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Abstract:- This paper presents optimized fuzzy variable structure control design in a three phase rectifier to
correct the power factor. This control strategy combines fuzzy and sliding mode control algorithms. Few fuzzy
rules are used for this scheme. The parameters of the fuzzy controller are adjusted by using the VSC for a better
response and robustness. To improve the behavior of the system is applied a gradient optimized method to find
better matrix rule values. The simulations of the three-phase rectifier with controlled current are carried out on
a DSP. The control scheme presented here offer higher robustness and it is easier to adjust and implement.
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1 Introduction

Three-phase rectifiers have a wide range of use and
applications in the industry, from small rectifiers to
large one. Basically, they are used to convert an AC
input voltage to a DC voltage to feed a load. Three-
phase rectifiers have received significant attention in
recent years due to lower switch stresses, lower
output ripple and better power factor. They are more
expensive than single-phase converters but they can
be used in high power applications.

There are many techniques for controlling and
adjusting line current in three-phase rectifiers. An
example is Vector Oriented Control (VOC) which
corrects the current line vector direction with
respect to voltage supply line vector [1][2][3][4].
Another method is line current indirect control,
which is also known as instantaneous active and
reactive power control or Direct Power Control
(DPC) [51[6]1[71[8][91[10][11]. This work is based
on line current control, where the orientation of line
current vector is given by an optimized fuzzy
variable structure. This has the advantage that the
variable structure control is very simple to
implement, rule matrices are given and additionally
this kind of control offer higher robustness. The
disadvantage is given due to processing that requires
the rule matrix values optimization.

The wvariable structure control systems with
sliding mode were introduced by Utkin in 1997
[11], however due to difficulties for its
implementation it did not have enough attention at
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the beginning. Actually sliding mode controllers are
used in a wide variety of applications. The main
reason for its popularity is the attractive properties
that it has; it is good acting in nonlinear systems and
applicability to systems of Multiple Inputs and
Multiple Outputs (MIMO) [13]. The most important
property of the sliding mode control is its robustness
and when VSC theory is applied the system
becomes more insensitive to the parameters changes
and to external disturbances. Control system based
on fuzzy logic present similar operation to the
variable structure control but it offers bigger
robustness because operate under uncertainty and
imprecision. However there is not a systematic
procedure to design and adjust a controller however
it depends of the knowing of the plant and that can
be done by trial and error. Recently some
researchers have showed the robustness advantage
of the sliding mode control introduced into fuzzy
controllers [14][15]

In this work it is proposed to carry out the control
of the line current of a three-phase rectifier by
means of an optimized fuzzy variable structure
controller to maintain the rectifier line current in
phase with the line voltage. It is used a Takagi-
Sugeno fuzzy inference system which is optimized
applying a gradient optimized method, this scheme
allows a simpler adjustment with more robustness
under disturbances and uncertainties.

This implementation is done on a digital signal
processor (DSP) from Analog Devices (21061). The
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variable structure controller is applied to the line
current, where the inputs to the fuzzy inference
system are the switching function and its derivative.

The paper is structured as follows, in section 2 is
described the system and the proposed control
strategy, section 3 presents the experiment
procedures and the control implementation, in
section 4 are showed the results and finally the
conclusions are presented in section 5.

2 System Description and Control
Strategy

In this section it is described the system to be
controlled as well the optimized fuzzy control
strategy proposed.

2.1 Three-phase Rectifier

The three-phase rectifier with voltage output is
observed in the figure 1, which is composed for
three well-defined structures: a filter that consists of
inductance in series with AC source, a three-phase
bridge IGBT and a DC bus with its associated
condenser.

To develop the mathematical model of the
rectifier showed in figure 1, it is necessary to
suppose that each phase of the rectifier can be
represented as the circuit presented in figure 2 [9].

