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Double Hidden Layer Output Feedback Neural
Adaptive Global Sliding Mode Control of
Active Power Filter

Juntao Fei

Abstract—In this paper, a self-regulated double hidden layer out-
put feedback neural network (DHLFNN) is presented to control an
active power filter (APF) system as a current controller, which is
conducive to the improvement of the response characteristic and
power quality. First, a global sliding mode controller is introduced
because it is effective in achieving overall robustness during the sys-
tem response. A new output feedback neural structure that has two
hidden layers is proposed to make the parameters adaptively ad-
just themselves and stabilize to their best values. A higher accuracy
and stronger generalization ability can be also obtained by reduc-
ing the number of network weights and accelerating the network
training speed owing to the strong fitting and presentation ability
of two-layer activation functions. Furthermore, the designed feed-
back loops of the neural network play a significant role in possessing
associative memory and rapid system convergence. This proposed
double hidden layer output feedback neural based global sliding
mode controller is simulated on the model of APF and the results
show the excellent static and dynamic properties. Experimental re-
sults under three cases and comparisons are provided using a fully
digital control system to validate the superior performance of the
proposed DHLFNN controller.

Index Terms—Active power filter (APF), double hidden layer
output feedback neural network (DHLFNN), global sliding mode
control, harmonic compensation, single hidden layer output feed-
back neural network (SHLFNN).

I. INTRODUCTION

N THE modern society, the performances of lots of electronic
I and electrical systems are improved with the development of
the power electronics devices; however, the wide-ranging ap-
plications of nonlinear loads produce a great deal of harmonics
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inevitably, which cause the pollution of the electrical power sys-
tem. At present, the inhibition of harmonics has become a sig-
nificant way to improve the quality of electric energy [1]-[3].
APF is a new power electronic device that could generate com-
pensation currents into the grid to offset the harmonic currents,
which may enormously harm the power system. Active power
filters (APF) were developed to mitigate problems of passive
filters [4]-[6] to obtain high power quality. APF possesses rapid
development and bright prospect in application since APF per-
forms better than the passive filter in its lightweight, fast dynamic
response, mildly affected by system impedance, and so on. They
were quite effective in compensating harmonics and achieving
good performances [7]-[10].

To a great extent, the compensation ability of the APF depends
on the control strategies. Thus, it is quite significant for design-
ing an effective control technology to realize expected harmonic
suppression performance. As a result, lots of control techniques
such as sliding mode controller [11], [12], robust adaptive con-
troller [13], [14], fractional order controller [15], backstepping
technique [16], [17], repetitive controller [18], neural network
algorithm [19], [20], etc., have been utilized to improve the prop-
erty of the APFs. Ribeiro et al. [13] introduced a robust adap-
tive control strategy of shunt APFs for power factor correction,
harmonic compensation, and balancing of nonlinear loads. A
fractional-order repetitive control (RC) strategy at a fixed sam-
pling rate was presented by Zou et al. [15] to deal with any
periodic signal of variable frequency. A novel concept of quasi-
output feedback global sliding mode tracker to achieve robust
tracking and model following for uncertain systems was put for-
ward in [17]. A detailed design, analysis, and application of the
controller for a shunt APF based on a pulsewidth modulation
dc-to-ac voltage source converter were discussed in [18]. Chu et
al. [20] were concerned with an adaptive dynamic special PID
global sliding mode controller with an RBF neural network for
a three-phase APF to obtain global robustness.

In practice, there are parameter variations and external dis-
turbances that are difficult to know in APF systems; as a result,
global sliding mode control has been employed in controlling
nonlinear systems [21]—-[23]. Hu et al. [21] focused on a global
sliding mode controller based on a hyperbolic tangent function
with IPF compensation for matrix rectifiers. Mobayen et al. [23]
presented a novel global sliding mode controller for a class of
nonlinear dynamic systems to modify the system robustness.
However, as global sliding mode controller is based on a good
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understanding of a model structure, the scheme cannot be easily
implemented to achieve favorable tracking performance in the
presence of system uncertainties and external disturbances. The
feedforward neural network has been widely applied in identi-
fication and control for its strong capacity in approximating to
any unknown smooth functions of dynamic systems [24]—[27].
In order to stabilize a class of uncertain nonlinear systems with
full-state constraints, an adaptive neural network estimator was
investigated in [25]. Bouhoune et al. [27] combined neural net-
works and fuzzy techniques in the form of hybrid control for a
three-phase induction machine.

