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Abstract: When the load and system parameters are changing, the APT usually appears unstable and its exact
mathematical model 15 quite difficult to determine. This study 15 to introduce Takagi Sugeno (T3) type fuzzy
controller and Lyapunov-based stability theory into the Direct Current (DC) side voltage control and current
control of the three-phase Active Power Filter (APF), aiming to guarantee the precision and stability of APF.
Firstly, the TS fuzzy control is applied to voltage error and error rate at DC side to attain the source current
amplitude of reference value; then the Lyapunov method 1s adopted to design the switching function of APF
and the global stability of control system 1s enswred by msuring the derivative of energy-like Lyapunov
function always negative. The parameters of TS fuzzy controller are optimized by using Adaptive Neuro-Fuzzy
Inference System (ANFIS) in Matlab/Simulink. As the results of comparative tests show, the proposed method
can guarantee the precision and stability of APF under the conditions of varying load and system parameters.

Key words: Active power filter (APF), takagi-sugeno fuzzy control, lyapunov method, stability control,
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INTRODUCTION

As the expend use of electronics and other nonlinear
loads, power quality problems occur, such as harmonic
pollution and so on (Zhang et af., 2008). An mnportant
solution 1s applying the APF, which mcludes voltage
control, reference current calculation and current control.
Proportional-Integral (PI) control 1s usually applied to the
voltage control. The current PI controller is easy to design
and reliable when the exact mathematical model 1s easy to
determine (Liu, 2004). But when the load and parameters
are changing, as well as the model is nonlinear, it is
difficult to determine the exact mathematical model
(Saad and Zellouma, 2009). APF is in this situation, so the
effectiveness using PT control is not so satisfied.

Fuzzy control doesn’t need the exact mathematical
model of the subject. It adopts the lingual control rules
directly, while the numerical results can be received
through fuzzy sets and fuzzy logic reasoning and used as
the control outputs (Shi and Hao, 2008). Mamdani type
fuzzy controller and Takagi-Sugeno (TS) type fuzzy
controller are often used, whose main difference 1s the
output of the TS fuzzy controller is constant or linear
function of the input parameters but without the

defuzafier. The greatest limitation of the Mamdam type
fuzzy controller 1s that lots of fuzzy rules and parameters
optimization are needed, which increases the complexity
of the controller. TS fuzzy controller needs less fuzzy sets
and fuzzy rules, which can compute faster.

The key point of TS fuzzy controller 15 to set up the
TS model. As the Matlab application, the Adaptive
Newo-fuzzy Inference System (ANFLS), which combines
the newal network theory and TS fuzzy logic, is used to
set up TS model through adaptive modeling method with
mass data. Kumar et al. (2011) applied TS fuzzy controller
to three-phase APF and Unified Power Quality
Conditioner (UPQC). Hamadi et al. (2004) utilize ANFIS to
optimize the parameters of TS fuzzy controller, whose
control performance is better than the traditional PIT
controller. This study utilizes ANFIS to optimize the
parameters of TS fuzzy controller and then adopts the TS
fuzzy controller to the voltage control of the APF.

When the load is changing abruptly, the APF may be
unstable, aggravating the compensation. Lyapunov stable
control 18 used to guarantee the stability of the system.
Lyapunov stable control has been used m the current
control of the APF (Hou et al., 2010). When the load and
system parameters are varying, in order to improve the
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stability, this study utilizes the Lyapunov-based stability
theory to design the cwrent control  strategy.
Komurcugil and Kukrer (2006), Wei et af. (2012) utilized
the Lyapunov method to design the current controller of
APF. While calculating the output quantity, the reference
voltage was replaced with the steady value of DC side
voltage. However, this study calculates using the steady
value directly, which 1s more accuracy.

This study analyzes the theories of the control
methods and done some tests to verify the effectiveness
of the proposed methods. Firstly, the reference current
calculation and voltage control are introduced. Secondly,
the three-phase shunt APF is modeled. Thirdly, the
nonlinear cuwrrent control using Lyapunov stable control
1s explamned. Fourthly, the DC side voltage ripple of APF
15 estimated. At last, the simulation i1s done using
Matlab/Simulink in the case of changing load and system
parameter, taking the AC side inductance parameter of
APF for example. The mentioned methods are quite
efficient.