L Filter 3-Phase Rectifier DC Bus_

Fig. 1 Three-phase Rectifier

From the circuit in figure 2, it is obtained the
equation for its simulation.

jwlLi, 7. iR
| 2

R L

Fig. 2 Single-phase representation of the rectifier
circuit
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_ _ di. -
Ve :Rie +L—Z+Vrect (1)
dt
The model of the rectifier bridge [13] in “abc”
coordinates is given by equations (2) and (3).
% i i

a a a Viect a
) d|. -
vb = R lb + L E lb + vrec't b (2)

% i I v

c c c rect _c

where the condenser charge equation is:

C%= Si+Si+Si—i  (3)

There not a unique equation for the condenser
charge [17]. The values of S,, S, and S, can be one
or cero, these variables represent the possible
switching states.

Applying the Clarke Transformation (5) to the
three-phase rectifier system, it is obtained the
following differential equation model to be used for
the simulations.

Ve\t iex d iex Vrect ex ]
“|=R| . |[+L—| |+ - (4)
vey ley dt ley vrectiey n
2| _% _% d
vex
{ } = [= v, (5)

Vey

2 2t

Knowing the voltage equation of the line (2), it is

desired to transform the currents into “x-y”

coordinates, the same procedure is done and it is
represented i, i, and i, as i, and i,.

1

L1
I, 2 2 2
N N i (6)
Ly} \/; 0 ﬁ _ﬁ b
2 2

13 S5

The equation of the condenser in “x-y
coordinates is:

d } } .
C% =(S,i,~S,i, )i, ()
where:
1
S =—(25 =S, -85
X \/g( P b c)
®)
1
S, =$(Sb -S,)

2.2 Variable Structure Control
The general focus of the control is the division of
the phase plane, determined by the error and the
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change of error, in two semi-planes by means of a
switching line, denominated sliding surface. The
control output magnitude depends on the distance
between the state vector and the switching line,
being the objective to take the state vector until the
switching line in a finite time where the dynamics is
insensitive to the system parameters [18][19][20].
Then, let.
x"=f(x,t)+u+d )
Where x is the state vector, u is the controls
variable and d are the disturbances. With:

S (x,0) = f(x,0)+Af (x,1) (10)
A nonlinear function of the state vector, where
Af are uncertainties and f(x,7) an estimate of

f(x,t). Also it is assumed that the upper bound of the
uncertainties is known.

|Af|<F |d|<D (11)
The function S which defines the sliding surface

is given by:
n—1
S = (i + ﬂj e
dt

The tracking error is given by e =x, —x. With x

n
X, <v

(12)

the state vector, x, the desired vector and y A a
constant. The surface S=0 is defined as the sliding
surface and represents the desired dynamics, which
is invariant to parameters variations.

To guarantee that any state e can reach the
sliding surface S=0 in a finite time, it is necessary to
satisfy the Lyapunov stability criterion (13).
Considering a Lyapunov function as:

1

V==5 13
> (13)
. 1d
V=—-"-8"<-7|S 14
S 7|S| (14)
Taking its derivate:
S-S<-n-s| (15)
Knowing that S = |S |Sgn(S ) then:
S -sgn(S) < -n (16)
For a second order system:
X=f(x,t)+u+d (17)
The surface S, is given by:
S=e+le (18)
S=é+le=3%,—x+leé (19)
then,
(%, - f(x,0)—u—d+Ae).sgn(S)<-n  (20)
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To satisfy the stability equation and to get a
sliding mode, a possible control variable can be
given as:

u=ueq+K~sgn(S) 2n
where

u,, = Ae— f(x,1) 22)
u., 1s the estimated equivalent control used to
compensate the unknown system dynamics.
By substituting in (20):
W.sgn(S)<-n (23)
where:
W= (xd — F(x,0)+ f(x,0) —ngn(S)—d) (24)
W=(5c'd —Af(x,t)—ngn(S)—d) (25)
then
(%, —Af(x,0)—d).sgn(S)-K<-n (26)
Then.

