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High Performance of Nonlinear Active Rectifier V@Emge
and Power Factor Control Using Feedback Linearizatior

ettt . ]
Saidah™~, M. Hery Purnomo’, M. Ashari

Abstract — Nonlinear property of Active rectifier is caused by the use of the semiconduct
switches, resulting in high harmonic distortion and high ripple output voltage on the DC side. This
research develops a nonlinear controller to improve performance of the dc output voliage and line
current based on feedback linearization. This controller mathemaiically Uam/(nz, nonlinear
svstem dynamics into fully linear ones, so that linear control rechniques can be applied. It i
designed with selecting energy function on DC side and quadrature-axis current on 4(, side
output variables, in order to avoid the internal dynamics, so that the system becomes stable ¢
robust. The system applies switch function of time as the input of control strategy, instead of
current and voltage in d-g frame. The proposal is validated through different tests. These tests
inciude difference performance with conventional controller (Pl optimized). The simulation resuies
in that the output voltage performing without any overshoot, while the ripple and seitling time is
0.006 sec, which is better result compared to Pl optimized. Copyright © 2013 Praise Worthy

Prize S.r.l. - All vights reserved.

Keywords. Active Rectifier, Feedback Linearization, PI Optimized

ample, two of

Nomenclature the low value of power factor) so that i
] controller that can compensate them.
Ve DC voltage (V) focus on the control principle of acti\'e rec
S Switch function dealing nonlincarity property. For
i Line current (A) classical linear PID controtlers to IL,”‘IhuL the DC voltage
g Source line voltage (V) and the harmonic of current line. PID conurollers were
R Line resistance (Q)

L Line inductance (H)

considered as simple and robust techniques [3
However, one of the drawbacks in using P!

I Load current (A) techniques was that they were not sufficient he
Cae DC capasitance (F) desired tracking control performance because of the
we DC energy function (Joule) nonlinearity of the active rectifier. Other researchers have
€y DC tracking error applied the method known as fuzzy logic controller and
2, Quadratic current tracking error Neural networks [6]-[8].

ﬁtlxv;\ 2 ki3, Gain Fuzzy Logic is one of nonlinear controller but it is
21, K22

Subscript Superscripts and Operators
* Reference value

unstructure controller, vice versa active rectifier is
structured system. Researchers also have developed
several nonlinear controllers in order to control Active
Rectifier. Controllers based on Jacobian linearisation

4 Direct, quadrature axis component around an equilibrium point have been introduced in [9}-
a b, c phasa a, phasa b, phasa ¢ [10], however, this strategy presents some drawbacks.
Among others, operation range is restricted and a

I I i relatively big output capasitor 1s needed for ing a

: ntroduction constant DC voltage in presence of a load.

Active Rectifier is widely used in many power backstepping technique [I1], [12]. Then, nonlinear
electronics fields. It has feature such as providing approaches also have been proposed by other rcgcznchcz\

constant DC bus voltage,
utility currents, high power factor and bidirectional
power flow. Due to these features, the active rectifier is a
good choice for application in industrial drives {11, {2].
The active rectifier is nonlinear system. In general,
this nonlinear impacts are not expected (for example,
ripple on DC voltage, harmonics in the line current and

Manuscript received and revised March 2013, accepted April 2013

low harmonic distortion of

[94]

[ee]

that is input output linearization based on feedback
linearization [13]-[19].

This technique mathematically transform nonlinear
system dynamics into fully or partly linear ones, so maT
linear control techniques can be applied. Then :
control laws can be used for guaranteeing stabili
whole operation range.

Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved
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Ihu voltage source and the voltage active rectifier on AC

\/\ 2

direct axis current as input. |
proposed
i

controiler
and faster DC-vol

Sonie many au
converter as output In
design to arcomnhn a minimum-phase output
ge Control [17]-[18].
This paper p hoses a nonlinear multivariable control
technique base on feedback linearization theory with
sclecting energy ﬁ ction on DC side and quadrature-axis
current on AC side as output variables. One of the
primary advanmgcx of this nonlinear controller can avoid
internal dynamics and zero dynamics. For this reason, the
proposed technique avoids the drawback appearing in
other proposals due to the coupling between the mner
current loop and the outer voltage loop.
The paper 1s or Qa,nnd as follows. In
proposed control strategy is presented. The nathema tica
model ﬂxprp"s“ in a d-q synchronous reference frame o
the Active Rectifier was derived in section Il Design of
the feedback linearization control strategy that consist of
non linear transformation and design of linear control
have developed in section 1V. The performance
evaluation, simulation results and Compared with
conventional controtler (P optimized) are presented in

section V. Finally, conclusion are drawn in section \”

tion Il the

ey

)

