre- g

P L0

compensators (PFP) is presented. The control objective is to ro- 1 {}

bustly regulate the output voltage to a desired constant level in . 1+ >
the presence of variations in the load, while retaining a unit power t CT= gR
factor atthe input, i.e., the input current should follow in frequency 5‘(& 5

and in phase the input voltage. Several control schemes are pre-
sented and compared via experiments.

Index Terms—AC-DC power conversion, adaptive control, non- _ _ ‘ o
linear systems, power factor correction, pulsewidth modulation. ~ Fig. 1. Diagram of the full-bridge boost PFP circuit.

|. INTRODUCTION use of an output current sensor, thus making the practical
OWER FACTOR PRECOMPENSATORS (PFP) are alj"Piémentation more attractive, .
The paper is organized as follows. In Section I, we analyze

important class_ of s_thcheq ac_—dc conyerters. As thetﬁ? model of the PFP, define the desired equilibrium regime and
name suggests, their main function is to achieve a nearly unit_ . . .
ower factor by drawing a sinusoidal current that is in hag,gemfy the control strategy. In Section Ill, we propose various
pC y 9 S > 1N P33 ntrol schemes that achieve the control objectives. An adap-
with the source voltage, thus eliminating the reactive power

i . . Ve version for each controller is considered separately. In Sec-
and the harmonic interference with other equipment operati .
iIgn 1V, we present the experimental results and compare the
off the same source.

. L . erformance of the proposed controllers. Conclusions are given
More precisely, the control objective is twofold. First, thg prop 9

. . ) . . In Section V.
input current should track a sinusoidal reference signal thatis in

phase with the input voltage. Second, the output voltage should

be driven to a desired constant level. An additional requirement Il. THE PFP GRCUIT

is robustness against variation of the system parameters and iwe consider théull-bridge boosPFP circuit shown in Fig. 1,
particular of the load, which is usually unknown. which consists of two pairs of transistor-diode switches working

Since the amplitude of the input current determines explicitiy a complementary way. The switching sighas generated by
the dc output voltage, one may satisfy both objectives in a singlePWM circuit and takes values in the finite et1,1}. The
current controlloop, which typically comprises a hysteresis oaveraged model of the PFP can be obtained using Kirchhoff’s
sliding-mode controller (see [1, Ch. 18] for a general descriptidaws and is given by the equations
and [2] for a design example).

The main drawback of these controllers is that they require Liy = — uxe — ray + vi(t) Q)
very high switching frequency (typically few hundred kilohertz)
leading to high converter losses. In this brief, we are interested
in pulsewidth modulation (PWM) control techniques, which
are based oraveragedmodels[3] and can be implementedWherev;(t) = E'sin(wt) is the source voltage;; is the input
using lower switching frequency (e.g., kBlz). Furthermore, (inductor) currentz, > 0 is the output (capacitor) voltage,
the issue of robustness against variations of the load is treafed”, v, and 12 are positive constants, representing the induc-

by appropriate adaptive schemes. This allows to avoid tkNCe, capacitance, parasitic resistance, and load resistance, re-
spectively, and: € [—1, 1] is the duty ratio of the PWM.

The desired input current in steady state is

C:f?g =UuUry — E.’EQ (2)
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Substituting (3) and (4) into (2) written far, = =3 yields haved = 1330 <« V? = 40000 andavg(z3(t)) = 199.986 ~
g 2y d glxs
Va = 200.
Citay = ——x5’ (B —rla)ly Remark 3: Recall that the control signal must satisfy the
R 2 ) constraintju| < 1. A necessary condition for the existence of
(B —rlq)lq cos(2wt) — Ligw sin(2wt). (5) this control is derived in [4] and shows that the PFP can only
2 2 work as a boost converter.

The steady-state solution of (5) can be directly computed and is
given by [ll. CONTROL LAWS

(E — rI,)RI In this section, we propose four controllers for the regulation
253 (t) = % + Asin(2wt + ¢), (6) of the input current. First, we consider the case where all the pa-
rameters are known, so we can use (8) to compute the reference

where . . :
5 3 current. An adaptive scheme will later be added to deal with the
4o Bla [(Llaw)” + (E —r1a)” uncertainty in the load.
2 1+ (RCw)?
E —rI; — ROwLIw A. The Known Parameter Case
= t . . . .
¢ = arctan LIjw+ RCw(E —rly) The control designs that will be compared are the following.