REFERENCE CURRENT CALCULATION AND
VOLTAGE CONTROL

Reference current calculation: APF is to compensate
harmonic current and to increase power factor. Define the
reference APF current as 1%, = %091 @ng. wWhile
1*..ny Dresents the reference source current and 1
presents the load current. To attain the unity power
factor, define the reference source current as

* =L (t) sin (t) 1)
*, = L (t) sin (0t-27/3) (2)
* =L (t) sin (@t+27/3) (3)

where, I, presents the amplitude of the reference source
current and @ can be attamned through PLL. As the
fluctuation of DC side of APF can be shown the changing
of sowrce current amplitude, which can be attained
through TS fuzzy control on the variation of DC side
voltage (Wu and Jou, 1996).

TS fuzzy control: The characters of fuzzy controller lie on
the chosen of fuzzifier and fuzzy rules but not the exact
model of APF. Figure 1 shows the theoretical diagram of
TS fuzzy controller, which 1z with double mmputs and
single output. The DC side voltage difference e and its
variation e, are fuzzified through D/F module. The
reference source current amplitude I, can be achieved
according to the cutput function u, = pe+qe,+k. The core

The core of TS fuzzy controller
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Fig. 1: Oretical diagram of TS fuzzy controller
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Fig. 2: Structure of TS fuzzy controller
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Fig. 3: Membership functions of input values of APF DC
side voltage difference

of the TS fuzzy controller is to construct the output
function Figure 3 shows the structwe of TS fuzzy
controller. From the first to fifth column are the input,
fuzzifier, fuzzy rules, output functions and output. This
design contains two inputs and one output. Each mput 15
allocated to seven fuzzy sets.

The key of the TS fuzzy controller is to ascertain the
parameters of the membership function and fuzzy rules.
According to a large number of mnput and output data,
through traimng and testing with Adaptive Newo-Fuzzy
Inference System (ANFIS) in Matlab/Simulink, the
parameters of the TS fuzzy controller are optimized.

Figure 3 shows the membership functions of input
values of APF DC side voltage difference, while Fig. 4
shows the membership functions of input values of APF
DC side voltage difference variation. Seven fuzzy sets are
separately, responding membership
fimctions are Gaussian function. Take Fig. 3 i account,

chosen whose
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Fig. 4: Membership functions of mput values of APF DC
side voltage difference variation
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Fig. 5: Connection diagram of APF and power system

the parameters [0, c] of fuzzy set of DC side voltage
difference from rl to r7 are as followed, [2.538 36.39],
[2.63234.77], [2.543 29.23], [2.624 35.49], [2.728 47.25],
[2.633 16.38] and [2.661 34.03]. According to the formula
F (%, 0, ¢) = exp (-(x-¢) *A(20")) of Gaussian function, the
fuzzy set which xc[-11.6 71.84] can be achieved. As shown
in Fig. 4, the membership functions of input values of APF
DC side voltage difference variation can be achieved
through the same way.

The fuzzy rules of the TS fuzzy controller are as
followed: R': if (e is r,) and (e is r;) then (u is u,);
R?% if (e is1,) and (e is r,) then (uis w,); - R% if (e is 1)
and (e, is r;) then (uis u,); R’: if (e is r;) and (e, is r,) then
(uisu,).

The output function u; = petqe.tk; can be attained
as followed:

u, = 0.13026-1.227¢_+52.31
U, =3.288e + 2.371e, - 75.11
u, =147¢-0.01676¢, —8.703

u, =1.912e+0.9446e,-6.778

u; =1.713e-0.05922¢_ - 3.419
u, =1.085¢-0.009981e, - 0.3386
u, =1.518¢+1.6¢, —-825

MODELING OF APF

The connection diagram of APF and power system is
shown in Fig. 5, where C presents the DC side capacitor,
L presents the filtering inductance, R presents the
equivalent resistance. The current reference direction is
shown in the figure, such as source current i, load
current iy, ., inverter output current iy, , and DC side
current i, U ., present the voltage of the Point of
Common Coupling (PCC).

