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Abstract: Aiming at the problem that the three-phase APF’s dynamic model is a multi-variable, nonlinear and strong
coupling system, an internal model controller for three-phase APF based on LS-Extreme Learning Machine is studied in
this paper. As a novel single hidden layer feed-forward neural networks, extreme learning machine (ELM) has several ad-
vantages: simple net structural, fast learning speed, good generalization performance and so on. In order to improve the
controller’s dynamic responses, a least squares extreme learning machine for internal model control is proposed. A least
squares ELM regression (LS-ELMR) model for the three-phase APFS on-line monitoring was built from external factors
with in-out datum. Moreover, the relative stable error is presented to evaluate the system performance and the features for
the internal model control system based on extreme learning machine, neural network, kernel ridge regress and support
vector machine. The experimental results show that the LS-internal model control system based on extreme learning ma-
chine has good dynamic performance and strong filtering result.
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1. INTRODUCTION

Nowadays, with the rapid development of power elec-
tronic equipments and wide proliferations of nonlinear loads,
the increasing harmonic currents in power grid and a lower
power factor are responsible for the additional power losses
and the risk of power equipment’s damage [1]. Since the
power system is often influenced by many uncertainties such
as nonlinear, non-stationary, complexity and randomness
etc., Shunt Active Power Filters (SAPF) are regarded as the
effective way to deal with the problem of reactive power
compensation and harmonic suppression due to their high
switching frequencies and employing digital signal proces-
sors. Moreover, there is no doubt that the Pulse Width
Modulation (PWM) inverter plays an important role in digi-
tal current control owing to the rapid progress of micropro-
cessor technology and fast dynamic response [2-4]. The cur-
rent control is the very important part of the overall control
system.

On the other hand, dynamic performance of APF is main-
ly dependent on advanced data control technique and power
electronic technology, especially the accuracy and stability
of APF’s mathematics models. A lot of scholars pay much
more attentions on the study of three-phase APF current con-
trol [5-8]. The commonly used control methods at present
can be mainly divided into several kinds: PI control, dead-
beat control, variable-structure control, fuzzy logical control,
predict control, ANN control and so on. Considering the
nonlinear character of APF system, especially the random-
ized complexity and non-stationary interconnected
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power system, the effective inverse system mathematics
models of APFs are lacking.

Since the IMC strategy had been proposed by Carcia and
Morari in the 1980’s, the IMC has been considered to have
an effective function on the control of uncertain and pure
delay systems due to its simple structure, strong tracking
robustness, good anti-interference effect etc. Since the con-
trolled plant usually has a nonlinear characteristic, the non-
linear IMC based on intelligent learning parameter estima-
tion model has been successfully applied in practical engi-
neering. Moreover, the nonlinear IMC based on neural net-
work (NN) has been used more and more widely, and the
typical algorithm is the feedback neural network. However,
it is well known that the parameters of traditional feed-
forward neural network all need to be adjusted and the pa-
rameters of different layers will influence each other. On the
other hand, as one of the most common algorithms in param-
eters adjustment, the Gradient Descent Method (GDM) has
two inherent defects of locally minimum and slowly conver-
gence speed in the usually adoptive BP network. So it is nec-
essary to find a novel parameter estimation method for non-
linear IMC system.

As a novel single hidden layer feed-forward neutral network,
ELM was proposed by professor G.-B. Huang in 2004.
Compared with the traditional method, ELM greatly im-
proves the learning rate of feed-forward neural networks;
meanwhile ELM also has good generalization ability. Fur-
thermore the neural weight can be obtained by Moore-
Penrose generalized inverse calculation, and shortcomings of
GDM can be avoided: such as locally minimum, large itera-
tion number, the difficult selection of suitable performance
parameters and learning rate etc. ELM is gaining more and
more attention due to its high learning rate and excellent
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neutral generalization ability. And ELM has become one of
the most promising methods of learning algorithms. Some
successful applications of ELM can be found in many re-
search fields [9-11]. In this paper, the internal model and the
inverse model of IMC are fitted in ELM. And the experi-
mental results show that compared with the classical learning
algorithms in neural networks, e.g. RBF networks, ELM can
achieve better performance in much shorter learning time.
Furthermore, the LS-ELM has a better filtering result.