1) Passivity-Based (PB)in [4], the passivity-based con-
Hence, in steady statej(t) consists only of a dc term andiroller described by
a second-order harmonic. The rmsagf(t), denoted by, is

; 1
given by w= [v; — rxy — Laj — Ky (2] — 11)] )
V) = m (7) where the auxiliary variable,; > 0 is the solution of
2
. 1
From (7), solving forl, yields the solutions Cigq = uzy — b2~ Ks(w24 — w2) (10)
B E2 2V2 with z7 given by (3), has been proposed. This controller ren-
Iq= o + w2 TR ders the closed-loop system exponentially stable with the energy
) ) ) function
which are real if and only if
V= E(m*—x )2—1—9(1; — 15)°

Vd \/f 2 1 1 2 2d 2

E Vs whose time derivative satisfies
Selecting the smallest solution, which corresponds to minimum VvV = — K, (z} — g;l)2 — (R 4+ Ks) (224 — z2)2
power (i.e., minimum converter losses), the amplitude of the min(Ky, R~ + K>)
input current that drives the output voltage to the desired level < - max (L, 0) V.

V, is given by

Hence, forK; > 0 andK, > 0, 2y andx, converge exponen-

B E B E_2 _ 2Vd2 tially to 7 andz.4, respectively. Moreover;», converges in

T 9 4r2  rR° average td/; provided that (8) holds (see [4], where this has
. . - been proved).

Note that the same solution has been obtained by a similar anaﬁé) Feed-Forward (FF): If we replace in the control law (9)

ysis in [4]. - . )
We conclude that by controlling the input current so that Hye auxiliary staterq with the output voltage:», we obtain the

tracks the signal (3), wherg; is given by (8), we can achievesunplmed controller
both control objectives, namely unit power factor and output " 1

e A x Tk x .
voltage regulation, provided that the closed-loop system is T 1 [vi = vy — Ly — Ki (27 —m1)] (11)

asymptotically stable. I . -
Remark 1: The main drawback of this approach, as (7) an%UbStItUtIngl (11) into (1) and defining
(8) reveal, is the sensitivity of the output voltage to the parame- i1=at —m
tersr andR. The dependence di poses a significant problem,
since in many applications the load is unknown or time-varyingields thelinearizederror dynamics
This obstacle can be overcome by adding an adaptation scheme . _
either onI, or on R. Ly = —(r + K1),
Remark 2: In practice, the second-order harmonic in (6) ¢
be neglected, since its amplitude is much smaller than the
term, and so the average ©f(¢) can be approximated by the
rms value. For instance, for the set of parameters used in the
experiments (see Table | in Section IV), and¥ar= 200 V, we w1 (t) = 21(0) exp <_

14

8

Which is exponentially stable for arty; > —r. Hence, the time
ponse of; is given by

T-I—Kl

t) + I;sin(wt). (12)
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Assuming thatz; takes its steady-state value(t) = The linearized system is described by
I sin(wt) immediately and substituting into (2) yields . , 1 .
) 1 (E —rly)y z 0 —L|]-= w
Ty = ——==Tog+ ——5— RC
RC 2C 1z, 0 1] |:371:| (20)
_ 2 Yy = .
—(EQC;/IJ)LI cos(2wt) — gédw sin(2wt). (13) *
2 2 Hence, the transfer function fromto y is given by
Rewriting (13) in the variable?3 yields thelinear dynamics 1
G(s) = - (21)
a2 5 (E—rlyly S+ gre
2= TRo™ c Itis clear from the analysis in Section Il that we can achieve the
E—rl)l LI? jecti i i
_( g 4)la cos(2wt) — Jw in(2wt). (14) control objectives by forcing(t) to track the signal
y*(t) = 2*(t) = v; — ra] — L. (22)