According to KCT, and KVL,, the switching functions
of APF are as followed:

Lig, + Rig, =u, -, +u,, (4
Lig, +Riy, = U, — Ui, +1,, (5)
Li, +Ri, =u_—au, +u, (6)
Ciy, =a, i, +oiy +ai; (N
um=%udﬂ(aa+o{h+oﬁc) (8)

where, ¢, ¢, and ¢, are the control output (duty ratio
function) of APF. After dq transformation, the above
equations can be written as followed:

Li_Fd =-Ri, + u)Liﬁ1 +U, —u, o 9)

Li, =-Ri; —eliy+u, —u 0, (10)
i 3. .

Cuo,, = 5(1”% + 1fqotq) (1)

Assuming that oy = €+ A, and Ag, =t Ad,
where o, and @, are the steady values, while Ac, and A,
are the fluctuating value. Assuming that u, = U, tAy,
where, 11, 18 the steady value, while Aug, 1s the fluctuating
value. The object of 15 and 1, are to tracing 1*; and I*g,
while u,, is to tracing U,. Assume that x, =
X, = 15-1% 5 and x; = u,-U,.. Equation 9-11 can be changed
as:

N
L1 gy
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Lx, = -Rx, + oLx, — X0, (12)

+U,, — Lizy —Rig, + allig, - (Udc + .f_\.udg)orle

Lx, =-Rx; - alx, -X,a, (13)

+u,, - Lig —Rig —oLiy, - (U, +Au, e,

3 ) 3 -
ox e rn)-con i) 09

Assume APF injects [*;, then:

Li;dszi;erLi;qu u, — (U, +Au )&, (1%

Li;, =—Ri, —eLiy+u, —(U, +Au,)a, (16)
N 3 e

CAn,, =§(1fdocd+1motq) (17

Substitute (15-17) into Eq. 12-14 separately, Eq. 13-15
can be changed as followed:

L%, = -RX, + alX, — @,%; — (%5 + Uy + Auy ) Aa, (18)
Lk, = Rx, —olx, - &%, (X, + U, +Au, )Ae,  (19)

(20)

Ck, = %(x@d + X0, + (x, + i;d)/_\.otd + (){2 + i;q)Aaq)

CURRENT CONTROL BASED ON LYAPUNOV
METHOD

According to the Lyapunov stable control theory,
any linear and nonlinear system can be globally
asymptotically stable, if the energetic function V (x)
satisfies:

s V(=0
¢ Whenx=0, V (x) >0 and v(x)<0
*  When |[x]|-ee, V(x)-co

According to the error of the compensate current and
the DC side voltage, considering the influence of the
system parameter varying, construct the energetic
function V(x) and the differential ¥(x) as '

V{x)=—Lx/ + —Lx; +-Cx; (21)

V(x)=-Rx{ - Rx; +((x3 ~U, )% +i;ax3)’5(’“a (22)

+((){3 —u)x, +i;‘qx3)Amq

In order to ensure V(x)<0, define the as:

Ao, =P, ((:\(3 —uy )% +i;‘dx3) (23)

Ag, = E»q((){3 —udc)xz +i§qx3) (24)

q

where, P is a constant and f<0. Substitute x, =ig-1*;,
X, = 1517y, and x, = u,-U,, into Eq. 16-17 and 24-25:

_ ~Lig, — Rip, + iy, +1u (25)
: Uy +u, -T,
. ~Lig, - Ri;, — allij +u,, (26)
: Udc + udc - ﬁdc
Ao‘"d = E’a (i;dudc - (Udc R 7U\ic)ifd) (27)
/_\.otq:Bq(i;qudc—(Udc+ud¢—ﬁdc)ifq) (28)

Estimation of DC side voltage ripple: Wei et al. (2012)
simplified the control method based on Lyapunov
stability theory, which neglect the influence of the DC
side ripple without any explanation. Fang (2001) proposed
an estimation method of the of the APF DC side capacitor
voltage ripple based on current deposed. Define the APF
DC side capacitor voltage fluctuation & = U_/u,,, where U,
1s the ripple voltage amplitude of u,,.
Assume the nonlinear load i3  three-phase
rectifier, whose DC side is varying resistance load. Then
the phase cumrent of the AC side can be written as

followed:

23

i,=—I,

sinet+ (l)krllsinno:t] (29)

n=6k:
2

S

where, I, presents the DC side cwrrent of the rectifier load,
then the fluctuation can be written as followed:

5V 3,}afEf“ +ble'L? (30)

T, 260U

where, E, presents the peek value of phase voltage,
a, =-0.00951* b, =-0.03865 (I*)’, 1" = 24/31,/p .