K >|%,|+|Af (x,0)|+|d|+7 (27)
Finally, taking the upper bound value.
K>F+D+v+pg (28)

The constant K is the maximum value of the
control output and (28) indicates that if K is bigger
than the addition of all the uncertainties, the system
reaches the sliding surface and remains invariant to
parameters variations and disturbances.

The sign function causes discontinuities to the
control function, to avoid this change to the control
signal, a boundary layer that contains the sliding

surface is used, this introduce a smooth
discontinuity to the control signal.
S
u=u, + K .sat (—J 29)
¢
where:
g sgn(S) |S]|=¢
sat (—j =49 (30)
p) > Isl<e

¢

where ¢ the thickness as is shown in Figure 3 [19].

LY
)<
» 1 > e
=] & ¢
K]
—¥ S=¢
¥ Fs=0
S=-i

Fig. 3. Boundary layer and sliding control law.
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The switching surface for an n order system is:

n-1
o, :(%+/1j e 31

This switching surface can be generated by a
hierarchical method [19][20].

o, =é+ e

o, =0, + A0, 32)

O-n—l = d-n—2 + j‘o-n—Z
Then the control law can be expressed by using
the switching function S, | =Ko, as:

u=u, +K.sgn (%} (33)

2.3 Fuzzy Variable Structure Control

Fuzzy controllers can be considered as variable
structure controller due its similarity [19]. To
observe this characteristic, it can be considered a
fuzzy controller with an input S, output # and with a
set of rules given as:

If (Sis NL) Then (uis Nb)
If (S is NS) Then (uis Nm)
If (Sis Z) Then (uis Zz)

If (Sis PS) Then (uis Pm)
If (Sis PL) Then (uis Pb)

Where NL Negative Large, NS Negative Small,
Z Zero, PS Positive Small, PL Positive Large. And
Nb Negative big, Nm Negative medium, Zz Zero,
Pm Positive medium and Pb Positive big.

The membership function for S and its
derivatives is given in Figure 4.
NL NS z PS PL
0.8F
1.6}
0.4
0.2
o r 35 @ g z 3 ;
¢ -5 -3 3 0 3 3 FT ¢
Fig. 4. Membership function of S
ISSN: 1790-5060

278

Alberto Berzoy, Miguel Strefezza

The input set S is mapped into an output set u by
a fuzzy inference system. The relation between the
output u and the input S is given as in Figure 5. This
function is similar to a saturation function used by
classical variable structure systems, but is generally
a linear function by intervals as is shown in figure 3
If the number of membership functions is increased
this becomes more linear [23]:

u=f(S) (34)

- —= —= —=5 0 -

] 3 E] ] T: “)_; @
Fig. 5. Sliding control law.

The numbers of rules are defined from the input
variable S, the error and its derivate can be variables
to be used. The switching function can be defined
as:

S(E,R)=K,(le+é)=E+R
E=K,le=K_e
R=K,e
A representation of the fuzzy system is showed
in Figure 6 and the rule-base is given in Table 1.

(35)

e » ]\’,- >
FIS

» K, —> u

(!( > I(rf(_’ »

Fig.6. Block diagram of a fuzzy inference system.

Table 1. Rule-base for the fuzzy system.

| e\Ae | NL [ NS | Z | PS | PGL |
NL Nb Nm | Nm | Nm Zz
NS Nm | Nm | Nm Zz Pm
Z Nm Nm 7z Pm Pm
PS Nm 7z Pm Pm Pm
PL 7z Pm Pm Pm Pb

Figure 7 shows the block diagram of a

hierarchical method for a third order system as:
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o, =e+ e

o, =0, + A0,

S,=K,0,=K,(6,+40,)=E+R (36
E+K, Ao,
R=K,o,
¢ a1 S
. )\ +, » I >\ > Au I
+ u Tro I
Fis ;J.',,.l,lr - >
d -
> 5 e AT
A AS,

Fig. 7 Block Diagram of the Fuzzy Variable
Structure

2.4 Gradient-based descent method
Gradient optimization methods search for a good
one moving on the function in direction of the local
gradient. The adjustment is carried out minimizing
the error function between the answer and the
wanted answer. The search of the minimum is
carried out starting from the input-output data and
minimizing the function of the error. But these
methods based on the calculation have certain lack
of robustness, due mainly of two causes. First, the
exploration is carried out locally, this means that is
searching to improve inside an environment of the
current state and then in many cases can drift in a
good local minimum. Second, it is necessary that the
functions to optimize are derivable [23].