The steady-state solution of (14) is given by (6), implying th
2o converges (in average) to the desired voltage (7).
Remark 4: The FF controller is actually a feedback lin- e=y"—y=v, —rzy — Li} — uzy (23)
earising controller. The term “feed-forward” arises from the
s and the controller
use ofz} andz7 in the control law (11). )
3) Feedback Linearization (FL)A static feedback control K(s) = w(s) _ 5" +as+b (24)
law that linearises the input-output behavior of the system with e(s) s* + w?
output the inductor current is described by wherek > 0,a > 0, andb > 0 are design parameters. Then,
1 for sufficiently largek, the closed-loop system is asymptotically
uw=—(v; —re1 —w). (15) stable. Moreover, by the presence of the polesat+;jw, we
T2 conclude thay converges tg* and hence:; converges ta:;.
It is easy to see that the resulting linearized system with inputRemark 5: The choice of the controller (24) is motivated by
w and outputr; is an integrator. Thus, if we apply proportionakhe internal model principle and the fact that the reference signal
control, i.e. y*(t) is a sinusoid of frequencay. Furthermore, the zeros have
been inserted to ensure stability.
w= Ki (27 — 1) (16)  Remark6: In practice, in order to compensate for unmodeled
namics, it is necessary to add to the reference signal (22) a
rrection term proportional to the erref — z1, i.e.

aIIo this end, consider the error

. . d
with Ky > 0, then it can be shown that the closed-loop systeg}v)
is asymptotically stable. The closed-loop dynamics:pfare
given by 2*(t) = v; — ra} — Ly — Ky (27 — 21) .

Liy = —Kyzy + Ky Igsin(wt). To incorporate this into our linear formulation, consider instead
of (20) the output

Hence, in steady state
y=[-Ki 1] {ml}

1 z
t) = ———=14sin(wt — arct 17
n(t) = =7 ¥ 2 asin(wt - arctan p) 7" and the reference
wherey, = Lw/ K. Note that, in this case, there is a steady-state y*(t) = vi —raf — Li — Kyai.

error? which decreases as we increase the @ainAs aresult, The transfer function fromv to y is now given by

the errorzy — z; (and consequently the output voltage error) (1)

can be made arbitrarily small by selectifig sufficiently large. G(s) = s+—¢ ) (25)
4) Internal Model (IM): If instead ofz; we take as output (s+ %) (s+ 52)

the signal It can be straightforwardly verified (e.g., using root locus) that,
for sufficiently largek > 0, the closed-loop system is asymp-
totically stable provided<; > —r.

Z = UuTs,

which corresponds to the input voltage of the transistor-dio

%e The Unknown Parameter C
bridge, then the system can be linearized by means of the dy- € Lnknown Farameter .ase

namic controllet So far, we have assumed that the parameteasd R were
9 known and so we could control the output voltage indirectly via
0= i <_ wr + w) ) (18) (8). Inpractice, however, the loddlis usually unknown or time-
T2 c varying. To overcome this robustness problem, it is necessary
2| particular, there is a negative phase-shift, i.e., the input current leads teadd an adaptation scheme either to the paranieterto the
input voltage. parameter;.
3To prove this fact, consider the dynamics:0f: = 7wy + ((u?x1)/C) —

(1/RC)z. 4Note the cancellation of the stable polesat —r/L.
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We describe three adaptation schemes, for which (under som&emark 8: The assumption = 0 in both designs can be
mild assumptions) asymptotic stability can be proved. The firgplaced by the assumption
one is an estimator proposed in [4] for the PB controller. The
other two are based on the recently developed adaptive control rzy = esin(wt)
methods ohonlinear proportional integra(NLPI) control and
immersion and invarianc@&l) (see [5], [6] for further details).
1) PB Estimator: For the PB controller (9), (10), a projec-

wheree is a positive constant. Then we can incorporate the
voltage drop acrossinto the source voltage by taking

tion estimator fo¥ = 1/R has been proposed in [4], namely 0i(t) = (E — ¢)sin(wt).
f— {W?d(*'”?d —x3), #>€>0 (26) Note that this simple modification improves the experimental
0, f<e results significantly.

. . 3) 1&l Control: Using the adaptive I&l method [6] we can
(whered denotes the est|mat*e @fand has been shown to rendefiesign a parameter estimator for béttandr provided that the
the equilibrium(z,, z5) = (7, 224) asymptotically stableas-  gystem (1), (2) is bounded-input bounded-state (BIBS) stable.

sumingthatr = 0. o ~ We now prove that the trajectories of (1), (2) are bounfied
2) Nonlinear PI (NLPI) Control: Invoking time-separation gny/,,.

