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An input/output feedback linearization control strategy is developed for control of three-level three-phase
neutral-point-clamped rectifier using its dual Lagrangian modeling. The load current of the rectifier can be given
in two forms: (z) the load current involving the current of capacitor C (i7) the load current involving the current
of capacitor C>. Applying the obtained load current to the Euler-Lagrange parameters of the rectifier, two nonlin-
ear models of the system are derived. The models are based on the superposition law of the load current and the
Euler-Lagrange description of the rectifier. Also, the two power-balance equations between the input and output
sides are obtained by considering the effects of two load currents separately. Then, the two nonlinear models and
power-balance equations are linearized using input—output feedback linearization, and the state feedback law con-
trolled inputs are completed by pole placement. With the definition of outputs of the feedback linearization law,
the zero dynamics of the system are avoided and a fast output voltages control scheme is designed. Finally, some
integrators are added to robust control against parasitic elements. The proposed nonlinear controller is compared to
the PI controller and the MATLAB/SIMULINK results verify the proposed control strategy.

Key words: Euler-Lagrange (EL) model, 3 level/phase NPC rectifier, Input/output feedback linearization, Power-
balance equations, State feedback law controlled inputs

Novi dualni Langrangeov model i upravljanje trofaznim trorazinskim NPC naponskim ispravljacem za-
snovano na ulazno/izlaznoj linearizaciji u povratnoj vezi. Upravljacka strategija zasnovana na ulazno/izlaznoj
linearizaciji u povratnoj vezi razvijena je za upravljanje trofaznog trorazinskog ispravljaca u spoju sa zajednickom
srednjom to¢kom koriStenjem njegova dualnog Lagrangian modeliranja. Struja trosila ispravlja¢a moZe se prikazati
u dvije forme: (¢) struja troSila koja ukljuCuje struje obaju kapaciteta Cy (4¢) struja troSila koja ukljuuje samo
struju kapaciteta C'>. Primjenom dobivene struje trosila na Euler-Lagrangeove parametre ispravljaca izvedena su
dva nelinearna modela sustava. Modeli su zasnovani na zakonu superpozicije struje troSila i Euler-Lagrangeova
opisa ispravljaca. Dobivena su dva zakona o ravnoteZi snaga izmedu ulazne i izlazne strane uzimajuéi u obzir
ucinke dvaju struja trosila zasebno. Dva su nelinearna modela i zakoni o ravnoteZi snaga zatim linearizirani po-
mocu ulazno/izlazne linearizacije u povratnoj vezi i ulazi su upravljani s povratnom vezom po varijablama stanja uz
metodu odabira polova sustava. Definiranjem izlaza upravljackog zakona zasnovanog na linearizaciji po povratnoj
vezi, zaobisla se dinamika nula u sustavu te je dizajnirana shema s brzim upravljanjem izlaznim naponima. Na-
poslijetku, integratori su dodani za postizanje robusnosti na parazitske elemente. PredloZeni nelinearni regulator
usporeden je s PI regulatorom, a rezultati su provjereni u MATLAB/SIMULINK okruZenju.

Kljucne rijeci: Euler-Lagrangeov (EL) model, trofazni trorazinski NPC ispravlja¢, linearizacija pomocu
ulazno/izlazne povratne veze, jednadzbe ravnoteZe snage, upravljanje po varijablama stanja

1 INTRODUCTION are the most widely used because of their advantages such

Multilevel converters permit reaching voltage levels up

as series connection of power switches and bi-directional
power transfer capability.

to medium-voltage drives in the industrial environment.