II.  Proposed Contrel Strategy

The pmp(s "‘ystcm uses dynamic model of active
rectifier in a ”1 wonous d-q reference frame. The
system appllgb switch function in d- q frame (s4 s,) as the
input of control strategy, instead of current and voltage.

In Fig. 1, an energy reference b!oc is uscd to produce
the energy reference of the DC side (we) that is
calculated by using equation (23).

—
Vie
de L
Q
A
J
P s i
= i
‘¢ “a . Non linear 52
Transformation |
(18) 13
y =
ks
| v I3
22 Q ¥
Linear F Energy
control b reference
(25) . (29) : : (23)
]

Fig. 1. Block Diagram of the Proposed Control Strategy

Copyright © 2013 Praise Worthy Prize S.r.l. - All rights reserved

Ashari

The DC voltage of the active rectif
controlled through this energy function.

The linear control block shown is obtained from
equations tracking control (25) and (29), so producing
the new control inputs v; and v,. The nonlinear control
block in Fig. 1 is used for transforming vy, v, become s, ,
s by using control law in Eq. (16).

r (Vi) can be

II. Modelling of The System

A three-phase mathematical model for the active
rectifier was derived in [20]-[21]. Fig. 2 rq)lc:sem\ the

topology of the three phase active rectifier
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Fig. 2. The topology of the three-phase active rectifier system

The active rectifier can be modeled as:

di . 1
L—%+Ri,=e¢,-¥, a~‘(5 +8,+5S,)
dr ) 3

Lfyiithi =e, —V (S
I b b dck b

1(5 T5b+5J (1)
i

at
/S Lis
-V, -—(S5,+S
(1’[ J(‘L C 3( a
dv
C—2 = (i,S, +iySy +i.S.) iy @

dt

The model presented in (1) and (2) is transformed into
a synchronous d-q reference frame, resulting in:

Li, = —Riy — Loi, —s,V, +e, (3)
Li, =—Ri, + Loiy —s,V, +e, 4)

. T N\ .
CiVae :E(Sdld +5qzq)f#":— (5)

where o 1s the angular frequency of the source voltage
and R; is resistive load that connected to the output
terminal. Eq. (3) — (5) are then reconstructed considering
a multi-input multi-output (MIMO) system as follows
[22]:

J"c:f(x)+g(x)u (6)
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y=h{x) (7 . )
o 7 / (/“;(‘ 3“,51‘) ) ( ] 1}
where:
x is the state vector;
18 control input vector; From the dynamic model of the activ
y is vector of system outputs; entire power is calcufated from Eq. (3)
/. and g are smooth vector fields; with 1, and 7, respectively:
/i 1s smooth scalar.
The vectors are defined as follows: T, . R, S PTRIRE T ]
< Lijig ==Riy —Leiyiy —s,V,i5 +eyiy (12)
R I, —wi, + ut : 2
el e ] e D 03 1 i A e ; (17
= I g 1,1‘11(47 ==Ri +La)zdlq .Sqldclq +e,l, (13)
1y
- B o) 3 . Cz/ . . B | .
X=1 1, | & (l) = T oy f By summing Eq. (11), (12) and (13), a new equation
% of power is found as follows:
de V
ac
R ( . .
L Mde J Ji di o] 74
. aiy R 2 5 av,.
. (8) -Jz,,[‘——“~+1,1, 4 S S O el {:
““ar A 3T g | |
- 0 ‘ b b t4)
L . . 2 w2
, S, :ldf’l,+zqeq~}?(\zd+zq)
g(x)=| 0 N
L S,
. s The left hand side of Eq. {14) is a pc
3iy 3, . o A . ;
4 in derivative model, integration of this fun:
[ 2Ca 2C4 | a energy function, where:

The active rectifier has two output variables. First
ouput variable is energy function on DC side (w,).

