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Abstract: In this paper, the problem of controlling PWM singtase AC/DC converters is
addressed. The control objectives are twofold: (i) regulating the output voltage to a selected
reference value, and (ii) ensuring a unitary power factor by forcing the grid currentrto be
phase with the grid voltagg&o achieve these objectives, the singular perturbation technique
is used to prove that the power factor correction can be done in thdoopesystem with
respect to certain conditions that are not likely to take placeaility. It is also applied to

fulfill the control objectives in the closddop through a cascade nonlinear controller based
on the thredime scale singular perturbation theory. Additionally, this study develops a
rigorous and complete formal stabilitynalysis, based on multime-scale singular
perturbation and averaging theory, to examine the performance of the proposed controller.
The theoretical results have been validated by numerisahulation in
MATLAB/Simulink/ SimPowerSystems environment
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1 Introduction systems are widely used to connect AC sources with DC
loads. From a control point of view, these converters
have th& drawbacks thatreside basically in the
complexity of their modelgnonlinear, nosminimal
phase, hybrid system), which often results the
generation of undesirable current harmonics when the
converter is connected to an AC power source
contributing tothe disturbance of the electrical grid. To

ITH the emergence of DC power sources in

various industrial applications [1] (such as plug
in and hybid electric vehicles, D@notor drives,
personal computers, telecommunications, household
electric appliancesetc), AC/DC power conversion
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Singular Perturbation fieory for PWM AC/DC Converters é

rigorous analysis was performed to prove that the
proposed controllers could achieve the desired
performance. Other approaches were suggested
including sliding mode [6], backstepping technique [7],

and Feedback linearization control [8]. However, most
of these researches do not include a study of the-open

loop system. In addition, the proposed studies have been

built on the assumption that resistance losses are
negligible as discussed in [9]. As result, by the present

Y. Mchaouatt al.

Finally, nurnerical simulations in Section 5 demonstrate
the performance of the controller, followed by a
conclusion and a list of the consulted reference.

2 Open Loop

2.linstantaneousModel

The PWM boost rectifier, shown in Fig. 1, is mainly
composed of a fulbridge based on two switching cells

study, we are suggesting a more rigorous analysis of the called &, $) and &, &). It connects the supply

openloop dynamics of the rectifier establishing how the
power factor correction can be bestsured related to
the inductance, capacitance, lpagand parasitic
resistances. For the control system, a {ggm output
feedback controller[10, 11] is designed using the
singular perturbation approacfi2, 13], where the
threetime scale separationrgress is induced in the
closedloop system with two cascaded loops: (i) the
i nner l oop i s required
input current is sinusoidal and in phase with the supply
voltage of the grid, and (ii) The outer loop is built to
regulate tke output voltage by tuning the inner loop
reference. The theoretical analysis of the stability of the
resulting closedoop system is one of the major
motivations of the present work, It is based on the
averaging theory (Chapter 10 in [1]j, 14] and the
threetimescale singular perturbation (Chapter 11 in
[12]) and [15].

The contribution of the present study is different from
previous work in many aspects, including the following:

1. This is the first time that a rigorous and complete
analysis of the dyamics of the opefoop AC/DC
converters has been carried out to examine the
power factor correction. Previous researches
missed an opeloop formal study [2], [3], [6], [7]-
For this purpose, a relationship among inductance,
capacitance, and parasitic sances (which were
ignored in most previous studies [6], [7], [9]) is
established wusing the singular perturbation
technique.

2. It is formally proven in this study that the control
objectives (i.e. Power Factor Correction and DC
voltage regulation) are sucsfully accomplished
by a systematic theoretical analysis focusing, for
the first time, on new techniques such as three
time scale singular perturbation and averaging
theory. Previous researches lacked a clésed
formal analysi§2-5], [8].

The paperis structured as follows: Section 2 starts
with the averaged and normalized model. Next, the
singular perturbation technique is adopted to the
normalized average model in order to establish an
algebraic relationship between the fast variable
finductor curen® and the slow variableicapacitor
voltaged via an integral manifold. The system is
modified in Section 3 by a ndmear controller

containing two cascaded loops. Section 4 addresses the

stability of a thredime-scale closedoop system.

network, which behaves with the inductarcen series
as a current source, to the assemBlyQ) whose nature
is of the voltage source type. This power converter is
driven by a binary signat = {i1, 1} produced by a
PWM generator.