The converters are significantly used for medium-voltage However, one of the considerable problems of the NPC
and high-power applications [1-4]. Among these topolo-  converters is how to control the oscillation in the neutral
gies, multilevel neutral-point-clamped (NPC) converters  point potential (NPP). If the NPP is not controlled effec-
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tively, the output voltages of the converter wouldn’t reach
its reference values and the devices and equipment might
be damaged. There are some modulation techniques that
are able to completely eliminate the oscillations in NPP
[5-7]. In [8] a dynamic limiter and a control loop are pre-
sented that provide the system with a fast balancing dy-
namic and guarantee stability under the all operating con-
ditions. Also there are several nonlinear control meth-
ods [9-10] to maintain the output voltages balance. Ref-
erence [11] describes a new control method based on a
simple feedback linearization procedure to obtain a lin-
ear time-invariant model for the NP voltage. The feed-
back linearization process takes almost no time, is direct,
and yields a linear, time-invariant model. With this lin-
ear model, well-known and easy-to-implement classic con-
trol technique for obtaining the desired system response
and disturbance rejection can be applied with greater ac-
curacy than in previous approaches. [12] A nonlinear con-
trol strategy based on of feedback linearization technique
is applied to the NPC converter. This control law robust-
ness is validated for the various severe load and the system
parameter variations. The input/output feedback lineariza-
tion [13-15] control strategy that is proposed in this paper
can enable the three phase/level NPC rectifiers to keep the
output voltages and NPP at its desired values. Also, this
control strategy is based on the dual lagrangian model [16]
of the rectifier, which is obtained with the superposition
law, the load current and the Euler-Lagrange description
of the rectifier. Then, during the performance of the con-
trol strategy, the dynamics zero of the rectifier are avoided
and the state feedback law controlled inputs are completed
by pole placement.

The MATLAB/SIMULINK results comparing to the PI
controller shown that the proposed control method gives
good results in all the operating conditions such as: de-
sired output voltages, very low THD, unity power factor
and Neutral Point Potential (NPP) 0 V.

2 EULER-LAGRANGE MODELING OF THE 3
LEVEL/PHASE NPC RECTIFIER

The power circuit of the 3-level 3-phase NPC rectifier
with balanced source is shown in Fig. 1. The output capac-
itors, line inductors and resistances are considered iden-
tical, i.e., Cl = 02 = C, L1 = L2 = L3 = L and
Ry = Ry = Rs = R respectively. E,, is the amplitude
of the input voltage source. S;1,552, S;1 and Sjs (i=a, b, ¢)
are switching functions describing the switching status of
each phase as given by the following definition:

Sij:{ 0 if Ty =off

Zf E]‘ =0on
Considering electric
[gra  qrv  qre  dc,  4c.)

i =a,b,cand j=1,2

charges vector ¢ =
and currents vector

100

Fig. 1. Power circuit of three phase/level/leg voltage-
sources NPC rectifier

¢ = [dra db dre Go, 4o, corresponding to three
boosting inductors and output capacitors respectively, the
lagrangian of the system can be defined as:

£(g,4) = T(g:4) = V() (D

where T'(q, ¢)and V' (¢) are magnetic co-energy and elec-
tric field energy of the circuit, respectively. In Fig. 1, the
load current can be written both as:

i = (QLaSal + quSbl + qLcS(:l) - q.CU 2)
i, = —(4raSa2 + dLoSe2 + GreSe2 + 4cy),  (3)

with S,; = 1 — S,;. Of course, equation (2) is due to
the capacitor C7, and equation (3) is due to the capacitor
(5. Considering the load current presented above, the EL
parameters describing the EL dynamics of the 3-level 3-
phase NPC VSR can be written as:

1. . .

T = 5L (d1a + dZs + dLc) @)

1 2 1 2

V= 2010 + 50102 &)
1 . . . 1 . .