With the wide application of nonlinear industrial loads,
especially the power electronic equipment, the power system
harmonic pollution problems become increasingly serious,
which have led to the deterioration of power quality and
have done great harm to the safe and economic operation of
power system. As an effective way of dynamic harmonic
suppression and reactive compensation, APF’s have been
widely applied in power supply system and industrial sys-
tem[1-3]. Moreover, the topology, the design optimization of
output filter and snobbier, the control method, and the im-
plementation of APF play important roles in the effects of
harmonics elimination. In most high performance industrial
systems, such as frequency control system and three-phases
AC/DC converters.

2. EXTREME LEARING MACHINE
Given a training set (xi, yi),

X, =[x, %0500, %, ] € R"

Vi =[tystinseesty, ] € S

If a standard single layer feed-forward neural network
with N hidden nodes and g(x) is the activation function, then
the mathematical model can be expressed as follows:

L L

zﬁigi('xj) = Zﬂ:g(wx X +bi) = tj
i=l i=l (1)
Where wi is the weight vector connecting inputs and the ith
hidden neurons, B =[B,B,.....B,] is the weight vector
connecting outputs and the ith hidden neurons, bi is the ith
hidden neurons, i=1,2,...... ,N.

The above N equations can be written in matrix form as
follows:

HB=Y 2)
Where
B!
HWw,...,w,,b,,....5,,X,,...,x) B=| :
gwx, +b,) g(w,x, +b,) i
gwx, +b) gwyx, +b)],,
T
Wi
Y=|:
T
And I S 3
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According to the definition in [12], H is the output matrix
of the hidden neurons. Since L«N and H is not a square ma-
trix, the inverse matrix H -1of matrix H exists. Given any
input weights w and bias b, and H-1 can be calculated by
Moore-Penrose generalized inverse theory. Then

p=H"Y )

In this way, the network parameters of ELM can be ob-
tained by equations (3) and (4). Furthermore the network of
ELM can be established as in Fig. (1).

Fig. (1). The network of ELM.

As is shown in Fig. (1), the network parameters of ELM
(the number of hidden nodes L, activation function g(x), giv-
en any parameters w and b) will be set once so there is no
further parameters adjustment. As the explanation of the
authors [13], the minimum training error, the smallest norm
of weights and best generalization performance can be ob-
tained by the ELM algorithm.

Lemma.l Given arbitrary small number ¢ and infinitely
derivable function g(x), there must exist L<< N(N is the
sample size); given any w and b, ||Hﬁ —T|| <€g.

Theorem.l Given an infinitely derivable function g(x),
the mathematical expression (2) of ELM is also infinitely
derivable.

According to the derivation process of ELM, the concrete
values of net parameters w, b,5,L of ELM are confirmed as
soon as the network learning of ELM is completed. Given an
infinitely derivable function g(x), there are four arithmetic

gw-x+b)B=g'(w-x+b)f+g(w-x+b)p'
=(g(w-x+b)B)

Then (g(x)f) is an infinitely derivable function, that is,
the ELM algorithm is also infinitely derivable.

operations,

3. CONSTRUCTION AND MATHEMATICAL MODEL
OF THREE-PHASE SAPF

3.1. The Principle of SAPF and Main Circuit

The main circuit of three-phase SAPF is shown in Fig.
(2). The SAPF system is designed to compensate harmonics,
unbalance and reactive power. As can be seen in Fig. (2),
shunt active power filter is connected in parallel with the
nonlinear load. By injecting equal but opposite harmonic
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Fig. (2). Topology of three-phase SAPF.

current components at the point of connection, the desired
sinusoidal active current can be obtained. Where iq,ib,ic are
the compensation currents, isa,isb,isc are the three-phase
source currents, Vsa, Vsb,Vsc are the three-phase source volt-
ages, and ila,ilb,ilc are the load currents. Ls and Rs are the
equivalent source inductance and resistance respectively.

