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Abstract
In this paper, a robust nonlinear controller is jpased
for the single-phase active multilevel rectifiePEMR)
subject to voltage input sags. The controlling sches
based on the input— output model of the rectifiestesm
combined with exact linearization achieved via Ruzz
and generalized proportional-integral (GPI) conitro
The fuzzy plus GPI controller provides enhanced
robustness for the SPAMR against unexpected voltage
sags and load changes. The main contribution of thi
paper resides on avoiding the need for voltage sags
detection algorithms while improving the dynamic
response of the SPAMR. Simulation results obtained
on a 1-kVA SPAMR using MATLAB/ Simulink and
THD also analyzed.

Index Terms—Active multilevel rectifier, generalized
proportional-integral  (GPI)  controllers, robust
nonlinear control,
sag compensation

1. Introduction

In recent years, the harmonic pollution in power
systems due to loads not Linear has become a seriou
problem. As a result of the current injection dited
grid, power quality has been diminished, the abigve
seen reflected in problems such as voltage distarte
the common connection point under power factor on
sensitive loads malfunction[2], failure critical alds,
among others, making the use of energy-inefficient.
These problems have led to the generation pattern o
standards and specifications such CFE recommemdatio
as L0000-45 based on the IEEE 519, for the case of
Mexico, created with the objective of reducing aler
levels of distortion. Typical examples of non-linea
loads are energy conversion systems, where the
controlled rectifiers filtering capacitors, onetbé most
common causes of harmonic distortion found in both
the industrial and domestic applications.

At present a variety of processes require
power generation Direct current (DC) from a sowte
alternating current (ac), this transformation isualky
achieved through a rectifying circuit, which is
constituted by a diode bridge does not controlled a
capacitor as filter element as shown in Fig 1. élitph
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the advantages of this system, among which are
simplicity and low cost, important to mention the
problems it creates, such as voltage sag, increased
harmonic distortion current and low power factor.
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Fig.1. Basic Circuit rectification
2. Single Phase Active Multilevel Rectifier

The problems associated with rectification
systems exposed to this point, is Own uncontrolled

rectifier circuit. Furthermore, the active rectifie
circuits possess the ability to reduce these
problems. Specifically, the Single Phase active

multilevel converter (SPAMR) shown in Figure2 is
capable of correcting factor regulate power
and dc voltage given by the sum of the voltagesszcr
each capacitor, i.e, = Vit Ve,

Figure 2. Single Phase Active Multilevel Rectifier
(SPAMR)

This topology consists of a non-controlled
diode bridge, an inductor elevator two capacitard a
two bidirectional switches. Appropriately switchitige
switches, it is possible to regulate the dc voltagthe
desired operating point, keeping the free inputenir
harmonics and high power factor. These featuresemak
this system an element that efficiently leverages t
power provided by the mains without deterioratihg t
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quality thereof as proven in research work in gar
are discussed in the next section.

In the literature there have been seve
control schemes for the SPAMR, between which
main feature is the power factor correction, desires
harmonic distortion in the input current i dc voltage
regulation.
2.1.Analysis Of Single Phase Active Multileve
Rectifier

2.2 Modes of Operation

SPAMR behavior can be divided into four moc
which depend on the state of the switches Figure
2.2 shows the equivalent circuits. Each mode
operation offers different characteristics, so thaa
switching of the witches can increase or decrease
input current and load or unload voltages in
capacitorsSuch features can reduce the level
distortion input current and doltage to maintai a
desired operating point.

2.2.1 Mode 1[T1 Open, T2 Open]

Becausehe lifting frames of the circuit, the absolt
value decreases and the voltage at both capa
increase its valuéhe circuit corresponding to. tr
mode of operation shown in Figure 2.2 (a) and
equation describing its behavior is

. dig _ .

U.S — LS _dt + Ucl + UCZ ’ IS = 0
di, .