Faced with the poor dynamic property of the feedforward
neural network, output feedback neural network (FNN), which
is composed of feedforward neural and feedback loops, can ac-
quire more dynamic information. By means of superior non-
linear adaptation and learning ability of FNN, the parameters
in FNN can be adjusted simply compared with the conventional
NN controller [28]-[32]. For example, anovel output FNN based
controller was suggested for a single-phase inverter with an LCL
filter to approximate to optimal control in [28]. Fei et al. [30]
studied an adaptive sliding mode control for a class of nonlin-
ear dynamic systems using a double-loop output FNN structure.
An adaptive dynamic sliding mode control system with out-
put feedback radial basis function (RBF) network for indirect
field-orientation control induction motor drive was proposed by
El-Sousy in [32].

It is hard for the normal neural network with a single hid-
den layer to estimate some quite complex functions with high
accuracy in fact. In addition, a shallow network may need a
considerable number of neurons, which will lead to a serious
problem of computational complexity, long training time, and
high memory consumption. While there are far less parameters
in the deep network, which can also obtain satisfactory con-
trol precision. As a consequence, a deep neural network with
multi-layered perceptron is designed to obtain stronger function
fitting capacity and high learning accuracy [33]-[36]. It was re-
ported in [33] that an artificial neural network, in the form of a
hybrid double hidden layer perceptron, can be used to provide
the best prediction performance in the classification of unknown
odorants into their respective chemical class. Ahmadi et al. [34]
developed a novel human iris recognition approach based on a
multi-layer perceptron NN in order to increase generalization
performance. Makondo et al. [35] made an effort to explore the
feasibility of using a multilayer perceptron neural network as a
test oracle.

Motivated from the above discussion regarding output FNN
and multi-layer perceptron neural network, adouble hidden layer
output feedback neural based adaptive global sliding mode con-
troller is presented for APF with the unpredictable perturbation
effect from the parameter variation and external load disturbance
to compensate harmonic current and improve power quality. The
presented control scheme possesses significant theoretical and
practical value for improving total harmonic distortion (THD),
strengthening the quality of power supply and promoting the ap-
plication of APF. The contributions of proposed methods com-
pared with existing works are summarized as follows.
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1) Anoriginal output FNN with two hidden layers is designed
to estimate the uncertainties regardless of unknown system
characteristics and external disturbances. In the novel NN,
the weights and output signals calculated in the last step
are stored and used as the feedback signals in the feedback
loop. Since the new structure possesses the advantages of
deep learning neural network and output feedback NN, it
can make the network be more powerful to learn complex
things while the output signal is also captured; thus the new
designed double hidden layer neural network with output
feedback can achieve better approximation performance
compared with the regular NNs without output feedback
loop [24]-[27] or the regular FNNs with a single hidden
layer [28]-[32]. Moreover, from a practical application
point of view, the double hidden layer neural network is a
more expressive network than the conventional one with
a single hidden layer. The common network of a single
hidden layer neural needs more exponentially nodes than
deep network such as a double hidden layer neural network
to complete approximation. Its core is: the composition of
functions is more effective than the linear sum of func-
tions. It is in favor of control precision and enhancement
of response speed for dynamic systems.

2) As the hidden layer in the neural network consists of acti-
vation functions, which play a significant role in making
the network have the strong fitting ability, the neural net-
work with double hidden layers could realize more com-
plex function fitting and higher training precision by fast
convergence. Each node and weight has its meaning and
represents a special part of the network. Moreover, the
recombination of activation functions gives the practical
significance of the multi-layered perception neural, which
not only can make the network more powerful to learn
complex data but also represent the mapping of arbitrary
nonlinear function between the input and output.

3) Unlike the general neural network structure, the neurons
of the input layer can receive signals, which come back
from the neurons of the output layer in the feedback neu-
ral structure. It is generally known that neural networks
with feedback loops are adept at accepting past memory
elements, that is, more information will be transmitted
to the output node and the system can achieve better ap-
proximation performance and superior dynamic capabil-
ity compared with the conventional feedforward neural
networks (NNs). Furthermore, the six sets of adaptive pa-
rameters of two sets of central vectors, two sets of base
widths, weight, and feedback gain all adjust themselves
to the optimal values adaptively, demonstrating that the
system acquires more stable internal state and better ap-
proximation feature in contrast with the pure NNs without
feedback loops.

4) A global sliding mode controller based on double hidden
layer output feedback neural, which has the salient merit
of model-free control with great potential, is designed to
generate compensation current for APF to improve com-
pensation performance and suppress harmonics as it is
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Fig. 1. Block diagram for APF.

difficult to establish an accurate mathematical model for
APF systems because of its nonlinearity and uncertain-
ties. The proposed global sliding mode controller can en-
sure the global robustness especially in the approaching
modal status, which also accelerates the response of the
system while the conventional sliding mode controller
cannot obtain such a feature. The parameters of double
hidden layer output feedback neural network (DHLFNN)
system regulate themselves online to the optimum stable
values and simultaneously adaptive laws can guarantee
the Lyapunov stability of the closed-loop system. Even for
a complex system, we can also achieve satisfactory per-
formance, which validates the excellent control effect of
the presented global sliding mode control using DHLFNN
compensator.