Through this function, the DC wvoltage of active
rectifier can be controlled. The second output variable is
Quadrature-axis current (i,). This ouput is used to control
power factor and harmonic distortion [23]. By choosing
these outputs, the total of relative degree of is three that
equals to order of the active rectifier, so that, the system
can be avoided from internal dynamic, then complete
feedback linearization is obtained and two linear
decoupled loops are to be controlled. The variables of
System output are:

J}’“ “a 3 h(x): E(id+lq 3

lq i
q

Below is the description to find the energy function of
Eq. (9). Energy is obtained from power balance equation
relating the AC side power P,. and the DC side power
Pd(‘:

‘ )

P,.=PF

(10)

.3 . .
Vdclo = E(Sd Vdcld + Squch )

Assuming the net power in the DC side is stored in the
capasitor, then the output current i, is replaced with

av
2 (10) can be

capasitor current Cj,,

The Eq.

rewritten is:
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wn
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<

di, 2 4V
L C e
di 3 dc ™ d d

di
w, = il -2 i L
C J‘ a d{ q

22 2

We = -{21(1,4 +i ) + éCdCII'I;Z

d c

IV. Design of Feedback Linearization
Controller
There are two steps to design the

Linearization control: nonlinear transformaticn
linear system and design of linear controller.

IV.1. Non Linear Transformation

Nonlinear transformation is a process to gen:
linear input-output relation for a nonlinear
rectifier.

An approach to obtain the input—output lincariz
of the MIMO system is to differentiate each output of
system until the inputs appear. By differentiating each
output y in Eq. (9) by formula:

2
Vi =Loh+ Y (Lgh (17)
j=1
where Loh and L.h ‘rcpresent Lie derivatives of h(x)
with respect to f(x) and g(x), respectively.
If L (x)=0 for all j, then the inputs do not appear

and we have to differentiate repetively as:
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for each output ¥,

WC \Q.mgf of active
g function (m), 1}‘;-
harmonic distortion is control

en power fa

led through

T 1 rs
l'ﬁ'é ! w ey \154‘{
{ i—“\\‘«)*z-[‘&\}; S |
Ll J Lo
WIHCEES 1. DC Voliage Control :
- According Fig. 1. energy reference block (weny) 1s
produced from cquations : energy definition (20), power
balance (21) and unity power factor (22):
2 7, 7
de ] N *9 *2 3 \,,“;L S %D FT
: | \T—-?—(\zd +i, )~ S d (20)
Ce | - -
|
} g2
i * i o, * [ *9 SR
L L 4 We = =2t ey, ~R(i;” +i7)=0 (21)
- 3R, .
* /19
I, = 0 {£2)
Substituting Eq. (20), (21) and (22) results i an

™y
i

Eg. (23) depicts that the DC voltage reference I,
The 1 ~alled the decoupling ‘ix for t TR . .
The matrix E(x) 18 x,wdlm de cou )hlﬂmamx for the should be determined. The design of the tracking
A Qe

controller for the input v, is given by:

v =W, —ky e, —kpey (24)

* 5 . ~
where e, =w_—w, and the tracking error of the closed
loop system as follows:

where:

1 .. . . -
E(x)= ! ) 8, +h e, +kqe, =0 (25)
g 2L )
~| e, + —— 2Ry | T cimoce cral <
L\ ? R To guarantee robustness and stableness against
=ML e - Bk .
o _ parametric uncertainty is added an integral error, so that
i / ~\ 4
| | 2L 555 | (24) and (25) become:
{ =1 | i,—2Ri, | :
| Do 4 4
} \ = ‘L("a< ) ! .
£ g Ty g S i _ )
: ( AR v =w, — k8, —kpe, "\1:{? Rels (26)
l 0 52}2{5 —ey——1 |i
L L RiCae ™ J]
P L - 5 I- - - 3y
€, + ke, +hpe, +hy J‘ewdl =0 @7
Substituting  (18) into (17) results in a linear

differential relation between the output v and the new Fig. 3 shows block diagram of linear control for the

mput v DC voltage.
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Fig. 3. Block diagram of the DC voltage control

2. Power Factor and Harmonic Distortion Control:
To produce unity power factor and low harmonic
distortion, reference value of quadratic-axis current is set

to zero (1, = 0). For tracking control, the new control

mput is given by:

-
vy =1

2 g 1"216{; (28)

where e iy yleldﬁ an exponentially stable tracking

g Ty T
error. Then, the output errors become:

¢, +kye, =0 (29)

To guarantee robustness and stableness against
parametric uncertainty is added an integral error, so that
(28) and (29) become:

vy =i, ~kye, —ky [e,dr (30)

eq+k21eq+k22jchz:o (31)

Fig. 4 shows block diagram of linear control for the
power factor and harmonic distortion.