The dynamic behavior of the Fdtidge PWM
rectifier is expressed by the instantaneous model, which
is directly derived from Kirchhoff's laws. This

t omatleemagicalr modet tesactibest thee opetation Wk thd e r 6

circuit in cantinuous conduction mode.

% = Li . 27/70 + (1a)
dt L L L

dno = _,77n —0 (1b)
d C RC

From a modeling point of view, the curreiptand the
voltage 3, represent the state variables of the target
system. The grid voltag® is given by:

n, =E,sin( ) )

2.2Averaging Model

Due to the discontinuous nature of the switched
model, (1& and (b) the behavior system analysis is
relatively complicated. One wethown modeling
approach of such systems relies on approximating their
opemtion by "averaging techniques[16-18]. By
applying the KBM technique developed up to the first
order only [17], the statspaceaveraged system of (La
and (b) becomes:

dx, I u n
—2 = =X, - —X,+-=1 3a
d L' L% L (32)
dx, _u X
Tty 2 (30)
dt C RC
Grid Filter-L Full bridge rectifier i

i i L

Jﬂ} “
JH} s

Fig. 1 Full-bridge PWM boost rectifier
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where x1, X, and u denote the average values, over
cutting periodsTs, of the signals,, 3,, ande. It should

Y. Mchaouatt al.

integral manifold. Therefore, the deviation between the
state and its value for the quasationary situation is as

be noted that the selected average model conserves thefollows:

nonlinear character of the initial scheme. However, it

does not take into account the ripples resulting from the G

switching of power semiconductors.

2.3Normalized Model

This subsection is dedicated to normaligthe model
in the appropriate form of a singularly perturbation
system. For this purpose, voltage currents,
impedancesand time are respectively reduced with
respect to the nominal output voltage,, the nominal
output currenton = Vo/R, the nominal load, and the
time constanRC. Table 1 gives the expressions of the
main reduced quantities.

The normalized mdel is then stated as follows:

dx
eoT :ff (Xs’xf !qu)

dx
— =f_(X_,X,,u,w
dt s( s f )

n

(4a)
(4b)

whereft (Xs, %, U, W) =10 & Ux + w andfs(Xs, X, U, W)

= ux T X X andXxs are the normalized state variables
representing thefast mode and the slow mode

respectivelyw is perceived as a disturbing input and the
small positive parameteky indicates the speed ratio

between slow and fast phenomena in the system.

1.10pentloop analysis via singular perturbation
The normalized maal is examined to find a definitive
relationship that specifies whether (or not) the time

scales separation criteria [19] is achieved in the present

system. Therefore, the twone-scale singular
perturbation technique is applied to the system &l
(4b) (12, 13]). In fact, in steadgtate, the integral
manifold, which is given by Taylor series development
in (5), characterizethe behavior of the fast variabte

tIim X, = E(Xgu,w)

=/ o(Xs:UW) +@ X, uw) & o) (5)

The O((#?) terms can often be neglected. The retention

of (i improves precision for moderate valuedpf
During the transitional regimeg cannot be on the

Table 1 The normalized state variables and parameters

Normalized quantities Values
X x1R/Von
Xs X2/Von
w 3n/Von
0 r/R
tn t/RC
Tsn TJRC
v} L/RC

- E.Q‘_XS,U,W) (6a)
According to (5) and (6a), one gets:
Xi ©Jo(X, W) +@ fX,uw) + (6b)

The ime derivative ofx evaluated along the manifold
0 gcan be written as:

dx, _ dF,
e— =

- WRdx
°dt, dt

e ™

n

Taking into consideration (Jda (4b), and (7), the
integral manifold condition is defined as follaws

©)

eOIJ—EfS(xS,Fe,u,W) =f, (x,, F.u,w)
X

S

In order to define asymptotic power series solutions
of (5), we must also apply the Taylor series expansion
for fi (X, o 0, w) andfs (X, ¢ 0, w) to theregion ofx;
= Uo. The most important of both series is:

fr (X, F ouw) =f; (X5 0,u,W)
Mo

f

1 W, (X ol aW)(

2

F . 2
2 bX; : 1ol

X oUW R /)

Taking into account (5), E¢9) becomes:

fi (Xo,F ou,w) =f; (X 5,U,W)
i,
f
LI, (%, )
2 b

(Xsof ouW)( € o

(& 4) +- (10)

By substituting these expansions into the manifold
condition given by (8) and equating terms in like
powers ofl3, it will take two steps to obtaifi, and(i;