3.2. The Dynamic Model of Three-Phase SAPF

According to the reference [14], the dynamic model of
error signals can be obtained as follows:

dAi +2R S
e LAy + QAL +—— AV, +
dt L+L, L+L

dAi +2R S
VI A, + 5
L+L,

AV, +w
dt L+1L de 72

Ai, Ar+2R,+R
iy _ Ar+dRo bR,y
dt  AL+3Ly+L,

—d - _L (SAZ +8,Ai +8 Al + d(')-I-W
dt c \Pa=Y b= =40 R 4

Where wi(i=1,2,3,4) are the external disturbances, Sa,Sb,Sc
are the switching functions under d-g-0 coordinate axis,
AVdc is the DC capacitor voltage variation, Aid, Aig, Ai0 are
the current variations under d-g-0 coordinate axis. If state
variables [Aid, Aig, Ai0, AVdc]T=[x1,x2,x3x4]T, input vari-
ables [Sa,Sb,Sc]T =[ul,u2,u3]T, and output variables [Aid,
Aigq, Ai0]T=[y1,y2,y3], the dynamic errors equation of three-
phase SAPF can be obtained.

. AV, +w
4L43Ly+L, C

4. INTERNAL MODEL CONTROL BASED ON ELM

As is shown in Fig. (3) the IMC of nonlinear system con-
sists of four parts: plant (P), internal model (M), controller
(C) and robust filter (F).

4.1. Internal Model Based on LS-ELM

Considering that the controlled plant P is the single-input
and single-output N-multi system, with u(k),u(k-1),...,u(k-
n+1) as input variable, y(k),y(k-1),...,y(k-n+1) as output vari-
able and y(k+1) as the system output, then the ARMA (auto-
regressive moving average model) can be described as fol-
lows:

y(k+1) = P(w, ,u(k)) (6)
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Fig. (3). IMC of nonlinear system.

where wk=[y(k),.__y(k-n+1)u(k-1),___u(k-n+1)], input u(k)[] R,
output y(k)[1 R, P RnxRn—R, and P(0,0)=0.

According to lemma 1, the inter model can be obtained
with little modeling error ck:

yk+l) =y, (k+1)+o, =elm(w,,u(k))+0o, )

where |ck|<c, o is arbitrary small positive number.

According to theorem 1, ELM is an infinitely divisible
algorithm. If there is a deviation in u(k),that is um(k)=u(k)-
A. Based on Taylor series expansion, the approximate value
of equation (7) can be as follows:

delmlw,, u(k))) A

eln(v,, u,(k)) = eln(r,, u(k)) + Aulk)) (3)

According to equation (11), the convergence rate and
convergence precision of ELM is determined. In order to
have a good controlled result, a nonlinear LS function opti-
mization method algorithm L-M method is needed [15].

Where [elm,]=min-LM( e]m(Wk > Uy (k) -

elm(Wk s ulk)) ;elm(0);beta;u;v;var;eps) )

4.2. Inverse Model Based on ELM

If the nonlinear system is inverse, the inverse system C of
the control plant can be obtained. If there is an error €k, the
inverse system with ELM can be described as:
u(k)=u,(k)+e, =elmi(v,,y(k+1))+¢, (10)

Where vi=[y(k),... y(k-n+1)u(k-1),...,u(k-n+1)], and |ek|<e,
¢ 1s arbitrary small positive number.

5. ANALYSIS OF STEADY-STATE ERROR

As a typical nonlinear system, the accurate mathematics
model of three-phase APF system can be not obtained, so the
steady-state error of nonlinear IMC system should be con-
sidered. As the Fig. (3), the steady-state error e(k)=y(k)-r(k-
1)5

then d(k)y=y(k)-ym(k)=-ck

and rd(k)y=r(k)tok (11)
If there is a linear filter F,
thenu (k)= elmi(v,,rd(k)F) (12)

If there is a modeling error ¢k, then u(k)=um(k)+ek.
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According to equation (7),
y(k+1)=ym(k+1)+ck=elm(wkum(k)+ek)+ck (13)

Based on Taylor series expansion at the point of u(k),
the equation (13) can be expressed as:

Gk +1) =i, (1)) + SOt kD)

kT Ok

If M =M ,where M bounded real number,
ou, (k)

combining with equations (12) and (14),

y(k+1)=elm(wk,elmi(vk,rd(k)F))+Mek+ck (15)

In that the controlled system is inverse, according to
equations (7) and (10):

y(k+1)=rd(k)F + Mg, +0,

(16)
As F is a one-step linear filter, then
Fe l—oci1
1-oz (17)
Where 0<a<1.