For a Takagi-Sugeno inference system the rules
are given as:

R :Ifxl" is A{ x; es A; thenyisb' (37)
where i=1...m.
The output is given by:

o =] [ty
=1
.
Zai b
y=—L
2
i=1

The gradient method can optimize the consequent
numbers 5’ by using input-output data. This method
adjust the values of b' to minimize the objective
function, this can be expressed as:

(3%)

1
E= E(yd -)? (39)
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vq: wished output.

To minimize the objective function:

- OF
Abi =25
g ob'

a

m
J
2.
j=1

k=1...K (input-output data). The final value of 4’ is
given by:

(40)

Ab/i =1V ax — Vi)

b =b"+Ab (41)

3 Experimental Procedures

The parameters of the system to be simulated are
shown in Table 2. The values used for these
simulations are actual values used in a testing
platform which is located in the SIEP laboratory at
the “Universidad Simon Bolivar”. The inductance
value was designed for maximum power
transmission between the supply line and the
rectifier. The capacitance value is difficult to
calculate for set DC voltage. The criterion to set the
DC voltage is based on controlling the DC voltage
to twice the voltage without controller. In other
words, twice DC voltage in the diode bridge
rectifier. In this work DC voltage is not controlled
but it is checked in order to avoid it to increase
without control.

To implement the control strategy it is necessary
to make a rotational transformation (Park
Transformation) with angle in which the three-phase
system rotates. With wr=2zft= 377¢ the current
equation (5) is written as:

{ld} _ 2 { co's(a)t) sin(a)t)}rex} 42)
I, 3| —sin(wt) cos(at) || i,

Table 2. Value of the rectifier parameters used for
the simulation

[ Componentes [ Valores |
Ve 120V
RL 10002
C 700 F
L 11,5mH

It is known that the line voltage is given as:
v, =K, sin(wt)

v, =K sin(wt — 2%) (43)

v, =K, sin(ot —4%)

Therefore the generation of the reference source
currents [24] are:
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ire

i, =k, sin(r)

i =k, o sin(wt — 277[) (44)

i =k

c iref

sin(wt — 4?”)

with, £,

iref

, this means that the power
supply vector is normalized and then multiplied
by a constant A4, that is the current magnitude of
the rectifier line. This current will limit the
amount of power that the rectifier can supply.
Also currents i, ,.r and i, ., are obtained by using
expressions similar to equation (42).

The current components in “dq” coordinates
are constants, this makes easier to implement any
control strategy.

3.1 Fuzzy Variable Structure Controller
for Current

In this case the variable structure scheme is shown in
figure 7, where the value of K;is 5 and 4 is 2.

From this variable structure are obtained the
input variables of the fuzzy inference system. These
inputs variables are the switching function and its
derivative which are calculated from the direct and
quadrature component. The algorithm to implement
the fuzzy inference system to the plant is done in 3
steps.

Step 1: Here are defined the inputs membership
functions, each one are divided in 5 subsets: NL,
NS, Z, PS and PL, this is shown in figure 8.

Step 2: Fuzzy rules are defined in Table 1.

Both fuzzy inference system use the same rules,
where Nb=-10, Nm=-1, Zz=0, Pm=1 and Pb=10.