0

&' 0=f, (X, juw) (11a)

. W : _h
el Z0f (X fuw)=—1 11b
0 I b M v ( )

s f

In accordancevith (4a) and (5), the dynamic behavior
of x; can be reformulated in the following form:

d . . . .
eog(,é"' & f‘)fo:(XS, 0 /o+1 e#'v'W): (12)

Iranian Journal of Electricand Electronic Engineeringvol. 18, No. 1, 2022 3



Singular Perturbation fieory for PWM AC/DC Converters é

The factthat Go and G, are known from (1laand
(11b) suggests thdEg. (12) can be reduced, where the
time derivative of(ip and(i; are given by the next chain
rule

d - W A ; -
et € 1 %%)fs(xs, o Jt. edns (13)

By solving (12), it is possible to find a useful form of
0 based on the form and details of the system. A critical
requirement is that (12) must be stable, i.e. the off
manifold dynamicgi must decay so that the state vector
will converge to the manifold. According to the
previous discussion and the solutionskaf. (113 and
(11b), the expressions @ and{, for the system (4a
and (%) are given by:

. _W - Ux
Jo= : (14a)
s
. _uw - u’x, -Us X
- 3

! s

(14b)

Therefore, the offmanifold dynamics can be deduced
from (12), (13), and (14), which cabhe simplified
significantly to:

dG _aeu? ol
&~ =&~ -S9O (15)
dt, ¢'s s

The critical point in the applicability of the singular
perturbation design methodology is that the fast
dynamics must be decayed rapidly. Thus, will
generally be on or near thetégral manifold after fast

Y. Mchaouatt al.

expression simdr to (17) given by an augmted

. . L
requirement is found agj— < {r, ®).
C

3 Closed Loop System
3.1Control Objectives

After performing an analysis of the opkrop system
for the timescale separation requirement, a ioear
controller B designed, based on the average modgl (3a
and (D), to accomplish two maipurposes:

1. PFC requirement: entails ensuring that, in steady
state, the input currentsshould be sinusoidal and
in phase with the Adine voltage source,.

2. Output voltage regation: the DC component of
the voltages, should be driven to a given reference
valuex;” keeping the elevating nature of the power
converter under study.

To meet these requirements, a high gain-lwear

output feedback controller [10] is developedngsthe
singular perturbation approaft?, 13].

3.2Power Factor Correction
3.2.1 Controller Design

According to the PFC goal, the network current must
follow a sinusoidal reference signal’ = bsin(¥t) of
the same frequency and phase as the grid voltagst
this point,b is a realtime function that should converge,
in steadystate, to a positiveonstant

Let us begin with the current tracking error:
&=x%

=X, (18a)

transient damping and can be treated as algebraic rather

than dynamic. In other words, this requires that the error

term 0 has a stable equilibrium near the origin. To
achieve this, the following algebraic condition must be
fulfilled:

eu’

S

<< (16)

As the above condition contains the exogenous input

un [i1,1] and in order to make it as a generall

It is obvious from (3a) that the first derivative xaft)
depends directly on the control input variableHence,
we will construct the reference model for (3a) in the
form of the desired firsbrder stable ordinary
differential equation:

. el .*def .
X, :_IT ®, = D,(X, X)) (18b)
1

whereT is the time constant of the desired dynamic for

applicable requirement, (16) may be expressed as the currentx;. Based on (18b), the realization error of

follows:

L
c ™

Inequality (17) plays the role of timescale separation
requirement corresponding to the opeap full-bridge
AC/DC rectifier.

Remark 1. In the present stly, we have neglected the

17)

equivalent series resistance of the capacitor (ESR)

namedrc because of its small value compared to the
other resistances. In the case wherbas a large value,

we proceed with the same steps mentioned above. An

the desired behavior &, n a meis$ defined by:

W, =D,(x;.x) X, (19)

Therefore, the control problerfime/(t) =0 relies on
t- o
the insensitivity condition

Doing so, the behavior é® with the recommeded
dynamics of (18b) will be considered. Replaci@gin
the requirement (19) by its expression, (3a) yield$héo

Iranian Journal of Electricand Electronic Engineeringvol. 18, No. 1, 2022 4
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following equation:

(21)

. r u Voo
Dl(xl,xl)+fo1Tx =L O

2L

The solution of (21) can be determined by several
control laws, for example the nonlinear inverse
dynamic control [20] is based on the analytical solution
of (21) as given by