This paper is organized as follows. In Section II, the principle
of APF is given. Section III explains the structure of DHLFNN,
and Section IV investigates the design of DHLFNN-based global
sliding mode controller for APF and proves the stabilities of the
designed control systems. Section V shows the simulation study
for an APF along with several comparisons. Experimental results
are provided in Section VI. This paper ends with concluding
remarks outlined in Section VII.

II. PRINCIPLE OF APF

Fig. 1 shows the block diagram of three-phase shunt APF.
The APF consists of harmonic current detection module, con-
trol system, and main circuit. The rapid detection of harmonic
current that is based on the instantaneous reactive power theory
is most widely used in harmonic current detection module. The
control system can be divided into two separate parts, namely
the current control system to ensure the accurate tracking of the
reference current and the dc voltage regulator to achieve power
balance between the dc side and ac side by regulating the dc volt-
age to its reference value. The main circuit that contains power
switching devices generates compensation currents according to
the control signal from the control system.
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The basic working principle of APF is described as follows.
First, detect the harmonic current from the power system and
then produce the compensation current, which is equal in the
opposite direction of the harmonic current, eliminating harmonic
current in the power grid.

In Fig. 1, vs1, vs2, and vgg are the grid voltages, 41, i52, and
143 are the power currents, ¢1,1, ¢ 1,2, and i3 are the load currents,
v1, U2, and v are the voltages of public join points, 71, i3, and i3
are the compensation current of APF, C' is the capacitor of the
dc side, vq. is the voltage of C, i4. is the current of C, L. is the
inductance of the ac side, and R, is the equivalent resistance.

The dynamic model of APF is given in the following part. The
circuit equations are obtained when applying Kirchhoff’s rules
to this system

di :
vy = LGt + Rein +vinr + v

di

(% :Lcd7t2+Rci2+U2M+UMN (1)
di .
vz = Lcditg + Reiz + vsnm + vmnN

where the parameter of v, is the voltage between points M
and N.

Assuming that vy + ve + v3 =0,
have

11 +i2 +1i3 =0, we

3
1
UMN = —3 mz::l Um M- (2)

The switching function ¢j, indicates the ON/OFF status of the
IGBT bridge, which can be defined as

1, if Si is ON and Sj 3 is OFF
ck = 3
0, if Sy is OFF and Si3 is ON

where k = 1,2, 3.
Taking vi s = cvqc into account, and (1) becomes

dil Rc. U1 Vdc
dt L. L. L.

di2 o Rc. + U2 Vdc
T P P

7N
o
Ay
\

Wl W= Wl

dis R. . E
a3 e, U
dt L. " L. L.

Me 1M fbe
O
3
N———
c

Then d,,;; is defined, called the switching state function as

1 3
i = <ck —3 . cm> : )
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Assume unknown external disturbance and parameter varia-
tionas Q = [¢1 2 ¢3]7, we have

diy Ry . V1 Vde
o - =4,
dt Lcl " + Lcl Lcl ! i n
diy Ry . V2 Ude
Y = - 7dn 6
7t T 12 + T Lu 2+ q (6)
diB Rcl . V3 Vdc
—_— = — d, .
dt Lcl ' i Lcl Lcl s * 1
The derivative of (6) is
° R21 '[)1 Rclvl Rclvdc Vde ;
i = —5—1 - dn - 7dn
" Lz1 nr Ly Lgl Lil ' L '
+ - Rcl
q1 Lo, q1
R% Uy Rewa  Reivge Vde ;
- =i - dn - 7dn
12 L§1 2+ T Lil Lg1 2 T 2 .
+ . Rcl
q2 Lo q2
R2.1 . U3 Revs Ro1vqc Vde
- = - dn - 7dn
BT La Iy A Tt
+ . Rcl
q3 L., q3

As we can see, although this is a multiple input multiple output
system, there is no mutual coupling among the three phases of
1,72, and “3.” We can transfer this multivariable control into
three single variable controls in the design of the current control
system. Furthermore, it can be simplified as a problem of single
variable control in the case of the symmetrical parameters.

For the sake of simplicity, it is expressed as the following
form:

&= f(z)+ Bu+ hg (®)
.. . Rzl . 01
where x represents i1, iz, or 43, f () represents 7544y 4 7 —
c1 c
Rev, R2, - vy Rejvg RZ, . V3 _ Reyvg 5
Lz1 ’ Lil 2+ Lea Lil ot Lil Eh Lea Lfl ’Brepre

Re.ivge Reiva R.1vq
Sents —4hee, —e-ge  or —4ee
I R A 7

R c . R e g : R
Lo qi— i dn2 + 2 — 7502, 00 — 2o dns + G3 — 73 The
upper bound of the unknown lump uncertainty is given as
lhell < H,k =1,2,3, where H is a positive constant.