NL NS ps '+
1 L ; \* 'I ‘ _'y.-". i
" \ / .I I-- [y f
c \
S o8 i
o |
c NI
3 (|
[V ¥l
206
ﬁ )
B ) {
2 [
E 04
=
0.2}t
0 / v \
-10 -5 0 5 10

Universe of Discourse

Fig. 8 Input Membership Functions
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Step 3: The fuzzy inference system is chosen; in
this case Takagi-Sugeno is used. Then the output is

given as:
N
2.0z,

i=1

2o,

i=1

u=

(45)

with
, = 1, (), (Ae) (46)

The output of the fuzzy inference system is
integrated in order eliminate transient response:

u(t+1) = (u(t) + Au(r) ) * k.,

where k7= 1y a integral constant.

(47)

3.2 Conclusion Optimization

To carry out the optimization of the consequence,
the following algorithm is applied to the fuzzy
inference system for the direct and quadrature
current.

bd(iajat+l):bd(iajat)+Abd(iajat)
Abd(i7j’t):_n(udif_d(t)_uP[_d(t))a(i:jat)
b, j,t+1)=b,, j,t)+Ab,3,j,1)
Ab, (i, j. 1) == (1 (O =1y ,())al, j.1)

(48)

where #=0.01, i € [0,4], j € [0,4], sub indexes i and
j indicates the rule at the rule matrix due the
switching function and its derivative.

Signals ugyr «f) and  ugy ,(f) are the integrated
control signals for each one of the fuzzy inference
system. Signals up; «(f) and up; (¢) are the output of
a classic PI control used as a teaching signal. The
control signals are given as:

udif_d (t) = vrect_d (t)
udif,q (t) = vrectiq (t)
up, () =vp 4()

Upr ()= Ver g4 (0
Figure 9 shows then the overall control scheme
for the three-phase rectifier with the fuzzy variable
structure controller and the optimizer.

(49)
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L ‘ Load
LYY [Dare]
v 2288
¢ Y T
— S
Measure 2 Wabe
Ve ¥ e
. Urect_abe
'U'ef_abc [ J i
Calculate Urect_ay
'ieirsf
";ﬂ'ef74-y Ureet dg
Park | _
S1, A5
)
i ” S e .
eq v Ef)_ i1 | VSS
G )
';edi'ﬂ'ef\"/ €id

Fig. 9 Control Scheme for the Current

The look-up table after the optimization is
showed in table 3.

Table 3. Rule Base Table for the PI Fuzzy

Controller.

[de ] NC [ NS [ Z [ PS [ PL ]
NL -29.01 -17.00 -17.01 -14.09 -0.01
NS -16.04 -16.01 -14.01 -0.009 14.91
Z -15.00 -13.09 0.01 14.01 15.01
PS -13.01 0.009 14.09 15.00 16.19
PL 0.01 15.01 15.07 16.10 31.09

The values were taken Nb=-30, Nm=-15, Zz=0,
Pm=15 and Pb=30.

4 Results

As it was indicated before, this work proposes the
current control of a three-phase rectifier. The source
current that is presented in “abc” coordinates must
be changed to “xy” coordinates using Clarke
transformation method and then to “dq” coordinates
by Park transformation. After this transformation
the current reference is constant due the system is
rotating at wt.

The amplitude of the reference current is set to
Kier=15A, which is changed at t=0.1sec to K.=30A,
as it is noticed the reference change is 100% to test
the system response. Then:

i, =15sin(wt)

i, = ISSin(a)t—zTﬂ) (50)

i, =15sin(wt - 477[)

After, using Park transformation i, and i, are
transformed to i,y and i,, where i; = 184 and i, = 04
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for k. = 154. For kj,. = 304 the currents have the
following values, i; =374 e i, = 0A4.

This simulation is carried out with the fuzzy
variable structure controller optimized and non
optimized.

In figure 10 is shown the line current waveform
when the system has a capacitive load. It is shown
the line current from phase A and the desired
reference current.