L & .
Ug = _&,Dl(xl’xl) (22)
ng

According to (22), the nonlinear inverse dynamic
solution requires precise information about the plant
model paramiers and external disturbances. This
problem can be solved by applying a robust control law
based on the application of higheder output
derivative jointly with a high gain in the controller so
that the system is made exponentially stable. For this
purpose, let us use the following Lyapunov candidate
function:

Vi) =5 W) (23a)

Using (19) and (21), the derivation function of the
chosen Lyapunov candidate can be expressed as

dv,(u) _ x, ,,,du
=2 W— 23b
dt L “dt (23b)
Taking into acount the fact thatx,>0, the
system(3a) will be stable if the control law was
chosen such that:
du_ k
d g e W (24)

where(J and 3 are sufficiently small positive quantities
andk; is a negative redlype design parameter.
As a result of (3p (18), and (19), the higigain

control law takes the following dynamical expression
du ag U -
e—=k +—X =L X, —” X+ 25
il t 1& L2 1 (25)

Remark 2. The inversel/(J( represents the high gain
parameter due t8)( having a sufficiently small value.
This implies that despite the bounded parameter

variations and the presence of external disturbances, the

desired dynamic properties ofi are provided ina
specific region of the state space of the uncertain
nonlinear system (3a).

3.2.2 Inner Loop Singular Perturbation System

The inner current loop, consisting of {3and (®) and
the nonlinear control law (25), undergoes the following

Y. Mchaouatt al.

equations
dz
e.l.?a:h\JF(X'Z’t) (269
X ot X,z (26b)
where: Z = u X = X7,
ex,Z &r 1 8 x, ...V
X,Z,t)= L = 4+ x+— -, and
e ( )= klg_ %Ei__ T8 7 AL

ozt xZ/L /L
¢ xZ/C-x/RC
For ( sufficiently small, the above equations take the
form of singularly perturbed differential equations.
Passing to the ultrast timescale(] = /(& and setting
( = 0, the ultrafast dynamic subsystem (UFDS) is
defined by:

92 _p(x.z.

ar, (27a)
dl = 27
ar. (27a)

Remark 3. The variableX and"@ are considered as the
frozen parameters during the ultapid transient
in (27a).

Following the fast decay of the transients in (27a), the
steadystate (more preciselythe quasskteadystate) of
the UFDS tends toward an equilibrium given by

aL R L . L_.v
Z°= -t X, —X, - 28
g " g; Tix, ' Xz ' Xa (28)
On the slow manifold, the slow dynamic

subsystenfSDS) of the inner loop takes place by
replacing the expression gfin (26b) by (28), oneejs

a "
@ 2y X
X =2 u (29)
% X, AL @f Lx,X;  Lx.% v, X,
¢ R (;ETl c —Xz CTx Cx Cx

The stability results are summed up in the proposition
below.
Proposition 1. Consider the singular perturbation
system of the inner loop composed of (26a) and (26b).
According to Remark ,3 one has the following
properties:

1. If the gain k; is negative, the UFDS (27a) is
exponentially stable and converges exponentially
fast toZs.

2. The behavior of x; is prescribed by a stable
reference equation dhe formdx/dt ="@ + e/Ti.
Following that, the requiremen?imel(t):o is

Iranian Journal of Electricand Electronic Engineeringvol. 18, No. 1, 2022 5
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maintained. dynamic control law is suggested [10]
3. If, in addition b converges (to a positive limit

value), then the PFC requirement is fulfilled. dzb+ d b:k ade, de

6- 5 +ta g - -2 34
_ 2 dt? dt T, dt (34)
3.30utput Voltage Regulation
The second stage is to complete the inner contal lo It is worth noting that the above control law is a
with an outer control loopThe djective is to design a  filtered version of the original Pl regulator. The positive
tuning law for the ratid to control the output voltage real quantity? is a design parameter to be defined later.

to a selected reference valbgé.
3.3.2 Outer Loop Singular Perturbation System

3.3.1 Controller Design Remark 4. The outer loop model, combined ttvithe

Based on the threime scale singular perturbation reducedstate model (30) and the control law (34), takes
technique, the fast inner current loop should be coupled the form of regularly perturbed differential equations
with a slow outer voltage loop. In order to guarantee the (s€€ Chapter 6 in [10]). In view of the fact that=
time-scale separation between these two loops, the L/R°C has a small value, we can normallgeo U, and

design parameters of the voltage loop, namglpand so we put/C = GR?= [ with 0 <! min O OF max. _
T, (which are designed later), must therefore meet the According to the above, the closkbp dynamics
following requirementsd < G L GL 1andT:< T described by (30knd (34) takes the following state