, hy, represents —%dm +q —

III. STRUCTURE OF DHLFNN

The DHLFNN constructed by a multilayer perceptron has
two hidden layers and a dynamic output feedback connection
which stands for memory elements. Each node and weight has
its meaning and represents a special part in the network. The
adaptive parameter learning and structure learning of this new
dynamic double hidden layer neural network make the responses
of algorithm faster and more accurate than the conventional ones.

As is shown in Fig. 2, the double hidden layer output feed-
back neural is a four-layer network embedded two hidden per-
ceptrons and an outer feedback connection. The first layer is
the input layer, which is composed of signal receiving nodes.
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Fig. 2.

Structure of DHLFNN.

However, unlike the general neural network structure, the neu-
rons of the input layer can receive signals, which come back from
the neurons of the output layer in the neural structure. The sec-
ond layer is the first hidden layer where neurons in this layer are
mainly to complete the calculation of the activation functions.
The second hidden layer ulteriorly calculates the Gaussian func-
tions. Furthermore, the recombination of activation functions not
only can make the network more powerful to learn complex data
but also represent the mapping of arbitrary complex nonlinear
function between the input and output. The fourth layer is the
output layer, which completes the output calculation of the novel
neural network for different inputs. To give a clearer understand-
ing of DHLFNN, the functional structure of each layer will be
depicted as follows.

The four layers are the input layer, the first hidden layer, the
second hidden layer, and the output layer respectively.

A) First Layer: Input Layer

The input layer of the DHLFNN completes the transmission
of the input signal (X = [z129..7,,]T) and receives the out-
put signal (exY") of the previous step from the output layer.
The output layer is connected to the input layer by the outer
weight Wy, = [Wio1, Wyo2..Wiom] of the novel neural net-
work. The output signal of the input layer is 6 = [0, 65..0,,]7,
where

0; =x; Wyi-exY,i=1,2,...,m. )

B) Second Layer: The First Hidden Layer

This layer mainly maps the signals from the input space to
a higher dimensional hidden space where the signal features
are linearly separable and complete calculations of the Gaus-
sian functions. Gaussian functions are introduced to the nodes
in the first hidden layer as ®; = [¢11, ¢12, ..., P1n]”, and the
Gaussian function of thejth node is expressed as follows:

m 2
0: — 1.
¢1j — efnetljv netlj — E H 7 bQCIJH , —_ 172’ )
i=1 '

(10)
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where the central vector is ¢; = [¢11 ¢12. .. cln]Tand the base
width is bl = [bll b12 . bln]T.

C) Third Layer: The Second Hidden Layer

The signals are mapped from the first hidden layer to this
second hidden space, then the Gaussian functions are calculated
again. As is similar to the second layer, each node in this layer
represents a Gaussian function ¢, which can be expressed in
(11) and the total Gaussian function can be denoted as®, =

(P21, Pz, -, dou]T

2

_—neta e Nl = earll _
Gor =€ , netgk—272 , k=1,2,....1
i=1 Do
(11)

where the central vector is ca = [co; €22 . .. co]T, and the base
width is b2 = [b21 b22 e bgl]T.

D) Fourth Layer: Output Layer

Neuron in the output layer connects with each neuron in the
second hidden layer via the weights W = [W1, Ws, ..., W]
and the signal node of the output layer is marked as the sum of
all input signals. The signal node of the output layer is marked
asy ., which represents the sum of all input signals. It can be
written as

Y =W &y = Wigar + Wagas + -+ + Wipa. (12)

The output layer neuron is connected to the input layer neu-
rons by the outer feedback weight value W,.,, and the feedback
signal is recorded as exY.

IV. DHLFNN-BASED GLOBAL SLIDING MODE CONTROLLER
FOR AN APF

The current tracking control problem of the APF system is to
find a controller so that the current trajectory x can track a refer-
ence current trajectory y, asymptotically. Assuming that all the
system parameters are well known, the design of an ideal sliding
mode controller for APF systems is described in the following
part.

The tracking error is defined as

e=T—Yq. (13)
Then the derivative of e becomes
é=12—Yq. (14)
Design the global sliding surface as
S =¢+Ce— folt) (15)

where C'is a positive matrix, fo(t) is a function that is specially
designed for reaching the global sliding surface, satisfying the
following three conditions:

1) fo(0) = éo + Ceg;

2) ift — oo, fo(t) — 0;

3) fo(t) has a first derivative.

where e is an initial value of the tracking error.
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Fig. 3. Block diagram of the global sliding mode controller using DHLFNN.