D= §R (47a +dis + dic) + iRL{QCl — (qraSa1+
. . 2

+ GLuSe1 + qreSea)} s (6)
or

1 ) ) ) 1 ) . e
D = SR (fa+diy +dic) + 5 Re{do, + (draSert
. = . =—\12
+ GLoSe2 + qreSe2) } @)
F:[ea e, e. O O]T. (8)

In these equations, the functions D and F' are Rayleigh
dissipation co-faction and the generalized forcing faction.
Considering to the general from of the Euler—Lagrange
(EL) equation:

d (0£ of£ 0D
i(5) 50t F )
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and by substituting the elements described above, the fol-
lowing equations can be achieved:

d(8T>_3T+6V+3D_e w0
8qLa aqLa aqLa aqLa “
d(6T>_8T+8V+8D_€ a
94y Oqry  Oqry  Odrp b
oT oT oV oD
= - o —e, (12
dt (8QLC> a(]Lc aQLc 6(]Lc ¢ (12)
d oT oT oV 0D
- (£
i (aqcl) B, | Bac, | B, (1)
oT oT oV 0D
- - - + + —=0. 14
(aQC) dqc,  Oqc,  9qc, (149

Since D is presented in equations (6) and (7), two di-
rect calculation of (10)-(14) with the EL parameters are
obtained.

The first calculation: considering the EL parameters
(4)-(6), the following is obtained:

d (QLa) + Rira — RpSa1[de, — (GraSa1 + GroSei+
QLcScl)] = €q, (15)
d (QLb) + Riry — R Se1 [dey — (GraSar + droSei+
QLch)] = ep, (16)
(qLC) + Rire — RS [dey — (GraSa1 + droSe+
qreSe)] = a7
qgl + Ry, [6101 - (QLaSal +4rbSp1 + qreSe)] =0,
(18)
qgl + Ry, (e, + (GraSaz + 4sSe2 + GreSez)] = 0.
(19)

From (18), it follows:

—qc,
. 20
OR, (20)

doy, — (qraSa1 + drpSer + 4reSe1) =

By substituting (20) in equations (15)-(17), and by not-
ing that g x = ik, k = a,b,c and that voltage of the
output capacitor Cy can be written as: Ve, = q¢, /C, the
EL model corresponding to the PWM converter can be de-
scribed as:

dig

Ldi + Rig + Sa1Ve, = €a, 21)
dlb

Ldi + R'lb + SblVCl = €p, (22)
di,.

Ldi + RZC + Scﬂ/bl - 667 (23)
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dV V.
c dfl — (Satia + Spiiy + Seric) + L =0, (24)
L
dV, — —_ Ve
C—2 4 (Suzia + Spzip + Sezic) + —2 =0. (25)
dt Ry

Considering equations (21)-(25), it is possible to present
them in the matrix form:

Mw+& (u)w+ Rw=F, (26)
with
L 0 0 0 O
0O L 0 0 O
M=|10 0 L 0 0|,
0O 0 0 C 0
10 0 0 0 C
[0 0 0 Sal 0
0 0 0 Sbl 0
&1(u) = 0 0 0 Scl 0 |,
—Sa1 —=St1 —=Sa 0 0
L Sa2 z Sc2 0 0
R 0 0 O 0
0O R 0 O 0
R=|0 0 R O 0 ,
00 0 5 0
1
L0 0 0 0 "
F = [ e, € € 0 0 }T,

where w = [iq i ic Vo, Ve,| and F is the vector consist-
ing of voltage sources.

The second calculation: by considering the EL param-
eters (4), (5) and (7) similar to first calculation and by
applying (10)-(14) to (4), (5) and (7), and by noting that
4L, =1k, k = a,b, c and that voltage of the output capac-
itor Cy is Vo, = q¢,/C, and by considering that:

—dc,
CRy’

dc, + (4raSa2 + qLoSe2 + GreSea) = (27)

the EL. model corresponding to the converter can be written
as:

dig _
LdL + RZCL SGQ‘/Cz = ea; (28)
di
L% + Rip — Sp, Ve, = e, (29)
di. __
L—r + Ric = 5, Ve, = e, (30)
dVC . . . VC
O= = (Sayia + iy + Seaic) + RLI =0, (I
dV _ __ . V.
C—2 4 (Sazia + Spzip + Sezic) + 2 =0. (32)
dt Ry
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The above equations will result in a matrix as follows:

Mw + &(uw)w + Rw = F, (33)
with
0 0 0 0 —S,
0 0 0 0 —Sp
§2<u) = 0 0 0 0 _SCQ 5
~Su S ~Sa 0 0
a2 Sha S 0 0

where F', w, M and R are identical for both calculations.
M 1is a positive-definite diagonal matrix, R is the dissi-
pation matrix and &;(u), (i = 1,2) is the interconnection
matrix with switches. The energy balance equation is:

T T
H(T) — H(0) + / wl Rwdt = / wIFdt, (34)
0 0

where H = T + V = (1/2)wT M represents the total en-
ergy of the circuit. Based on the energy balance equation:

stored energy (H(T) — H(0)) + dissipated

T T
energy / w? Rwdt = supplied energy / wl Fdt.
0 0

Absentee of skew-symmetry property in the matrix Fj,
(i = 1, 2) has no effect on the energy balance equation. the
derivative of energy balance equation (34) may be easily
found by taking the derivative of H along the trajectory
of (26) or (33).1t is clear that the EL models (21)-(25) and
(28)-(32) of 3-level 3-phase NPC rectifier are according to
Kirchhoff’s circuit theory and superposition law.

3 PROPOSED NONLINEAR CONTROL STRAT-
EGY

3.1 Input/output feedback linearization based on the
first equations (21- 25)

In this section, it is considered that the first equations to
regulate output voltage Vi, and PF (power factor), using
input/output feedback linearization technique. By apply-
ing odq transformation [16] to (21-25), the first equations
of the rectifier in a rotating reference frame d-q may be
written as below:

Liy = —Rx1 +wLxzy — Sq1x3 + eg, (35)

Li’Q = 7RZC2 - wLxl - Sqlxg, (36)
. 3 2

Ciz = 3 [(Sdﬂl + Sqx2) — 3]1?,;%3} , 37

Cig = 2 | (Supr + Syora) — ——a (38)
4= 5 |(Sa2m1 a2¥2) = 3o T4

102

with: [ 1 Ty T3 X4 } = [ iq iq Vo, Vo, }
On the other hand, according to (2), we will only con-

sider the effect of capacitor C to obtain the power balance
between dc and ac sides, i.e.,

3 dxs

= = ' c—-].

Zedxl T3 (zL + It )
For applying input/output feedback linearization to a non-
linear system, the number of control inputs u; should be
equal to the number of controlled outputs y;. The control
inputs of the system based on the first equations are:

(39)

urr = Sqi, U21 = Sql' (40)

Thus, the system controlled outputs will be reduced as be-
low:

Y11 = T2, Y21 = 3. (41)
In order to obtain an effective linearized system, we should
repeatedly differentiate each output y;; (i = 1,2) until at
least one input u;; (i = 1,2) appears explicitly in its ex-
pression. After a straightforward calculation:

. . : 1 . .
Y1 =X =1qg = 7 (=Rig —wLliq— SpVe,), (42)
o — G — V _ 3R6did 3wediq . 3€de1
Y= I = T o OVe, T 20Ve, | 2LC
3eaFm 9e2i2  3egiqir  ir
- L - (43)
2LCVe, 4C?VE ' 202V2 C

The new inputs v;; (i = 1,2) based on the first equa-
tions will be obtained as:

v11 = Y11, V21 = Ya1. (44)

Relation (44) shows that there is a linear relation be-
tween the outputs and the new inputs. By Substituting
(44) into (42) and (43) and also after some calculations,

the switching functions of Sg,, S,, are given as:
1

Sql = = (—Riq - wLid - LUH) s (45)
Ve,
S = 7Rid Lwiq Em . 3L€di§ L’ZdiL
T Ve, T Ve, Ve, 20V T OV
2Li;,  2LC
— ‘' — —V21. (46)
36,1 3€d

To guarantee unity power factor and regulate the volt-
age of C capacitor, the new inputs are defined as:

ig =011 =1; — A1 (ig — i%) in=0, (47
Vo, = va1 = V&, — 1 <V01 - Vc*l) -
— 21 (Vo, = V&), V&, =250V, (48)

where i; and Vc**l are the reference value of i, and Vi,

respectively. The gains A1; and v;1, (¢ = 1,2) can be de-
signed by using linear techniques (poles assignment, LQR,
etc.).