Vg = Ls dt - (UC1 + -UCZ) ’ [ <0

2.1)

2.2.2 Mode 2[T1 Open, T2 Closed]

In the second mode of operation the capas
is charged and the voltage increases value whe
input current is positiveMoreover, the capacitor ar
charged voltageincreases in value when the in
current is negative.lie equation describes th
behavior
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di, .
vS_LSdt_'_vCl' i.=0
di.
US_LSdt_vCZJ I’S'{D
(2.2)

2.2.3 Mode 3JT1 Closed, T2 Open

In the third mode of operation the capacil
and loaded when theurrent input is positive ar
negative, respectivelgimilarly voltages and increa
in value according to the sign of the input curi The
and the equation describing its behavic

di, |
US:LSE‘l‘UCz; 15>0
(2.3)
dis .
US:LSE—U.{H; i, <0

2.2:4 Mode 4T1 Closed, T2 Closec

The latter mode obperation i the absolute
value of the input current increases because thage
between terminals atircuit equals zer The equation
that describes the behavior is

di,

*dt
(2.4)
Based on the above analysis, is presented in Tab)
it shows the level ofoltage between termini ab of
the SPAMR for each mode depending on the sig
the input current

Vv, =

Is Tl T2 Vat

0 0 VetV
Positive 0 1 Va
values 1 0 Ve

1 1 0

0 0 “(VertVe))
Negative 0 1 Ve
values 1 0 -V

1 1 0
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Table 2.1.Voltagbdetween termina ab of the SPAMR
2.3 Mathematical Model

The differential equations describing
dynamics of the SPAMR are given
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LSEI-S = Vg — Vabp

Cy; —v =iy — 1
15, Vel 1 1

(2.5

C i 1 [
——v =i, — i
2 g vez 2 r2

Then
sgn() sgn(ig) - 1

vy = ———[ves (1= Ty) + v (1-Ty)) +
sgn(zs) +1
i =

— (=T +vey(1=Ty)]

sgn(ig) —1

2 (1 _Tz)is

(1-Ty)is +

sgn(is)+ 1
=T

. sgn(is) =1 .
(1= Ty)is + ———— (1 = Tu)is

(2.6)
2.3.1Simplification at Three Levels

In order to obtain a model to derive the con
algorithm proposed in this thesis, it is assumed the
switches simultaneously switched i.e.;=T,=T. Thus
use two of the four operating modes SPAMR thus,
voltage generated between termiraliss three levels
as shown in Table2.2.

IJERTV 215100887

Is T T Vas
POSITIVE 0 0 VeitVes
1 1 0
NEGATIVE 0 0 -(Vc1tVer)
1 1 0
Table 2.2Voltage between terminals ab of the SPAI
when T=T,=T

Moreover, it is considered that the Ic
resistors are equal, i.eFR=R, Likewise, the
capacitors &=C,=C. In this way we obtain the state
the sum of \; and V., adding the effect of th
resistance and inductor associated with SPAMR
model can be rewritten as
Lsd—'ris = Vg — Ugp — Rsis

(2.7)
cLv, =2i-
dt dc
Then
Vab: Sgn(;)(l'T)Vdc
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=iy =iy = sgn(ig)(1-T)i

Vdc

R

(2.8)

IR=

Finally, we define the switching function And olt:
the dynamic model of SPAMR represented r = sgn
(is) (1-T): R > {-1, 0, +1} where is obtained using t
technique of pulse width modulation sinusoi
(SPWM).

Ls i
r S A AR Y
C%Vdc 2t —1/R|lvdc 0

(2.9)

2.4 Average Model

The state equations in (2.9) do not represe
useful model of the SPAMR because the switcl
function is provided within the set of discre+1,0,+1}
Causing the is bilinear model (solid pal Therefore,
the dynamical model obtained in previous ion is
considered as a average (The average pattern eth
by averaging the dynamic model by switching pe
under assumption that the switching frequency
infinite) model assuming switching to a high fregog
and redefining it as a continuous fuon u: R> {-1,
+1} sufficiently differentiable.