Hence we can design fo(t) as

Jo(t) = fo(0)e** (16)
where kg is a positive constant. .
The time derivative of the global sliding surface S is
S =é+Cé— folt)
=& — g+ Cé — fo(t)
= f(z) + Bu+hi —jia+Cé = fo(t). (1D
We make $ = 0 to get the equivalent controller
teq = HUo(8) + il — Ce — @) ] (8

Based on the equivalent controller, a new controller Uy is

designed as
Ups = 5[folt) + il — Cé — () ~ Ksen(S)]  (19)

where ugy = % - K sgn (S) is a switching controller in which
the global sliding mode gain K is a designed positive constant.

Although the designed controller in (19) can guarantee the
stability of the system, the controller force could not be carried
out due to the unknown part f («). Considering the strong ability
and high precision of approaching any complex function of this
designed DHLFNN, it is advisable to use the estimation value
of DHLENN for controller design as shown in Fig. 3.

Assumption 1: There exist optimal weight W*, center vec-
tors c1*, co*, standard deviations b;*, by*, and outer feedback
gain W} in approximating to the unknown function f(x),
which can be expressed as f(z) = W*T®,* + ¢, where &} =
DX, &, b, by, by, W}), e is the mapping error that is uni-
formly bounded as ||e|| < 3, where €, is a positive arbitrary
small constant.

The output of the DHLFNN for the estimation of unknown
function is

flz)=WTd, (20)
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where W is the real estimated weight vector, which is updated
online all the time, and (fz is the actual estimated value of the
six parameters in the DHLFNN structure expressed as P, =
by (X, é1, 82, b1, b2, Wyo).

Then the error between the real value and the estimation of
the unknown function is

f@) = fla) =W "oy — Wy + ¢
= W*T(fi)g + (i)Q) — WT(i)Q +e€
= W*T(i)z + W*T&)Q — VAVT(i)Q +e

=WToy+ WPy + WTdy+e  (21)

where W7 &, + ¢ = ¢ is the approximation error.

The Taylor expansion linearization technique is employed to
transform the nonlinear activation function into a partially linear
form and ®, can be expressed as

~ 0P,

P, = N
0P,
by
o1,
MWy

=By, & + Bop, - B2+ Pop, by + Doy, - by

. 0P . .
ley=e, (1™ —¢1) + W; o=y (2" — ¢2)

. 2 0Do . 2
pi—p, (01" —b1) + by |ba=bs (b2" = b2)

W,«o) + Oy,

Wr(;:Wro (W:O B
+ Oayy,, - Weo + O (22)

where Oy, is a high-order term, ®5.,, o, Pap,, Pop,, Pow,,
can be expressed in the following forms:

By — [0Pg1 OPa2 0Py ] T‘ )
Zer ™ L 861 861 o 301 ] a=a
By — [0P21 OPaa 0Dy ] T‘ A
Zez L 862 802 o 602 ] c2=e2
Do — [0By; 0Dy 0Dy " A
0T 9by by Oy | I=h
Do — (0B OBy 0Dy ] )
227 [ Oby  Oby T Oby | [P
> ~ [0®a1 0o O®g 1" ‘ )
2Wiro — _8W7'0 aWro te 8W7‘0 Wiro=Wyo *

Then, the designed controller (19) becomes

U = 2 [(fot) ~ Cé iia— f(x) ~ Ksgn(S). (23)

Consider a Lyapunov function candidate as
1

— 1 T = TTTr L ~T ~ L ~T ~
V= 25 S+ thr(W W)+ mtr(cl é)+ 5 tr(cy C)

1 e 1 s 1 o
—tr(bTh —tr(bLb —tr(WEW,,).
+ 2,'74 T( 1 1) + 2775 7‘( 2 2) + 2776 T( 70 )
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Denote

L (WTW) + L (ere)) + L, (eLy)
—tr —tr(¢i ¢ —tr(éy ¢
2m g LT gy 2

[ R 1,
+ —tr(b{ by) + =—tr(bIby) + —tr(WLW,,
o (b1 b1) oT. (b3 b2) ST ( )

as I for simplicity.
Taking the derivative of V' and then substituting the control
force (23) into it gives

V=5TS+F
= ST[f(x) + BU + hiy — jja+ Cé — fo(t)] + F
= ST[f(z) — f(x) + hx — K sgn (S)] + F
= ST W dy* 46— WTdy + hy — Ksgn (S)] + F
= STWT®y + WPy + 29 + hiy — Ksgn(S)] + F. (25)

Then on substituting the Taylor expansion (22) into (25), it
can be obtained that

V = STWT&Q + STWT((I)20161 + (I)QCZ - Co + ‘I’legl

+ Bop, by + Poyw,, - Wip + Op)