Firstly, it is necessary to identify the relationship ~Mmodel:
between the DC output voltage (which represents the 4y

output signal of the outer loop), and the rdiigwhich e—=g.(X,Y, gt) (35a)
acts as the control input). dt
This is established in the propositiomttfollows. dx, _

Proposition 2 Taking into account the resulting E_fSom(X Y ,6,1) (35b)

equation defined by (29) with the PFC requirement
(wherex;” = bsin(¥ nt)), the voltagex. varies according def

T \T
to the following firstorder timevarying nonlinear ~ WhereY =(y, v,)' {6 ¢')b, 9:-(X.Y.g,0)=
equation in response to the tuniragio b: a Y,

® X
: a 0 v FouX Y 18, 1)= —2
&, %, Eb-th-Lbb %o 1LY e gay, YT R
dt RC 2Cx, ¢ ¢l +
(E,o-r B L Hdos(2 t wit * v | | JEYi- Yl CIyy (Eve- oyl -CJyzyl)COS(EWt)
) 2Cx (30) xx, 2, "
2

J .
+e'22—x'/'4/y12 sin(2 ).

2

To synthesize the control law of the outer voltage
loop, let us construct the desired behavioxofn the

following form: Pasing to the fast time scald = t/4 and movingy

towards zero, the fast dynamic subsystem (FDS) of the
outer loop is defined by:

. . e def N
X, = (X, -I_I_hz) = D,(X, X,) (31) dy
2 F:gp(anyoat) (36&)
wheree; represents the voltage trackingardefined as 2
ax, _
e,=X, -X, (32) d_l‘z = (36b)

In the same way, as for the current loop, let us define Remark 5. During the fast transient in (36aX is
the following desired dynamic realization error treated as the frozen aneter.

Following the fast decay of the transients in (36a), the
equilibrium is obtained which entails singularities due
to the presence of the periodically vanishing tédin
cos(2rit)). To overcome this issue, the averaging

W, =D,(x;X,) X, (332)

and the insensitivity condition:

W, =0 (33b) technique is proposed to b@plied to the system (3pa
and (3®) which is periodic with perio@ ° (see
To regulate the output voltage, of the power Appendix part of slow/fast analysis). Thus, the steady
converter to its reference value’; i.e., that is any  State (more precisely, quasteady state) tends toward,
positive constant satisfying,” > E., the following in the mean, a stable equilibriuvs® given by:

Iranian Journal of Electricand Electronic Engineeringvol. 18, No. 1, 2022 6
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3 & Cx. Ax. e & positive small parametets(i = 1, 2)

® 1-\/ %,ﬁiﬁ 20 & Theorem. (Main result) Consider the PWM AC/DC
'S =% E, ¢RC T, - (37a) full-bridge boost rectifier represented by its average

aen 2r, model (33 and (®), and illustrated in Fig. 2 in

& 0 association with the cascade controller comgdasethe

¢ inner controller (25) and the outer controller (34). The

resulting closedoop system presents the following

The above equation is valid under the following ;
properties:

condition: ‘. . :
1. The errore; =X, T x; vanishes exponentially fast
E2 8X,, €, (wherex:" = b VEn).
—n >x2,erR-—' +== (37b) 2. Let the control design parameters be chosen such
8rC ¢RC T, that the following inequalitiesare respected 0 <
As the FDS (36a) of the outer loop is nonlinear, its qul b I’o LTi<Ta kl°< 0 ko < 0,~a > 0,and
linearized version of the average Jacobian matrix a__JE a | 8rCx,, ax,, &% 2 Then
defined by (37c) is examined @nalyze the stability K, anx, & e Sre T 2 ’

properties of FDS there exist positive constantsand (' (i = 1, 2)