arguments, we can assume that the dynamics of the outpuggnsider the positive definite function

voltage are slow compared to the (closed-loop) dynamics of the

input current and hencer; = =7} at all times® Furthermore, Vo lra.2 n o2 (29)
we assumer = 0. Then from (13), ignoring second-order g LT g2

harmonics, the dynamics of, are given by which corresponds to the electrical energy stored in the system.
1 The time derivative of (29) along the trajectories of (1), (2) is

by = —pmr mld. (27)  given by

Note that the assumption = 0 ensures the above system is V= —ra? 4 vz — leg

affine in the “control”I,. R
The equilibriumz, = =3 is rendered asymptotically stable

. .. 2
by the dynamic control law By adding the positive term(zi+/7/2 —v;/V2r)" to the

right-hand side (RHS) we obtain

. E .
= I T . T 1 1
la=oag 82+ 0% (28) V< —ral gl o) - o)
wherex andg are positive constants. To prove this fact, considg‘r’ence ) , 1 1
the positive definite function V< - 537% - Ex% + Zv?
V= 10573 + i(fd + /3572>2 which shows that the trajectories reme_lin pounded provid)ad.
2 200 0. Note also that the system (1), (2) is linearly parameterized

whose time derivative along the trajectories of (27) and (28) Y4th respect to the parameters

given by ) ) 1
1=T, 2= 5
. 1 Vy BEYN _, i
V=- R + Ry + 229 T2 Following the adaptive 1&l methodology [6], we define the es-

timation errors

which is negative semidefinite and hence the system (27), (28)

is stable. Moreovery’ = 0 implies thati, = 0 and so, by 21 =01+ fu(en) = b1,

LaSalle’s invariance principle [7], the system is asymptotically 22 =02 + f2(w2) — 02
stable.
Remark 7: The difference between the controller (28) and %nd the update laws
Plisthat here the integral gain is not a constant, but a (nonlinear) % 1 96 .
function ofxz,. In particular, it is proportional to the rati&/ . b1 = Loz, [W? T (91 + /31(271)) - “7‘} (30)
Approximating this ratio by a constant results in the industry- . 1 98 .
standard PI controller. 02 = 58% [—Wh + 2 (92 + /32(372))} : (31)

The resulting error dynamics are given by

0 31 I
SWe can validate this assumption by comparing the time constants of (12) and Z1 = E)L f 21
(14)- T
SNote that, for this assumption to be valid, the dynamics,ofnust be suffi- 30 — P2 ﬂz
ciently slow. 2= Oz C 2
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TABLE | R STTITITITTTSTNISTRTS ) _

N . T
PARAMETER VALUES FOR THEPFP GrcuIT L 5 5 :
: : 1
Parameter | Value | Unit : N :
E 150 A% j : e _902: % g
w 1007 | rad/sec : : I
7 2.2 Q |
L 213 | mH !
C 1100 uF !
R 87 0 C t/ = PWM Voltage
urren
vorege =[] o] JF-
1 ]
Hence, by choosing e pc_ 3
Bi(z1) = — ka? (32) Fig. 2. Experimental setup.
,[32(1‘2) = — /\1172 (33)
with > 0, A > 0 constants and recalling that > 0 and 200k v v .

x1 is not identically zero, we obtain the asymptotically stable
dynamics

190

. 2K3
21 = — z
1 L 1 180
. Ao S
Z9g = — —~292. -
C

170

Henced; + f1(z1) converges td; andds, + 32 (z2) converges

to 6. 160}
Remark 9: The main advantage of the 1&l method is that it

relies only on BIBS stability. In this case, we have seen the

the trajectories of (1), (2) are bounded regardless of the inpt

Hence, the & adaptation can be used in conjunction withan o o5 o1 015 o0z o0z o0s 03 04 o4 o5

—PB
— FF
— FL
— M 1

150

stabilising control lawu(z1, z2,7,1/R), which can thus be re- Time (sec)
place.d byu(x1, 2,01 + B1,02 + (2), wheredy, _92 andpy, (2 Fig. 3. Response of the output voltage to a reference change from 160 to 200
are given by (30), (31) and (32), (33), respectively. V applied att = 0.05 s (the known parameter case).