+ 8T [eg + hy, — K sgn ()] + i757"(1/1/'T1/i/)

mn
1 . 1 . 1 2 T.
-+ 7t7n(51T51) + 7tr(52T62) + —tr(bl bl)
2 3 "4
1 L T 1 Lo
+ ff’/’(bg bg) + ff’/‘(WT.OWrO). (26)
5 Ui
Setting STW T, + n—lltr(WTﬁ/) = 0 yields
W = — ST, 27)
Setting STWT @y, & + Ltr(é ' 1) = 0 yields
&' = ST T By, 28)
Setting STWT¢26252 + %tr(éQTEQ) = 0 yields
&' =~ STWT Dy, (29)
~ ~ ~ T
Setting STWT ®q, by + n%tr(bl bi) = 0 yields
=T R
by = —uSTWT Dy, . (30)
~ ~ L T
Setting STWT ®op,by + o-tr(ba b2) = 0 yields
= T N
by =-—nsSTWTdy,. (31)

Setting STWT(I)QWTO W0 + n%fT(I;Vng) = 0 yields

W = —neSTW T doy,,. (32)
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TABLE I
SYSTEM PARAMETERS FOR SIMULATION

Supply voltageand | V, =V, =V, =220V, f =50Hz

frequency

Three-phase diode R=5Q,L=10mH

rectifiers parameters

Single-phase diode R=40Q,L=10mH

rectifiers parameters

Active power filter | ; —10,H , R =0.1Q,
parameters
C=100uf" 5 v, =700/
Switching frequency | f, =20KHz

Assume ¢g, O, are uniformly bounded as |go| < ep,
||On]] < Og. Substituting the adaptive laws in (27)—(32) into
(26) leads to

V = ST[hy +e0 + Op, — K sgn (9)]
= ST (hy + 0+ Op) — K ||S||
<8I e + 0 + Onll = K ||S]

<|IS|(H +eg + Op — K). (33)

The following inequality is true if K > H + e + Opg, then
V < 0. The negative definite of V ensures that V, S are all
bounded. It can be concluded that S is also bounded. The
inequality V < ||S||(H +ep + Op — K) implies that S is
integrable as fot | S||dt < mﬂ/(t) — V(0)]. Since
V(0) is bounded and V'(¢) is nonincreasing and bounded, it
can be concluded that lim; fof ||S||dt is bounded. Since

limy_ oo fot ||S||dt is bounded and S is also bounded, accord-

ing to Barbalat’s lemma, S(¢) will asymptotically converge

to zero, tlim S(t) = 0. Thus the designed DHLENN con-
—00

troller can guarantee the asymptotic stability of the closed-loop
system.

V. SIMULATION STUDY

To verify the performance of the designed novel strategy of
adaptive double hidden layer output feedback neural global slid-
ing mode controller for APF, detailed simulation studies are im-
plemented using MATLAB/Simulink package with SimPower
Toolbox. The system parameters utilized in the simulation are
collected in Table I. The effectiveness of the proposed method
can be demonstrated from the following steady-state responses
and comparisons for harmonic compensation.

In the global sliding mode controller, we choose the fol-
lowing parameters as C' = diag{1300, 1300, 1300}, K = 500,
ko = 100. In the adaptive double hidden layer output feedback
neural controller, the parameters are selected as 7; = 0.012,
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n2e = 0.12, 93 = 0.1, ny = 0.1, 5 = 0.01, 1 = 0.2. Theini-
tial values of the center vectors and width vectors of Gaussian
functionarec; = [-3 — 1501537,y =[11111]7,cp =
[-3 —1.501.53]7,by = [1 111 1]T. The initial weights are
set to random numbers between —1 and 1.

When t = 0.04 s, the switch of compensation circuit is closed
and APF begins to work. The source current is equal to the load
current when the APF is not connected, and dc capacitor voltage
is 0.

A. Steady-State Response for Harmonic Compensation

Fig. 4 shows the curve of load current ¢, the curve of source
current ¢4, the tracking trajectory of compensation current i,
and the tracking error of compensation current (select one phase
current to analyze) in (a)—(d), respectively. From the load current
in Fig. 4(a), it is apparent that distortion is very serious, which
is greatly harmful to the power grid. Source current in Fig. 4(b)
is well compensated after applying APF with the proposed con-
troller into the grid at the time of 0.04 s to purify harmonic
pollution effectively, where it is almost close to a smooth and
sinusoidal wave. Moreover, the tracking trajectory and tracking
error of the compensation current can be observed in Fig. 4(c)
and (d), where both the tracking performance and the track-
ing error are in a good state, indicating the good stability and
robustness.