Thus, the average model SPAMF
d .
LSELS _[-Rs
cLvdc
dt

1 2u —_ll;R [Vdc] [O]VS

(2.10)
On the other handthe GPI has been widely
applied to obtaindc dwmnverters satisfactol
results.Based on this background, 2.10) is mad to a
framework of synchronous reference
through dg transformatigohase Thus the average
pattern SPAMRecontains only dc signe so that it can
be seen as a dc-donverter elevatc

2.5 Dg Model

According to the theoretical principle single
phase dq transformatign is generated orthogon
imaginary circuit, this imaginary circuit is commasof
the same components the actual circuit with
difference that all steadstate variables are delayed
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° from their counterparts in the real circ Thus, you

get a frame of reference stationary and applyirs
transformation matrix:

— cos(wt)
sin(wt)
(2.11)

T — [sin(wt)

cos(wt)

Variables are obtained in the dgnchronous referenc
frame where grid frequency is in rad /s.
The SPAMR, the real and imaginaiigsals ar:

1. = [f;e] V.= [Us“.re] U = [ui"e]
s I;m ’ L3 vsr‘,m, ” ulm.
(2.12)

Using the above vectors in the model (2.10),
equation of the input current can be rewritten éctar

form as:

d
LSEIS =-Rls— Vg U + Vs

(2.13)
Applying the transformation matrix flas

T [Ls < is] = T[- Rsls - V.U + Vs]
Vae (2.14)

Transforming the left side of the above equatiakirtg
the derivative of matrix product I

L d(TI)—T[L dl]+[L dT]I
sa s/ = SES SE s

(2.15)
then:

d d d
T[LSEIS] = LSE(TIS) - [LS—

T|I
dt]s

(2.16)
Substituting (2.16) in (2.14) yields the equatidntte
input current under dq synchronae$erence

d d
LSE(TIJ = ILSET] T_ITIS —R;TI, - v TU+ TV,
(2.17)
LS%Iqu = LSQI_?q + Vsdq ; Rslgiq YLV

Where
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d 0
_ w
0= [— T] ri=|" Y
dt -0 0
(2.18)
d d
[ v d
g=fel w=fhl vee=ll
lg A ut
Now, using the vectors and in (2.10), dc voltage
equationcan be rewritten in vector form.
C%Vdc: Ul - %vdc
s(2.19)
ObservationThe above equation implies that add
imaginary product to Voltage equation in the mc
(2.10), the dc componedbubles its value while tt
voltage ripple disappears due to cancellabetween
the components afctual signa ac and imaginary.

Applying atransformation matr T (2.19) yields:

CVde = (TT U)T TTlg- = Vee

(2.20)
C=Vde = (THU™) T THS -~ Ve,
(2.21)
using matrix properties:
(T_lUd'q)T — (Ud.q)T(T—l)T
(2.22)
T=T77
Equation (2.21) takes the form
c % Vde =(U%) T 7T da. % Ve
(2.23)

Where TT' represents aridentity matrix thus, the

equation for the dc voltage rewritten a

d 1
C—Vdc =(u%y T |;‘q-;vdc

(2.24)
Finally the complete model of the SPAMR
the dgsynchronous reference fra is
d .

d , .
Lo is = wLgid — R + vl —vg.u

d

d . ) ;
Lo is!= —wLsid — Ryl +v] — vy.utd
(2.25
d — ida,d 4.,.q
CEde =z Vge +Higu® +iju
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3. Control Objectives

The control objectives are

» Stabilize the dc voltage at the desimgxkrating poin
* Reduce the THD of the input current.

* Correct the power factor.

which must be met even in the presence of distuwds
in the input source, and considering an unkn
current demand.

As concluded in the previous chapter, the cor
objectives are met using the schemes proposed, b
performance thereof is to shocks poor, therefaréhe
task of GPIprovide robustness to the system, for i
used system model in the presence of disturbe

3.1. Nonlinear Control & GPI

Similarly to the previous section, the controller
implemented using nonlinear GPI gbtained for the
current loop and using again the same outer
voltage.