According to equations (16) and (17), if |ok|<c and
lek|<e, then:

yk+1)-rk)=a(y(k)-rk)+ M(1-a)e+(2-a)o (18)

As r(k)y=r(k-1)+Ar, where Ar is real number, then

elk+)=oe(k)—aAr+ M(1-a)e+(2-0)o (19)

If the Lyapunov function of the IMC system V(k)=e2(k),
and A=M(1-a)e+(2-a)0, then
Vik+1)-V(k)=e (k+1)-e*(k)

= (0 = 1)e’ () + 20(A ~ 0r)e(k) + (A - aAr)’ (20)

According to the equation (20), characteristic root crite-
rion A=4(4-aAr)2>0,

if (4-Ara)>0,then
A-Aro
1+a (21)

Then function (20) <0, and the IMC system is a stable
system.

if (4-Ara)<0,then
A-Ara
1+ (22)

Then function (20) <0, and the IMC system is also a
stable system.

e(k) >

e(k)<

Table 1. Distorted voltage parameter
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When 0<a<1, the series e(k) is convergent and the state
error is
e(eo)=lime(k)=A4—-Arc

e (23)
According to the equation (23), the state error is influ-

enced by modeling precision, type of input signals and ro-
bust filter parameters.

If the input signal is a step, then e(e0) = llcim e(ky=4 (24)

According to the equations (21), (22) and (23), the robust
of the IMC system is enhanced by the larger a(0<a<1).

6. SIMULATION

In this paper, MATLAB R2006 is used for the emulation
of three-phase active power filter. In the considered power
system, the three-phase source has the following characteris-
tics: Ls=2mH, Vs=220V/50Hz. Voltage on DC side is set as
800V. That is voltage for each capacitor ud=400V. The non-
linear load is the three-phase non-controllable bridge rectifier
with variable RL branches (0s<t<0.08s, R=5Q; 0.08s<t
<0.14s, R=15Q;0.14s<t, R=10Q,L=25mH).

Data Training: In order to have a good stationary and
periodicity, the variable RL is replaced by a variable voltage
source (a pseudo-random Armse (154,286)). And the one-
step linear filter F F(z)=0.7z-1/(1-0.3z-1). The parameter of
ELM is L =23. After the data training, the tracking results of
square wave of pseudo-linear system and the closed IMC
system are shown in Fig. (4). Compared with Fig. (4a) and
Fig. (4b), the closed loop system can enhance the output
result with modeling error.

Smooth Filtering: In order to test the filter results, if the
three voltage sources are harmonic distortion (as shown in
Table 1).

With the help of LS-ELM, the IMC system can deal with
the different problem as follows: ®balanced and non-
distorted  three-phase, @10%5th harmonics, ®10%7th
harmonics, @unbalanced three-phase voltage with 10%,
®complex voltage (as Table 1).

Comparing Figs. (5, 6), it can be concluded that Va VS.
VP is a round circle under the ideal compensation effect. If
the source voltage is more distorted, then Va VS. Vf is far
more from the round circle. In this way, the harmonic sup-
pression result will be weakening. In a complex industrial
circumstance, a balanced and non-distorted three-phase volt-
age is very important. With the help of LS-elm, the referenced
ideal three-phase voltage can be obtained. Furthermore, ac-
cording to the Vo VS. VB dynamic regulation process,
smooth filtering is the key function of LS-ELM for harmonic
distortion. While the fundamental positive-sequence obtain-
ing is the main function of LS-ELM for unbalanced sources.

Voltage

fundamental wave

5th harmonics

7th harmonics

11th harmonics

white noise

magnitude [p.u.]

1£0°

0.25£45°

0.25£180°

0.15£180

variance 20
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Fig. (4). Tracking results of square wave.
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Fig. (5). Different voltage sources, Voltage Va VS Vp (dg- rotating
coordinate system).

CONCLUSION

In this paper, an internal model controller for three-phase APF
based on LS-Extreme Learning Machine is discussed. The simu-
lation results show that the improved elm controller has the
advantages of better dynamic performance, being easy to
realize and has better tracking performance. And the simula-
tion results also demonstrate the effectiveness of the im-
proved method. On the other hand, the LS-ELM method can
meet the requirements of unbalanced and distorted power
systems, and has importance and significance in improving
the whole performance of APF.
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