IV. EXPERIMENTAL RESULTS output voltage reference change from 160 to 200 V, while Fig. 4

The control algorithms described in Section Il have beeiows the harmonic content of the input current for each con-
implemented on an experimental system with the parametHr@'er- We see that the transient behavior of the controllers is
shown in Table I. A diagram of the experimental setup is given @imost identical. The PB controller has slightly smaller steady-
Fig. 2. The controller design parameters dfg:= 15, K, = 1, State error, but larger fourth-order harmonics, owing to the aux-
k = 4600, a = 1200, b = 2-10°. The switching frequency of the iliary dynamics. The steady-state error in all cases is significant,
PWM is 13 kHz. The measurements are filtered using low-pag88Phasizing the need for parameter adaptation.
filters with cut-off frequency 7 kHz. Table 1l shows the harmonic characteristics for each case,

The experiments aim to exhibit the behavior of the controllefgmely the dc voltage error, thiisplacement anglethe total
with respect to step changes in the desired output voltaged harmonic distortion(THD) and the power factor (see [1]
also with respect to step changes in the load resistahda for definitions)? We see_that the highest power factor and
particular, the set-points for the output voltage Eje= 160 V the lowest THD are achieved by the PB controller. The FL
andV, = 200 V, while the loadR can be switched from 87 to controller achieves the smallest displacertfebtt with higher

51 0.7 THD. On the other hand, the FL controller is the simplest one
to implement, since it does not require the derivativerpf
A. The Known Parameter Case and also it does not depend on the parameteasndC (note,

To begin with, we consider the nonadaptive versions of trrﬂeowever, that the other control schemes, which depend on

controllers, i.e., the parametersand R are known and, is anhdC are not significantly sensitive to these parameters). Fig. 5

computed from (8). Fig. 3 shows the filtefedesponse to an  9The waveform of the first harmonic of the input current, which is required in
order to compute these values, was estimated from the input current waveform,
7Such converters with wide load and large output can be found, for instanasing the least-squares method.
in medical-use X-ray generator applications. 10This is due to the fact that the negative phase shift introduced by FL (see
8For the comparative graphs to be legible, the harmonics of the output voltdd&)) compensates for the positive phase shift of the actual system, which may
were removed by a moving average filter. be caused by unmodeled dynamics and/or time delays.
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% of 1! harmonic

Harmonic

Fig. 4. Amplitude of the input current harmonics fer= 87 2.

TABLE 1l

HARMONIC ANALYSIS RESULTS FORR = 87 Q2

%, (V)

210

2051+

200

195

190

185

180

175

170

945

TABLE Il
PARAMETER VALUES FOR THEPB, NLPI,AND |&| E STIMATORS
Adaptation | Parameters
PB y=1-10"3
NLPI a=56=0.05
IT, k=0,A=2-107"1%
I, k=00,A=2- 1072

T T
FF/FL+II‘

— PB
— FF+I
— FF+NLPI
— IM4II1

Control | DC error | Displace- | THD | Power 165 il B
(V) ment (°) | (%) | factor oo PO — e
PB 0.75 1.47 7.53 | 0.9969 , : ; ; : : : : ;
FF 2 . 59 1 . 71 7 94 0 . 9964 1550 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
FL 1.95 —0.49 | 8.88 | 0.9960 ime ee9)
IM 2.11 0.68 8.15 | 0.9966 Fig. 6. Response of the output voltage to a reference change from 160 to 200

!
0.13

!
0.14

1
0.15
Time (sec)

0.16

T

T T T

0.2

0.25

Time (sec)
T

1 L !
0.1 0.11 0.12

I
0.13

I
0.14

! 1
0.15 0.16

Time (sec)

L
0.17

1
0.18 0.19 0.2

V applied att = 0.1 s (the unknown parameter case).

%, (V)

220

2151

205

200

195

190

185

180

T T T T T T

(FF/FL+IIT:

IM+112

—PB
— FF+II1
— FF+NLPI
— M+l
— IM+NLPI
— FL+II1
— FL+NLPI
— IM4lIi2

I I I 1 1
0.25 0.3 0.35 0.4 0.45 0.5

Time (sec)

Fig. 5. Response to an output voltage reference change for the FL controller. )
Top graph: input current (solid line) and input voltage (dotted line). MiddIE'9- 7 Response of the output voltage to aload change from 8 tctpblied
graph: output voltage. Bottom graph: control input. att = 0.1 (the unknown parameter case).