3.3.1. Current Loop
Using the control lawin the perturbed model, tt
closed loop dynamics outpwector is reduced to &
integrator
y=v+ 0,77
(3.1)

Where V =[V12] And o,(t" )= v

V22 S ALY

p
Defining the error control signals and output

e, =v—-v"

(3.2)
ey, =y—y"
Where V = Y the error dynamics is given

e, = e, + 0.(tP™ 1)

3.3)
Assumingo(t°?) disturbance is well approximated
a polynomial of second order -

1=2), GPI controller third order

Ey = _k023€y - kczz f €y~ kal ﬂ €y~ kaD ﬂj €y

(3.4)
the system provides robustness with respec
perturbations in the input voltage.
The block diagram o is shown in Figj1.
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Vogrer | Kopss® + Kepps” + KepS + kg |

Figure 3.1 GPturrent controllers for SPAR

From the diagram in Figure 13.the transfer functions
for each output taking; as a disturbance ¢

X1(5)  KepaS® 4 KepaS? + keaiS + ko
x1(8) 5%+ kea3s® + kepas® + kears + keao

(3.5)
2, (s) _ Ke23S® +kepas? + KeprS + kego
x3(s) st +kpas® + keppS? + kearS + Kego

Nominal control input \=0 because ‘is constant and
the characteristic polynomial
P12.22(5) = 5% + kp35® + Kepp5? + kepq5 + Kegg

(3.6)
Has a fullyassignable pole arbitrari Then, selecting
the coefficients

{kCZSI 'I‘fc:zz: kalr kczo}

3.7
as follows, k.= 3000 k,=1000 }:»;=60 and k= 1 It
releases the loopCurrembout switching frequenc
obtaining a decade bandwidth a lower cutoff frequye
f=472Hz. Fig. 3.Zhows the nc-linear control scheme
using the controller GRAuxiliary inputs

* *
Uy Vi

xt ] iE Ust p— ew'z"'l' Vpp u, N
- A + — 1>
NON LNEAR X,
CONTROLLER U, | SPAMR g
Y20 + Pl entVn — EN
2 A +T
V5

Fig.3.2.Block diagram of nonlinear control sche
& GPI for the SPAMF

3.2Fuzzy Plus GPI in Voltage Looj

Fuzzy logic and generalized proportic-
integral (GPI) controllers are use in SPAMR for
mitigation. A simulation study of the SPAMR with G
is studied. The Fuzzy rules and the infere
mechanism of the fuzzy logic ntroller (FLC) are
evaluated by using conventional r-lookup tables that
encode the control knowledge in a rules form.
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performance assessment of the studied pos
controllers is based on dynamic response and
integral criteria. The results tdined from the FLC ar
not only superior in the output voltage, but alsoctr
better in reducing the total harmonic distort

iy
e v
1 12 u
GPI X 4 Xy
NON LINEAR X5
b ¥ CONTROLLER | U, | SPAR i‘
v22 22 N
GPI pod
n

Fig.3.3Block diagram of nonlinear control sche!
Fuzzy & GPIfor the SPAMF

3.2.1 Rule Viewer

3.2.2 Surface Viewer

4 Simulation Results

Two types of tests were proposed to validate
nonlinear control scheme ability to achieve thetam
objectives. The first one is concerned with thelityi
of the steadystate behavior and the second one is
ability to compensat voltage sags without usii
detection algorithms. The performance of scheme
on the entire operation range was also testedtti®
purpose, an ac mains voltage sag was induced :
same time of several load changes.

b

Mw
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Simulink model of SPAMF
(nonlinear load with GPI controlle

®
|

Simulink model of SPAMF
(non linear load with GPI and Fuzzy control
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5. Conclusion
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algorithm. This is, particularly, relevant from awger
electronics viewpoint. It is important to mentiomat
the controller parameters, both, in the simulatiand
in the experimental tests, were kept to be the same
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A nonlinear control scheme for an SPAMR has been
proposed. The main motivations for this proposalewe
to provide to the SPAMR with the capability to work
well in the operation range while exhibiting a good
dynamic behavior. At the same time, this approach
enjoys added robustness properties with respeecto
mains voltage perturbations and dynamical load
changes while eliminating the need for a sag detect
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