THD using the designed novel double hidden layer output
feedback neural based global sliding mode control is depicted
in Fig. 5(b). THD at 0.06 s is 1.82% after APF is applied to
work, whereas the one without APF is relatively extremely high
(24.72%) in Fig. 5(b). From the simulation results above, it is
clear that the proposed advanced controller is quite efficient to
control the APF system with respect to the occurrence of external
disturbances and parameter uncertainties.

Figs. 6-11 display the adaptive adjustment curves of the six
sets of parameters in DHLFNN. All these parameters of two
base widths by, by, two center vectors c1, o, the network weight
W, and the feedback gain W,., are updated online by the adap-
tive laws and tuned in the Lyapunov sense transitorily to be
stable to their optimal values. It is shown that system responses
can achieve the satisfactory results, demonstrating the strong ro-
bustness and superior self-adjusting ability of the novel designed
DHLENN controller.

To verify the outstanding property of the proposed new con-
troller more convincingly, we make a comparative study. Figs. 12
and 13 are the comparisons of tracking trajectories and tracking
errors of the compensation currents using DHLFNN and sin-
gle hidden layer output feedback neural network (SHLFNN),
respectively. As can be seen from the plots, the strategy of the
DHLFNN (red dashed line) has smoother tracking performance
and smaller tracking error than the SHLFNN (blue point line).
Furthermore, the inner state of the whole system is more sta-
ble and has less dramatic changes by the DHLFNN. Fig. 14
shows the spectrum analysis of the SHLFNN, compared to the
DHLFNN, THD under the SHLFNN (2.06%) is a little higher
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Fig. 4. Steady-state responses using the proposed controller. (a) The curve
of load current. (b) The curve of source current. (c) The tracking trajectory of
compensation current. (d) The tracking error of compensation current.

than the one in Fig. 5(b) which indicates the good ability to elim-
inate harmonics of the DHLFNN structure. It is concluded that
the double hidden layer output feedback network has stronger
function fitting ability, higher approximation precision, and gen-
eralization ability than the SHLFNN.

Fig. 15 draws the dc-link voltage of the APF in the simulation,
from which it can be seen that when the load changes at 0.1 s, the
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dc-link voltage can converge to the reference value after a short
time adjustment, demonstrating the robustness and stability of
the designed approach on another aspect.

B. Compensation of Unbalanced Load Current

To evaluate the performance of the developed strategy, an un-
balanced load is conducted on the APF via connecting a single-
phase rectifier bridge between phase “1”” and phase “2,” followed
by inductor L = 10 mH in series with a resistor R = 40 (.
Fig. 16 plots the relevant curves. One could be realized that the
source current is still compensated as stable sine wave rapidly
even if the load current is unbalanced. Moreover, the THD under
unbalanced load current is drawn in Fig. 17, which is quite low
(1.60%). Regardless of the case of unbalanced load current, the
system response is still in good condition, verifying the superior
compensation capability for the unbalanced load current of the
novel controller.

C. Compensation of Unbalanced Source Voltage

The simulation results under the condition of unbalanced
source voltage are shown in Figs. 18 and 19. It can be seen
that when the source voltage is unbalanced, the load current
is also unbalanced, the output compensating current of APF
can quickly track the unbalanced instruction current by utiliz-
ing the DHLFNN. Meanwhile the THD goes down to 1.56%,
which means the designed method improves power quality
and balances three-phase current. All the results have shown
that the progressive approach makes the APF perform very
well.

VI. EXPERIMENTAL STUDY

The experimental validation of the proposed control scheme
for APF is tested experimentally on a single-phase prototype,
which is shown in Figs. 20 and 21. Fig. 20 shows the overall
diagram of the experimental device for the single-phase APF,
and Fig. 21 shows the details of the prototype of the APF. The
prototype is designed for a low rating because available equip-
ment in the laboratory is rated at a lower value. Table II shows
the nominal values of system parameters. The designed control
algorithm is implemented on a dSPACE 1104 with a sampling
frequency of 20 kHz. Test results are recorded by using Agilent
DSO X3034A and power quality analysis module DSOX3PWR
in the oscilloscope.

The Hall-effect voltage and current sensors are used with ap-
propriate signal collection circuits for sensing source voltage, dc
voltage, load current, and compensation current. Voltage boost-
ing circuit is designed to convert PWM signal to meet the stan-
dards for the input voltage of IGBT driver.

Remark 1: Thanks to the proposed control strategy, the con-
troller for each phase is independent. Although the novel con-
troller is designed for three-phase APF, it is also suitable for
single-phase APF with no need of redesign controller. More-
over, there is no three-phase power supply in our laboratory.
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So a test platform for single-phase APF is built to validate the
performances of the designed control algorithm.