. . of comparison, we consider mainly the case (denotedlpy
shows the input current, output voltage and control input for g . ;
the EL case. where the 1&I a_daptatlon is applied only ®(|.e.,m_: 0). The
full 1&1 adaptation scheme (denoted bis) is considered only
with the IM controller.
Fig. 6 shows the filtered response to an output voltage refer-
In this section, we test the controllevsth the adaptation ence change from 160 to 200 V. We see that the NLPI control
schemes proposed in Section IlI-B. In particular, for the PB coseheme achieves the smallest steady-state error (owing to the in-
troller we apply the PB estimator, while for the FF, FL, and IMegral action), but with a large overshoot. On the other hand, the
controllers we employ alternatively the NLPI or the |&I adaptaPB and 1&l estimators do not affect the response, which evolves

tion. The design parameters are given in Table Ill. For the sa#e in the known parameter case.

B. The Unknown Parameter Case
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T

e g Meli2 L R R ; o g
: . 01 011 o012 013 014 015 016 017 018 019 02

Time (sec)
T

% of 1" harmonic

| :
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (sec)

T

I
0 0.05 0.1 0.15 0.2 0.25 03 0.35 0.4 0.45 0.5

Harmonic Time (sec)
Fig. 8. Amplitude of the input current harmonics fBr= 51 2. Fig. 9. Response to a load change for e+ NLPT controller. Top graph:
input current (solid line) and input voltage (dotted line). Middle graph: output
TABLE IV voltage. Bottom graph: estimated parameitgr
HARMONIC ANALYSIS RESULTS FORR = 51 Q
Control | DC error | Displace- | THD | Power 28 ' ' " W ENeT000-3-2
V) meﬁt ©) | (%) | factor
PB 8.00 1.76 5.40 | 0.9981 Al |
FF+II, 14.36 2.33 5.50 | 0.9977
FF+NLPI 0.04 2.81 5.74 | 0.9972
IM+IT, 5.56 1.92 5.73 1 0.9978 .l |
IM+NLPI 0.04 2.17 6.18 | 0.9974 '
FL+II; 14.63 0.00 6.30 | 0.9980 <
FL+NLPI 0.04 0.55 6.12 | 0.9981 L |
IM+II, 0.95 1.65 7.11 | 0.9971
Fig. 7 shows the filtered output voltage response to a loz s} z ; ; S R .
change from 87 to 52, while Fig. 8 shows the harmonic con- ' ' : ‘ :
tent of the input current for various control schemes. We st
that the I&I (with adaptation o2 only) and the PB estimators o

are slightly faster than the NLPI controller. However, there is _.
S|gn|f|cant Sj[eady-State error, which Changes when we pertllgib. 10. Amplitude of the input current harmonics for {\é + IT, controller

the load. This is mostly due_to the un(_:ertalnty of the Parameignpared to the standard EN61000-3-2 (the amplitude of the first harmonic is
r and to unmodeled dynamics. Applying the I&] adaptation o A).

both R andr partially compensates for this uncertainty. How-
ever, the adaptation anincreases the third-order harmonics. shown that when the loafilis known, the PB controller achieves
Table 1V shows the harmonic characteristics for each casge highest performance and robustnesg.i unknown and an
Again we see that the NLPI controller leads to the smallegfiaptation mechanism dhis employed, the PB and IM control
steady-state error and, in combination with the FL contrgthemes are the most robust against changes in the load, at the
scheme, achieves the highest power factor. Fig. 9 shows gense of higher complexity. To further improve robustness,
input current, output voltage and the estimated paramiterit js necessary to make use of a different adaptation scheme.
for theFL. + NLPI case. Namely, it is necessary to adapt the paramégerf such an
Finally, Fig. 10 shows the harmonic content of the input cugdaptation is used, the FF, IM, and FL controllers are (in steady
rent for theM + II, case compared to the European standaggate) almost insensitive to load changes. However, the transient
EN61000-3-2, which specifies the harmonic limits for equipresponse is slightly degraded. Finally, the FL control scheme is
ment drawing up to 16 A per phase. We conclude that all cofre easiest to implement, since it uses only static feedback and
trollers proposed here achieve with a large margin the requitgses not require the derivative f (¢). The tradeoff is slightly
ments imposed by this standard. higher harmonics and a small negative phase shift of the input
current!! Further study is in progress to extend the proposed
methodologies to more complex converters.

In this paper, an ex_per_lmental comparison of several ControllHowever, as noted in Section IV-A, this last property may actually improve
schemes for a PFP circuit has been presented. The results hig&/gower factor.

Harmonic

V. CONCLUSION
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