To calculate the max fluctuation of the APF DC side
capacitor voltage, according to the
condition bellow, the max current effective value of the
rectifier load DC side 1s calculated firstly, whose result 1s
as followed:

simulation
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U 2342205 —

I, =—4= 205105 _171.64
Rmin 2
1*=£1d=£1mx =18931A

o o

Then substitute the above calculation results mto
Eq. 30, the fluctuation can be achieved:

8=0.084%

The fluctuation s quite small under the simulation
conditions in this study. However, the fluctuation of DC
side capacitor voltage is decided by many factors. When
the load and system parameters are varying, the DC side
capacitor voltage 1s influenced. Therefore, this study does
net do any simplify.

SIMULATION AND VERIFICATION

To verify the effectiveness of the proposed method,
three phase shunt APF are tested by the simulation of
Matlab/Simulink. The connection diagram 1s as shown in
Fig. 1. The experiment conditions are as followed. The gnd
line voltage is 380V, where the amplitude of phase voltage
is E, =22042V . The grid frequency is 50 Hz. The values of
the source inductance, source resistance and
capacitor of the APF DC side voltage are L, = 1 pH,
R,=0.5Q, C=5mF, separately. The value of reference DC
side voltage is U, = 800 V, while the AC side resistance is
R =0.5. The simulation time 1s set to be 0.2 sec. While in
the time interval 0-0.1 sec, the value of AC side filtering
inductance 1s L = 0.2 mH. While in the time interval
0.1-0.2 sec, the value of AC side filtering inductance 1s
L = 0.1 mH. The nonlinear load is modeled as three-phase
rectifier load, whose DC side 13 connected with varying
resistance load. In the mterval 0-0.04, 0.04-0.08, 0.08-0.12,
0.12-0.16, 0.16-0.2 sec, the values of the resistance load are
10,3.33,10,2,10Q.

When the values of nonlinear load and filtering
inductive are varying, the compensation conditions of the
APF to the change of load and parameter value are shown
in Table 1. Before compensation, the source voltage and
current are distorted, especially to the sowce curent,
whose value of Total Harmonic Distortion (THD) is up to
23%. After compensation using the proposed method, the
values of THD are decreased, especially to the source
current, whose value of THD 1s reduced greatly.

Take phase A of the three-phase system for example,
Fig. 6 shows the compensation of APF with the change of
load and parameter, including the waveforms of sowrce

300 &

NAWAW:

2 A aWa)
R VIRV Vv Vv (VARY,
o (b) . . .15 t(/)éz

0 o
Mol el

ialA

i1a/A

it/ A

Ugd/A

Fig. 6(a-e): Compensation of APF with the change of
load and parameter, (a) Sowce voltage, (b)
Source current, (¢) Load current, (d) APF
compensating current and (e) APF DC side
voltage

Table 1: Compensation of the APF to the change of load and L-value

Time Compensation THD of source THD of source

interval  condition voltage (%) current (%)

0-0.2sec  Before compensation 4.55 331
After compensation 25.21 1.52

voltage, source current, load current, APF compensating
current and APF DC side voltage. The amplitude of load
current 1s varying abruptly, almost changing one time
every 0.04 sec, whose THD 1s quite high, which 1s shown
in Fig. 6(c). After compensation, the source current is
sinusoidal like and almost in phase with the sowce
voltage, which is shown in Fig. 6(a-h). The APF
compensating current is varying greatly, whose value of
THD 1s very high, which 1s shown in Fig. 6(d). The DC
side voltage is quite near the reference voltage and it can
rise up quickly to the reference voltage nearby even when
the load changes abruptly, which 1s shown mn Fig. 6(e).

CONCLUSION

As the exact mathematical model of the APY 15 quite
difficult to determine, especially when the load and the
parameters are changing. This study introduces the TS
fuzzy controller to the voltage control of the APF, which
can achieve better tracing result for adjusting the
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parameters of output function according to the error and
error changing rate of the DC side voltage. Applying the
current control method based on Lyapunov stable theory,
APF can work stable under the circumnstance of changing
of load and parameters. A globally stable control is

possible and it i3 insensitive to the parameter
uncertainties and robustness to the disturbances.
Through testing with the Matlab/Simulink, the

effectiveness of the proposed method is confirmed.
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