AUTOMATIKA 55(2014) 1, 99-111
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3.2 Input/output feedback linearization based on the
second equations (28-32)

The second equations (28-32) in synchronous d-q
frame are obtained as follows:

Li’l = 7RZC1 + wLxQ — Sd21'4 + Em, (49)
Li‘g = —RIQ — wLa:l — Sq232‘4, (50)
. 3 2
Cig = By [(Sdlxl + Sq1x2) — mﬂ%} ) (5D
. 3 2
Ciy = 3 (Sazx1 + Sqox2) — EM ) (52)
with: [ T1 Xo T3 T4 ] = [ tqa tq Vo, Ve ]

As it can be seen from equation (3), dc power is due to
the effect of (5 capacitor and the power balance between
dc and ac sides will be as:

3 . d$4
= = c==).
eqri X4 (zL + a )

2 (53)

The control inputs of the system based on the second equa-
tions are:
(54)

Uig = Sg2 Uz = Sq2~

It is known from (54) that the nonlinear control based
on the second equations is completed by reducing the sys-
tem outputs. Considering the reduced outputs, unity power
factor and desired C'; output voltage must be gained. Thus:
(35

Y12 = T2 Y22 = T4.

Applying input/output feedback linearization tech-
nique to (55):

. . ; 1 . .
Y12 = Tg = 1g = 7 (—Riq —wLiqg — Se2Ve,), (56)
e a T, — 3Reqiq | 3weqiq  3eaSaz
Y2 = E e T T OV, T 20Ve, | 2LC
36dEm _ 96323 3€didiL . 27L (57)
2LCVe, 4C?VE — 20%VE O
The new inputs v;5, (i = 1,2) are:
V12 = Y12 V22 = {2o. (58)

By Substituting (58) into (56) and (57), the Sg2 and Sy
are obtained as:

1
Sq2 = — (—Riy —wLig — Lv1a), (59)
Ve,
g, Ria  Lwig  En 3Leqij
d2 V02 VC2 VC2 20ng2
Ligip,  2Li;,  2LC
_ — . 60
C’VC22 3eq 3eq V22 ©0)
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The new inputs are considered as follows:

ig=vi2 =1 — A2 (ig— i), i5=0, (61

VC2 = Vg2 = VC*2 — Y12 (VCQ - Vc*v2> _
— Y22 (Vo, = V&,), V&, =250V,

where i:; and VC*2 are the reference values of 7, and V,,
respectively.

(62)

3.3 The state feedback law

To control the new inputs, we use the state feed-
back controlled inputs as shown in (47), (48), (61) and
(62). Then using a linear control technique, the gains
Aij (’L = 1] = 1,2) and Vij (7,, ] = 1,2) will be ob-
tained. First we define the output errors as below:

er1 = ig — i, (63)
2=V, = V&, e3= Vo, — V. (64)

By applying (63) and (64) to (47), (48), (61) and (62), two
equation sets are obtained as:
€3 + Y12€3 + y22e3 =0

él + )\1161 =0
€ + Y1162 + Y2162 =0
(65)

By means of the pole placement technique the gains
Xij (i=1,j7=1,2)and~;; (i, j =1,2) are obtained.

To control inner dynamics of system and eliminate the
tracking error due to the presence of parasitic elements,
we add integral controls to (65) and the new state feedback
controlled inputs will be obtained as follows:

él + )\1261 =0

é1+ A1er + Ao [erdt =0 (66)
€2 + 71162 + Y2162+ v31 [eadt =0
and
é1 + A2e1 + Aga [e1dt =0 67)
€3 + 71263 + Y22e3 + v32 [ e3dt =0

The integral controls will cause robust control against par-
asitic elements. Now the pole placement technique is ap-
plied to (66) and (67) and then the gains \;; (¢, = 1,2)
and y;; (1 =1,2, j = 1,2,3) are obtained.

