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Abstract—A single phase active rectifier is commonly used works about this kind of rectifiers. For instance, in (Bor-
to addr_ess two issues in electr_ic power delivery: DC voltage Ren, et al, 1999)-(Choi, 2005) a hysteresis based current
regulation and AC power factor improvement through current control with load changes is presented. Two control tech-

tracking. In this paper we propose a nonlinear controller that . . ;
solves the DC voltage regulation and AC current tracking for niques are discussed in (Salaet, et al, 2004), however, the

the single phase active rectifier. The proposed controller is DC regulation is not satisfactory because DC voltage vary
based on a partial input—output feedback linearization and when ac mains voltage vary. A proportional current control
an adaptive indirect control of the zero dynamics. Numerical scheme and a PI voltage regulator are used in (Bor-Ren,
simulations are included to evaluate the performance of the al, 2004), showing just steady state results. In (Joong, et
proposed controller. al, 1997), a PWM modulation technique which allows an
adequate DC voltage regulation in steady state is presented.
A PI control scheme is used in (Bor-Ren, et al, 2003) and
Electrical energy quality is a broad term that covergCichowlas, et al, 2005) for current and voltage control, it
a great variety of electrical energy signal disturbancegresents load change tests.
Low quality energy, highly disturbed electrical energy sig- In this paper we propose a nonlinear controller to solve
nals, may have negative effects in electricity distributioqhe DC link regulation and current tracking problems for
networks. The broad use of electronic equipment draw:

& single-phase PWM multilevel rectifier. The proposed
ing highly nonlinear currents has attracted the attentioE gep prop

I. INTRODUCTION

. Co . __controller is based on a partial input—output feedback lin-
on power quality for domestic, industrial and commercia,

lectri Boll 2000). P it arization and the indirect control of the zero dynamics.
electric energy consumers (Bollen, ). Power quali Klumerical simulations are included to evaluate the perfor-

is concerned with deviations of current and voltage fron?nance of the proposed controller. This paper is organized

Fhe ideal Waveform gnd differences n their phase. Thﬁ‘l the following manner. The single-phase active rectifier
ideal waveform is a single frequency sine wave of constant J4q is exposed in section Il. The control scheme is

frequency and magnitude. described in section Ill. The simulation results are discussed

Some years ago, electric equipment was very sIMpR gection |v, followed by some concluding remarks in
so that it was more robust and insensitive to ac main§action V.

variations. Nowadays, the use of electronic devices has
increased. Most electronic devices use a DC source that first
rectifies the ac voltage with a diode bridge followed by a
big capacitor (Maswood, et al, 2006). Some advantages of
this sources are low cost, simple structure, robustness and Il. MULTILEVEL RECTIFIER DYNAMICS
control absence, however, they have a low power factor and
inject harmonic currents into the ac mains.
A solution is to use active rectifiers whose advantages The single-phase PWM multilevel active rectifier topo-
are power factor improvement, harmonic current distortiotogy studied in this paper is shown in fig. 1. The differential
reduction and DC voltage regulation. There are severaluations that describe the rectifier dynamics, according to



Figure 1. Single-phase active rectifier topology.

(Bor-Ren, et al, 1999), are

Ls %Zs =  —Ugp t+ Us
d . .
4 %Ucl = 11—t (1)
d . .
Cs 7V lg —ip,
where
Vab = % [Sgr(zs) + 1] [UC'1 (1 - Sl) +ve, (1 - SQ)]
+4 [sgnis) — 1] [ue, (1 S2) +ve, (1 S1)]
i = g sgn(is) + 1] (1~ S1)is

+3 [sgr(is) — 1] (1 = Sa) is
in = Llsgriis) + 1] (1 — Sa) iy
+4 Isorti,) — 1) (1= $1)1,
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The control objective is to regulate the DC-link voltage to
a desired valud/p maintaining a unity power factor.

IIl. CONTROL DESIGN

This Section is devoted to control design. First, appealing
to time scale separation we reduce the three dimensional
model of the single phase rectifier (3) to a two dimensional
set of differential equations based on the fact that the
dynamics of the voltage differeneg, —vc, is much faster
than the inductor and the total voltage, + v, dynamics.
Then, we perform an input—ouput feedback linearization
taking as the output the inductor current and as the input the
switch position. In this case, the zero dynamics is described
by the total voltage dynamics. We command this dynamics
indirectly through the inductor current reference.

Consider the following change of coordinates

Vr = we, e,
VD = Vc, —Vc,
u = (1 — Sl)

Clearly, V1 is the total voltage and/p is the voltage
difference. In terms of the above coordinates, the rectifier
dynamics is given by

d

Ls %Zs = _f(is>VTu + vg
d N . .
C’eﬁvT = f(is)isu— g—:le - g—;sz

d N ) .
C1Cy—Vp = (02 - Cl) f(ZS)ZSU - C%Zlq + C%l[zz

dt 7
with % = & + & Note that

Ci0y << C, < L

Here, we consider a two-level PWM modulation techniquelhus, the Vp dynamics is faster than theé, and Vp
In this modulation technique, the DC link is controlled todynamics. As a consequence, for control design we consider
be greater tham,, and two ac power switches are closedhe reduced model