10 _ ~ ~

a

wn

a

l
v

Phase Current i and reference i_ref
[=]

-10+

078 0.79

Time(s)
Fig. 10 Line Current from phase A and its reference

0.75 0.76 0.7 0.8

4.1 Fuzzy Variable Structure Controller

In this case the results of the simulations are
presented in figure 11, where direct current and the
reference are showed.

It can be noticed that the current reaches the set
point in less than t=0.02 sec and with an overshoot
of 7A. After, the set point is changed and the system
is able to follow it with no overshoot and a settling
time of 0.02 sec.

In figure 12 is showed the quadrature current and
its reference. At the beginning an undershoot of
2.2A and an overshoot of 1A with a settling time
less than 0.025 sec and a small steady state error.
Then at t=0.1 sec it is applied the reference change,
but it can be observed that the quadrature current
has almost no variation, less than 0.05A during a
period of 0.02 seconds.

Finally, in figure 13 is presented the line current
from the phase A and its reference. The line current
is completely synchronized with its reference and
reach the same magnitude at t=0.02 sec. This is due
to the small error that the direct and quadrature
current presents at this time.

When the reference is changed, there is not
overshoot in the response because the direct current
did have not either, but it takes also 0.02 sec to
reach the reference value.
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Fig. 11 Direct Current (i;) and Reference Current
(iref)
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Fig. 12 Quadrature Current (i,) and its Reference
(iqref)

4.1 Optimized Fuzzy Variable Structure
Controller

The direct line current and its reference are shown at
figure 14. The current response presents an
overshoot of 4A without oscillations. The settling
time is less than 0.01 sec and it does not show
steady state error. It is applied the change at the
reference and the system can follow the reference
without overshoot. The response is faster than the
precedent experiment and without steady state error.

Figure 15 show the quadrature current and its
reference, it presents an undershoot of -0.25A with a
settling time less than 0.01 sec. At t=0.01 is
introduced the reference change and the quadrature
current shows a small error of 0.1A which it is not
to significant.

The line current from phase A and its reference
are shown in figure 16. The line current is in
completely in phase with the reference having the
same magnitude of the reference at t=0.01 sec.
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Fig. 13 Line Current from phase A and its reference
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Fig. 14 Direct Current (i;) and its Reference (i,.y)
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Fig. 15 Quadrature Current (i,) and its Reference
(iqref)

Is easy to see that the fuzzy optimized variable
system achieved better results than the fuzzy
variable structure one.
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*

Line Current i_and reference i_ref

40! L L L L L L
0 0.02 0.08 o1 0.12 0.14 0.18 0.2

Time(s)

004 006

Fig. 16 Line Current from phase A and its reference

5 Conclusions

There were carried out the simulations of a three-
phase rectifier system with current control using a
variable structure controller scheme. It was shown
that it is possible to control the currents by using a
“dq” transformation and then controlling the direct
and quadrature components as if were independent
components. What happens, it is that although they
are orthogonal components the variation of the
direct current affects indirectly to the quadrature
current and vice versa.

Additionally to this, it was implemented an

optimization algorithm of the consequences based
on the stochastic gradient method to the variable
structure controller.
It was shown that a second order system can be
controlled with a third order variable structure
controller to obtain improvements due to that
presents a higher degree of liberty that allows to
carry out a better tuning of the controller.

It was showed that the simulations carried out
optimized rules present an improvement to the rules
obtained by the knowledge and the experience of the
designer. It was possible to reduce the overshoot
almost in a 50% and the response time was quickly.
Finally, it can be observed that both, the optimized
control algorithm and the non optimized one were
able to compensate the displacement factor to one.
Either there were applied changes to the line current
reference, in both cases the line current and voltage
remained in phase.

Among other advantages the control processing
is performed on a DSP, which is dedicated only to
perform the operations of the control strategy
proposed, being this faster. In addition, the way that
system has been modeled and simulated is easy to
implement in SIEP platform. It is not necessary to
make any changes to the control, just some changes
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to sensing signals and output signals (control
variable). The DSP must only be connected to the
platform to perform the experimental testes.
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