X 0 1 such that fol0 <} <" and0 <@ < {f (i = 1, 2)
Ze one gets:
Ago =@ k,E, A 8r.Cx, 08X, , €20 QA (37¢) The tracking errorse;, e, the tuning signay. and its
& xx,, = 29R7c T, 9%r0_a derivativey,, and Z are harmonic signals continuously
¢ ' depending o) (i = 1, 2)and}, i.e.e(t, U, 1), ext, U,
8 . 5 1), ya(t, W), ye(t, W), Z(t, W, ). Furthermore, one has
with A, .= szEna& - 8rLC>2<z,oaX2,o &30 8tjja. 'efmoel(tyéiy )=0, Liﬂez(tyey )=0,
4erzo&e En (o} EC Tz +0 r-o r- o
) g g
According to (37c) and taking into account that 0, 8r (x.)
we conclude thalgro is a Hurwitz matrix if and only if B Re
the design parametde is positive and the following limy (t,e, y=E ————, limy (t,e, )=0,
condition holds: e an i
o imz(t,e, )=0.
a o ~ € - )
a. JE, a2 -1 8rCx,,aX,, €20 8 (374) Fo . .
k, 4er2’08e E? c cC T, = Proof of Theorem. In order to lighten the presentation

of this paper, the proof of the Theorem is placed in the
appendix.
Grid Filter-L Full bridge rectifier

By replacing Y in (35b) with (37a), the average
reduced SDS of the outer loop occurs according to

o L

R €0
2,0 T2

Proposition 3. Consider the sindar perturbation of the
outer loop system described by (35and (3B).
According to remark 5, one has: Voo Ve iy i %
i. The FDS (36a) is exponentially stable aY|
converges exponentially (in the meanvtg if the
gain k2 and the parametea have positive values
k. > 0 anda > 0 such that the requirement (37d) is
fulfilled.
ii. The behavior ofx, is defined by the stable

reference equation of the form (38). The : =@_’é :

V| E(s) | F(s) | F(s) ug

Current regulator Eq.
(25)

A A

requirementlime,(t) =0 is then achieved. L
t- = il nner Loop

,* Voltage regulator Eq.
P (34)

4 Control System Analysis

The following theorem dematrates that the control
goals are achieved (in the mean) with precision
depending on the network frequency= 1k, and the

L QOuter Loop
T T |

Fig. 2 Full-bridge PWM boost rectifier with nonlineal
controller.
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Remark 6.

i. The proof of the theorem (see Appendix) provides
the Lyapunov functions of the boundary layer and
the reduced system for the slow/fast subsystem and
for the complete slow/fast/ultfast system. These
Lyapunov functions allow us to provide exact
mathematical expressions for the upper limits of
the singularly perturbed parametdisand (3 by
constructing additional conditions [13].

Part SlowFast Subsystem Stability Analysis
the heorem proof can be used to demonstrate the
analytical approach used in section 3.3.2 in which
the averaging technique is adopted to overcome
the singularity problem.

5 Simulation

The experimental setup illustrated in Fig. 2, including
the control lawg25), and (34) developed in Secti8n
will now be tested by simulation in the
MATLAB/Simulink platform using the parameter
values listed in Tabk 2 and 3. In fact, for the
simulation process, the ODE14x (Extrapolation) solver
is picked with a fixed stepime of 10°5s,

5.1Control Performance in Presence of Constant
Load

Figs. 3 to 7 aim to illustrate the behavior of the
regulators in response to the change in the output
voltage reference valugy'. Specifically, the reference
value changes from 60@ to 700V and then to 50¢/

(see Fig. 3), while the load is kept constarRat60(q .

The output voltage, converges, in the mean, to their
reference values as seen in Fig. 3, and it rapidly settles
down with each variation in the reference. Besides, the

voltage ripples are seen to oscillate at the frequency -

2y, but their amplitudés too small in comparison to
the average magnitude of the sign@ds2% as seen in
Fig. 3), confirming the Theorem. Fg 4(a) and 4
show the measured input curreiRt response with a
lower THD value equal to 1,59% (see Figb¥. In

Table 2Full bridge AC/DC boost rectifier characteristics

Y. Mchaouatt al.

Fig.4(a), it can be seen that the current follows its
sinusoidal referencg” with the desired characteristics
(amplitude and frequency). Fig. 5 indicates that the
current frequency is fixed and equal to theltage
frequencyy . In fact, the current stays in phase with the
supply net voltage/, most of the time complying with
the PFC requirement. This is illustrated further by Fig. 6
which means that, after the transient phases caused by
the reference voltagsteps, the ratib always takes a
constant value. It also indicates that the ripple
phenomenon has no effect on the odep control
signal b, confirming the separation mode between the
inner and outer loops. Fig. 7 shows that the
corresponding inneloop control signal is limited to
the intervalli 1, 1].