3.4 Three-Level SPWM Modulation Method

We use 3-level SPWM for controlling the rectifier.
Though the three-level SPWM modulation is nonlinear, it
has the advantages of lower switching frequency and eas-
ier to be realized. The obtained switching functions from
(45), (46), (59) and (60) are transformed into reference abc
frame (switching functions S;; and S;2 (¢ = a,b,¢)) and
then we define the switching signals V; (i = a,b,c) as
below:

V; = SﬂVCl + SiQVCQ, i=ua,b,c. (68)

Modulation of phase "a" is denoted in Fig (2).
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VVVVAAA

iininha
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Fig. 2. Three-level SPWM

i

Three - Level
SPWM

Fig. 3. Block diagram of the PI controller

4 PI CONTROLLER TECHNIQUE

A PI control technique for the NPC rectifier using
MATLAB/SIMULINK is applied to compare with the pro-
posed control method. In order to maintain the Vi, and
Ve, output voltages and the neutral point potential at de-
sired set point, the desired value of input d-component cur-
rent is given as below:

mi = <:C3 - %) + (134 - %) (Vdc - V’") - (69)

Also, to guarantee unity power factor operation, the de-
sired value of input g-component current is defined as:

z5 = 0. (70)

104

R ol

Cir
1

e inli
[

L

Three - Level
SPWM

abc/ ozﬂ
odq/ abe

ft

(45) &(46)

(59) &(60)

The pole placement technique

Fig. 4. Block diagram of the proposed control method

(67)

Using two desired values and PI controllers, the control
method based on PI controller can be obtained as shown in
Fig. 3.

5 SIMULATION RESULTS

To verify the proposed nonlinear control method, the
three level/phase NPC rectifier has been studied by simu-
lation using MATLAB/ SIMULINK and compared to the
performance of the same system with a PI controller. Fig-
ure 4 shows the block diagram of the proposed nonlinear

350

 FL
300 + Pl i
250%%%

200 - 1

Vci(volt)

150 ¢ 1

100 | 1

50 1

0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Time (second)

Fig. 5. The voltage of C capacitor
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control system. The parameters of the system are con-
sidered as: R = 0.1Q, L = 0.003mH, R;, = 3019,
C = Cy = Cy = 2200uF, f = 50Hz, switching
frequency= 2K Hz, E,, = 150V, V4. = V.. = 500V,
Vo, = Ve, =250V

As it can be seen from figures 5-7, the proposed non-
linear controller can keep the output voltages near their de-
sired values and also the Neutral Point Potential (NPP) ap-
proaches to zero (the voltage Vo, — Vo, of is near zero).

—

200 ¢ 1

350

FL
Pl o

300

250 MAAAARANAIAYA

150 |, 1

Vc2 (volt)

100 + —

50 j —

0.2 0.3
Time (second)

0 0.1 0.5

Fig. 6. The voltage of Cs capacitor

700

-

on

600 |

500

400} ]

Vdc (volt)

300 B

200 8

100+ 8

0.2 0.3
Time (second)

0 0.1 0.4 0.5

Fig. 7. Dc-link output voltage

The results show that the transient state of FL is shorter
than PI controller and maintains better output voltages at
desired values in steady state. Figures 8-9 show that the
system can reach unity power factor and the line-current is
nearly a sine wave. In comparison, the proposed control
method is superior to PI controller. Figure 10 shows the
values of the line-current THD in the steady state. How-
ever, PI controller has a slight superiority, the obtained
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current of phase "a"

Power Factor

THD of ia

300

200

100 |

-100 |

-200 ¢

-300

-400

FL  —
P —
‘voltage of phase "a"  —

-

0.99 -

0.98 -

0.97

0.96

0.95

0.02 0.04 0.06 0.08

Time (second)

0.1

Fig. 8. Current and voltage of phase a

"'""'"""""""""""""'”"""""""WWNNHWWﬁﬁkﬂﬂﬂﬂmHMH’HU“”

i

FL o
Pl o—

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

0.2 0.3
Time (second)

0.1 0.4 0.5

Fig. 9. Power factor

0 0.1

0.2 0.3
Time (second)

0.4 0.5

Fig. 10. THD of the i,

THD value is 2.3% for FL and therefore meets the stan-
dards IEC 61 000-3-2/4.
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Vab(volt) Vab(volt)

Three phase input currents(A)

600

400

200 -

-200 -

-400 -

-600

-800
0

Fig. 11.