The gains kij are can be designed by Pole Placement
or linear quadratic regulator techniques, so that
asymptotic tracking control to the reference is achieved.
Fig. 5 show blok diagram of feedback Linearization.

PI Optimized

An PI optimized system as shown in Fig. 6 is used to
compare the performance of active rectifier with
feedback linearization. The design of PI Optimized was
aimed to tune the gains of the PI controller (Kp and Ki)
and to optimize the response of the plant.

lq

* —

Sl v,

Y
4]

Fig. 4. Block diagram of power factor control
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| |
— G

Fig. 5. Block diagram of Feedback Linearization Control

vdc* &t) Pl bin |5 5= b 3
(O *| Optimized fAln) SYPM

Fig. 6. Block diagram of PI Optimized controller

The result simulation by using Pl-optimized showed
that proportional constant (Kp) was 3.18 and integral
constant (Ki) was 5.024.

V. Result and Discussion

The proposed controller was evaluated through several
simulations. This section present the most relevan results.

The controller performance was ' '
simulations on a system which system parametes
seen in Table

Simulation results using the Feedback @inearization
controller were compared to simulation using a PI
optimized. The purpose of this comparison was to obtain
high performance of the active rectifier system due to
nonlinear effects. Figs. 7 present the DC voltage of active
rectifier with P] Optimized and Feedback Li zation
controller. The PI optimized control method produce the
DC voltage with overshoot (Mp = 2% ) and ripplc 5.64
%., while the feedback linearization controller without
overshoot and ripple with settling time 0.006 s

Figs. 8 demonstrate the line phase voltage and current
Fig 8(a), the simulation results showed that line curr
produces transients respon until 0.1 s, Total Harmc
Distortion (THD) = 10.42 % , Power factor =.0.92 for PI
optimized. Fig. 8(b), line current reaches steady state

faster, THD = 0.21%, Power factor = 1 for feedback
linearization.
Figs. 9 show the behavior under unbalanced

conditions of the feedback linearization controlier

TABLE 1
SYSTEM PARAMETER

Parameters Value
DC Voltage (Vi) 650 volt
Amplitudo Source Voltage V2 x 220 volt

Fundamental Frequency 50 Hz

Line Resistance 03Q

Line Inductor 8 mH
Filter capasitor 1000 uF
Frequency Switching 5000 Hz

International Review of Electrical Engineering, Vol. 8, N. 2
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Fig. 7(a). Presents the DC voitage with P1 Optimized

Vi (vol

ine voltage (rolly-hne cunent (Amp)

Fig. 8(a). Demonstrates the line phase volt
and current of P} optimized

40 ‘ : , 3 ! .
g -line voltage

= 20 line current

g 70 -
S oo

£

Fig. 8(b). Demons
and current

trates the line phase voltage
of the proposed control

An unbalance voltage with reducing amplitudo input
voltage phasa A become 85% from the nominal voitage.
Fig. 9(a) shows the active rectifier input voltages when
the unbalance.

Fig. 9(b) shows the DC voltage in the unbal
where is clearly seen small ripple volitage, however umty
power factor is maintained (0.973).

VL

This paper presented high performance of nonlinear
active rectifier using feedback linearization.

Conclusion

Copyright © 2013 Praise Worthy Prize S.r.l - All rights reserved
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Fig. 9(a). Shows the active rectifier input voltage
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Fig. 9(b). The DC voltage under the unbalance condition

The nonlinearity of the modeled system was
eliminated by the proposed nonlinear control scheme
such that avoided from internal dynamic so the linear
control law can be used to control the system.

This paper also presented to compare the simulation
results with PI optimized. The simulation results showed
that the feedback linearization controller had the best
charactenstics compared to Pl optimized control

methods, especially the DC voltage, power factor and
7 HD in dealing with the nonlinearity behaviour.
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