600 WW——JJJI /
7057
5
aos WV
300 - 8
200 ‘ ‘ ‘ ‘ ‘ ‘ ]
0 0.1 0.2 0.3 4 . 0.5 0.6 0.7 0.8 0.9 1
) ) Time(s) i
Fig. 3 Output voltagec in response to a step in the referenc

300

- T 1
—X1
- X1*
0

0.

2200 | | | I |
0 0.1 0.2 0.3 04_ 0.5 0.6 0.7 0.8 0.9 1
Time(s)

@)

Fundamental (50Hz) = 64.8 , THD= 1.54%
T T T

Mag (% of Fundamental)

Parameters Symbols Values Frequengy )~
Network En/fn 2208 pV]/50 [Hz] (b)
L-filter L/r. 1[mHY8 90 [ n Fig. 4 a) Input currenk; and its reference” and b)Harmonic
DC capacitance C 5 [mF] content of the grid current
PWM switching frequency fs=1/Ts 24 [kHz]
Load R 60 [ql 600 | “
400
Table 3Controller parameters
Parameters Symbols Values 0 AR “““““““
Currentregulator a 2x105 0 [
Y 3. |
Ij .,.13;10-7 e NI ”””””””
Voltage regulatp G 2.71x1063 400 ‘ ‘ ‘ ‘ ‘ ‘ ‘
TZ 37l><1023 0 0.1 0.2 0.3 OATime(g)»s 0.6 0.7 0.8 0.9 1
k2 4.73x103 Fig. 5 Input currentx: in response to load changes: PI
a 1 checking
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=]

200 I I I I | I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time(s)

Fig. 6 Variation of the ratid in response to a varying referen
voltage
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500 -

450 -

400 - : : :
0.2 0.6
Time(s)

Fig. 8 Output voltagex in response to load changes

0.8 1

120
100
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40
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0 I I
0 0.2 0.4
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Time(s)

Fig. 10 Variation of the ratid in response to load changes

Input current.

a0 NI

-400 I

-150 " !
0

Y. Mchaouatt al.

— AAN

L I I
0.1 0.2 0.3 0. 0.5 0.6 0.7 0.8 0.9 1
4I'ime(s)

Fig. 7 Control signal

600

'“'“““W‘“‘l

' I
GESEEECE Rl

I

0 0.2 0.4 0.8 1 1.2

Tume(s)

Fig. 9 PFCin response to load changes

150
100

~0

50 -

-50

-100

0.2 0.4 0.8 1

0.6
Time(s)

Fig. 11 Input curentx: and its referencry”.

Output voltagec.

Fig. 12 Effect of the filter capacitance

5.2Control Performance in Presence of Load

Change

In order to evaluate the robustness potential of the
proposed controller, bbad change is operated which is
not included in the controller configuration. More
precisely, the load changes at 0.3s, from its nominal
value 60 q) to the double valuel(2 0). Then, at 0.8,
it goes from L 2 0) tod4 0 ). drinally, the load returns
to its initial value 6 0 ) at 0.9s. Except ér the load
variations, all other elementsf dhe circuit remain
unchanged.

The reference of the D@Mutput voltage is kept
constant equal to 600 V. Fig. 8 shows that the disturbing
influence of load variations on the output voltagds
well corrected by the regulator. We validate that, with
the variations of the load, the input current and network
voltage are sinusoidal and in phase, and that the
amplitude of the current varies inversely. As shown in
Fig.9, the PFC property is maintained in spite of load
variations.

Iranian Journal of Electricand Electronic Engineeringvol. 18, No.

Furthermore, Fig. 10 shows that after the
transitional(finite) periods concerningohd changes, the
ratio b takes on constant values, which allows unitary
power factor to be achieved. Fig. 11 shows the
evolution of the input current of;, it can be seen that
the current always follows its sinusoidal reference value
X1" despite the loadhanges.

5.3Effect of the Filter Capacitance

Fig. 12 shows how the filter capacitance affects the
input current and output voltage with two different
capacitance value€(= 6 mFandC = 3 mF. Except br
this change, all remaining system charactesstare
kept unchanged. For both capacitances, it is clear that
the two desired control objectives (power factor
correction and output voltage regulation) are achieved
in the mean. It is observed that the larger capacitance
provides lower ripples while themaller capacitace
provides a rapid transient.
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