800

0.02 0.04 0.06 0.08 0.1
Time (second)

The input line-line voltage Vyy, for FL

600

400

200

-200 -

-400

-600
0

Fig. 12.

100

0.02 0.04 0.06 0.08 0.1
Time (second)
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The input line-to-line voltage (V;) of the rectifier is
shown in figures 11-12. Figures 13-14 show three phase
input currents in steady state operation for FL and PI con-
troller, respectively. The switching signals of the two con-
trollers are shown in Figs 15 and 16. In all of the mentioned
figures, FL controller has an extremely short transient state
and can reach their desired values quickly.

The response of the output voltages for a step change in
the load current from zero to nominal value at ¢ = 0.6 s is
shown in Fig. 17 (a-c). The proposed controller reduces the
steady-state error and indicates faster performance and less
undershoot compared to the PI controller. Fig. 18 shows
the response of current and voltage of phase "a" with a step
changes in the load current from zero to nominal value at
t = 0.6 s. It clearly shows that FL controller performs well
by allowing input current to be tracked at the desired value
with maintaining unit PF. Figs. 19(a-b) and 20(a-b) show
the response of three phase input currents and switching
signals with step changes in the load current from zero to
nominal value at £ = 0.6 s validate the proposed nonlinear
control robustness against the sudden change of load.
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Fig. 20. Response of the switching signals with a step
changes in the load current from zero to nominal value in
t =0.6s(a)FL, (b) PI
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Figure 21 (a-c) shows the response of dc-link output
voltages with a step Changes in the load current from nom-

inal value to zero in t =

0.6 s. Due to a change in system

load, the output voltages are disturbed and are again sta-
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Fig. 26. THD under different output power

bilized faster by using the proposed nonlinear controller
in comparison to the PI controller. The output voltage
overshoots are extremely small and the proposed nonlin-
ear controller can keep the output voltages at their desired
value. Also the response of current and voltage of phase
"a" with a step changes in the load current from nominal
value to zero in ¢ = 0.6 s is shown in Fig. 22. Figure 22
shows the performance superiority of the proposed con-
troller in reaching the current of phase "a" to zero during
the load variation. It can be understood from Fig. 23 (a-b)
and Fig. 24 (a-b) that the three phase input currents and the
switching signals variations are extremely small and also
in comparison with PI controller, the proposed nonlinear
control law has better input currents and switching signals
in keeping at their desired value. Figures 25 and 26 show
the power factor and THD of phase "a" current, under the
different load conditions for FL.

6 CONCLUSION

In this paper, a nonlinear controller based on in-
put/output feedback linearization technique and a new
model of the three level/phase NPC rectifier has been pro-
posed. After obtaining dual lagrangian model of the rec-
tifier using the Euler-Lagrange description of the rectifier,
the superposition law and the two obtained forms of the
load current, two the power-balance equations between the
ac and dc sides are obtained by considering its correspond-
ing load current. Then, the system is linearized and also
the state feedback law controlled inputs are designed. To
achieve a robust control against parasitic elements, some
integrators are added to the state feedback law and then
the new controlled inputs are completed by pole placement
technique. Defining the appropriate outputs, the presented
linearizing control law can avoid the zero dynamics of the
system. The proposed control technique is also validated
for dc-bus voltages tracking, unity power factor and very
low THD reaching by MATLAB/SIMULINK. In compar-
ison with PI controller, the proposed controller has a sig-
nificant superiority.
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