A. Steady-State Experiment and Comparative Experiment

Figs. 22 and 23 show the system response and spectrum
analysis in a steady state. The waveforms in Fig. 22 are the
power supply voltage, load current, compensation current, and
source current. It can be clearly seen that the source current is
sinusoidal, proving the effect property of the control algorithm.
Through spectrum analysis in Fig. 23, the total distortion rate of
the source current is 30.57% before putting the APF into oper-
ation. While the THD is greatly reduced to 3.46% after making
APF compensate the harmonic with the presented scheme.
Furthermore, the source current and power supply voltage are
in the same phase, achieving the purpose of compensating for
harmonics and reactive current.

In order to verify the superiority of the proposed DHLFNN
control strategy, the SHLFNN method is introduced to make
comparisons. Fig. 24 shows the system response under the global
sliding mode controller based on the SHLFNN. It can be seen
from Fig. 25 that its THD is 5.23%, which is 1.77% higher
than 3.46% under the control of the DHLFNN in Fig. 23(b),
demonstrating the prior and satisfactory control effects of the
proposed DHLFNN structure.

Fig. 26 draws the dc-link voltage of the APF in the experi-
ment, from which it can be seen that when the loads change,
the dc-link voltage can maintain stable value after a short time
adjustment, demonstrating the robustness and stability of the
designed approach on another aspect.

B. Dynamic Performance to Load Variations

To validate the dynamic response property of the proposed
control scheme, it is advisable to take the following two cases
into consideration: loads increase, i.e., 100%—150% load switch-
ing and loads decrease, i.e., 150% —100% load switching.
Figs. 27 and 28 show the system response during sudden load
increase and decrease, respectively. The waveforms in the fig-
ures are the source voltage, load current, compensation current,
and source current. It is obvious that regardless of the sudden
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Single-phase APF of the experimental prototype developed in the
laboratory.

increase or sudden decrease of the loads, the source supply cur-
rent can enter a new stable state after half a cycle by achieving
a satisfactory dynamic effect. THDs of loads increase and loads
decrease in Figs. 29 and 30; both of them are quite low under
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TABLE II
SYSTEM PARAMETERS FOR EXPERIMENT

Supply voltage and | V, =24V, f =50Hz
frequency
Single-phase diode R=15Q,C=1mF
rectifiers parameters
Active power filter L =10mH , R =0.1Q,
parameters
C=2200uF sV =50V
Switching frequency | f, =20KHz
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Fig. 22.  Steady-state experimental results under DHLFNN, from top to bot-
tom: source voltage, load current, compensation current, and source current.

the international standard, showing that the proposed controller
has good robustness to the load variations.

C. APF Performances Under Abnormal Grid Voltage

The case of abnormal grid-voltage is considered for the APF
to further evaluate the performance of the developed strategy.
It contains two types of abnormal grid-voltage: voltage swell
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Fig. 24. Steady-state experimental results under SHLFNN, from top to
bottom: source voltage, load current, compensation current, and source
current.

and voltage sag. Figs. 31 and 32 depict the experimental re-
sponses under voltage swell and voltage sag. The waveforms in
the plots are source voltage, load current, compensation current,
and source current. It can be concluded that the APF system can
obtain excellent compensation effect despite of the abnormal
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DC-link voltage of the APF in the experiment, from top to bottom:

Fig. 27.

Dynamic experimental results of loads increase, from top to bottom:

source voltage, load current, compensation current, and source current.
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TABLE III
LIST OF ABBREVIATIONS
Full names Abbreviations
Active power filter APF
Neural network NN
Double hidden layer output DHLFNN
feedback neural network
Single hidden layer output SHLFNN
feedback neural network
Global sliding mode control GSMC
Proportional integral derivative PID
Direct current DC
Alternating current AC
Total harmonic distortion THD
Insulated gate bipolar transistor IGBT
Pulse width modulation PWM

grid voltage. At the same time, the analysis of harmonic spec-
trum in Figs. 33 and 34 also illustrates the stable property of the
presented novel strategy.

VII. CONCLUSION

A proposed nonlinear control scheme of a DHLFNN compen-
sator has been established, simulated, and implemented by using
the DS1104 digital real-time controller board of dSPACE. On
one hand, the deep network of double hidden layer neural has
the merits of high precision, fast speed, strong generalization
ability, and efficient training regardless of requiring few neu-
rons. On the other hand, output FNN that has output feedback
loops can better approach the unknown function by storing more
network information. Not only the simulation studies suggest
the wonderful control effect of the proposed original algorithm,
but also the hardware experimental results demonstrate the per-
fect harmonic compensation capability. Besides, comparisons
with other advanced control method are made to further verify
the superior and satisfactory system performance of the novel
approach. Eventually, the simulation and experimental results
demonstrate that the proposed method is quite satisfactory to
mitigate harmonic distortions and reactive power compensation
from different aspects.
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