and opened together, i.&; = Ss. Thus, the PWM rectifier d )
dynamics (1) becomes LS%% = —[f(is)Vru+ v, 5)
d AN C. : C. :
LS%Z'S = —sgn(iy)(1 — S1)(ve, +ve,) + vs CoggVr = [flis)isu = Gin, = &L
d ) . _ Considering a current control strategy we define
Crve, = sgri)(L— Si)is — ir, 2) g 9y
d J=1s—0r
Co—v sgn(is)(1 — Sy)is —iL, _ o _
Ydr grtis)( ) k whose time derivative along (5) is
A continuos form of the discontinous PWM rectifier dy- .1 _ d .
namic model (2) has been introduced in (Flota, et al, 2009) y=1- (=f@s)Vru+vs) — - (6)

replacing the discontinuos function ggn by the continuos
function f(i,) = 2 arctan(ai,) with a a constant parameter

that modifies the slope of(i,) aroundis = 0. Using f ()
the PWM rectifier model becomes

d
Ls%is = _f(iS)(l - Sl)<vcl + vC2) + s
d
Clﬁvcl = f(Zs)(l - Sl)is - Z.Ll (3)
d
C27(UCQ = f(Ze)(l - Sl)is - iLQ

dt

Note that in (6) it is possible to achieve input—output
feedback linearization by a suitable selectionoHowever,

in this control design we just perform a partial linearization.
Defining

Lsky + vg
= s)— 7
w= 1) = 7)
we obtain
* . - Vs . d %
Yy = _kf(ls)Qy + fs []‘ - f(ls)z] - EZS



Let us defingu = 1, then

[ =

—f(is)*g +p {

Vs

Ls [1 - f(ZS)Q]

_d,
dt ?

Thus, there exist a big enoughsuch that

y—0

arbitarily fast.

Consider now the second equation of (5) in closed-loogjith 57 — o —o*, gives the following closed loop dynamics
with (7), that is,

d

.2 Us oy . N\2 . Zj
el _ s I3 I
CedtVT f(ZS) VTZS + f(ZS) (k sts T 'US) Vi
o,
c, Ly C, Lo
(8)

By definingo = %C’GV:,? the dynamics above can be written

as follows

with

o= f(is)zvsiz + C(t)

— £(;.)2 ; - 1. 1.
C(t) = f(is)” (kLsis +vs) §— v/ 20C. <C1 ir, + 022L2

Note that in equation (9),: has not been defined so that it

C)
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it is clear that there exists;, 7 = 1,2, 3 such that the above
equation is exponentially stable and an asymptoyic estimate
of {(t) is given byp; — 51(0).

Now we are in position to define the virtual contrgl
Note that the following definition

" Vg N
iy = —5 (—kpo —kin—p1+Bi(0))

no= 0

& = f(is)2:TS(—kp&—km+zl)
2 12
+<1f(is)2;§>C(t) 2
n = 0

Note that in equation (12) the time variant signal satisfies

Vg

SIS

1> f(is)’—- >0 (13)

v

w

p

At this point we do not have a formal proof concerning the
stability of the closed—loop dynamics.

IV. SIMULATION RESULTS

can be considered as the control input and the disturbanceln order to verify the performance of the control scheme
¢(t) is composed of vanishing terms and an unknown termsgveral simulation tests were done. The rectifier parameters
In order to determing’ such thato converges tar* =

%CQVI%C we start by designing an estimator to obtain an
estimated value of/(¢). Define the estimation errors as

follows

The time derivative of the estimation errors is described by

z1 = ((t)—p1+Bi(o)
2 = ((t) = p2+Balo)
zz = ((t)—ps+ Bs(0)

the following equations

. 0
zZ1 = %Zl + 29
0
Zg = ﬂzl + 23 (10)
Oo
z3 = %z
3 90 !

where we have supposed thdt)? ~ 0 and defined

p1 =
p2 =

p3 =

P2 — 62 + % (f(is)sti: +p1— 51)

ps — B+ D22 (£(i,) 007 + p1 — B1)

0o
B (flia)20ais + 1~ 1)

(11)

Assume now that

9B

do

ki

are presented in table 1.

TABLE |
ACTIVE RECTIFIER PARAMETERS

[ Description [ Value |
Power 1kVA
AC mains voltage 127 Vrms
DC voltage 200 V regulated
DC capacitors €, and C2) 2200 puF
Inductor (Lg) 5.0 mH
Inductor associated resistandgq) | 1.0 Q

The performance of the nonlinear controller with the
active rectifier operating at steady-state is presented in figs.
2, 3, and 4. As it can be noted, the inductor current is almost
sinusoidal (fig. 3). The DC voltage is shown in figure 4, it
is regulated all the time with &.0% ripple with respect to
the desired voltage2(0 V).

Another test to investigate the dynamic response of the
control scheme was performed, the load change between
600 — 1000 W, 1000 — 600 W, 600 — 1000 W, and1000 —

600 W at2.0, 4.0, 6.0, and8.0 s, respectively, with a swell
(20 %) and a sag (20 %) was tested and shown in figs. 5,
6, and 7. The swell occurs from0 to 4.0 s and sag from

6.0 to 8.0 s. The THD ofi, is less thar6% in this test.
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Figure 2. Inductor current at steady-state. Figure 4. DC voltage at steady-state.
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Figure 3. Inductor current at steady-state (zoom). Figure 5.  Inductor current when load change occurs betwsen—

1000 W and 600 — 1000 W with swell (20%) and sag (20%).
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Figure 6. Inductor current when load change occurs betwign—
1000 W and 600 — 1000 W with swell (20%) and sag (20%) (zoom).
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and 600 — 1000 W with swell (20%) and sag (20%).
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