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Abstract—An intelligent controller based on Takagi-
Sugeno-Kang type probabilistic fuzzy neural network
with asymmetric membership function (TSKPFNN-AMF)
is developed in this study for the reactive and active
power control of a three-phase grid-connected
photovoltaic (PV) system during grid faults. The inverter
of the three-phase grid-connected PV system should
provide a proper ratio of reactive power to meet the low
voltage ride through (LVRT) regulations and control the
output current without exceeding the maximum current
limit simultaneously during grid faults. Therefore, the
proposed intelligent controller regulates the value of
reactive power to a new reference value which complies
with the regulations of LVRT under grid faults. Moreover,
a dual mode operation control method of the converter
and inverter of the three-phase grid-connected PV system
is designed to eliminate the fluctuation of DC-link bus
voltage under grid faults. Furthermore, the network
structure, online learning algorithm, and convergence
analysis of the TSKPFNN-AMF are described in detail.
Finally, some experimental results are illustrated to show
the effectiveness of the proposed control for the three-
phase grid-connected PV system.

Index Terms—Asymmetric membership function (AMF),
grid faults, low voltage ride through (LVRT),
photovoltaic system, reactive power control, Takagi-
Sugeno-Kang type probabilistic fuzzy neural network
(TSKPFNN).

I. INTRODUCTION

Fuzzy neural network (FNN) inherits the learning ability
of neural networks and the inference technology of
fuzzy systems, which can be used as an effective method
for dealing with complex nonlinear systems. Therefore,
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many researchers have used the FNN approaches to
represent complex plants and construct advanced
controllers [1], [2]. Moreover, since the Takagi-Sugeno-
Kang type fuzzy neural network (TSKFNN) provides more
powerful representation than the Mamdani type FNN does,
the TSKFNN is one of the most adopted FNN schemes [3],
[4]. Since the dimensions of the standard Gaussian or
triangular membership function (MF) are directly extended
in asymmetric membership function (AMF), not only the
learning capability of the networks can be upgraded but
also the number of fuzzy rules can be optimized. Thus, the
AMF has been adopted in several approaches to optimize
the number of fuzzy rules and improves the control
precisions [5]. Furthermore, a probabilistic fuzzy neural
network (PFNN) is a neural network implementation of
Parzen nonparametric probability density function
estimation and Bayes classification rule, the PFNN can
handle the uncertainties in the control system effectively
[6], [7]. Based on the merits of TSKFNN, AMF and PFNN,
the Takagi-Sugeno-Kang type probabilistic fuzzy neural
network  with  asymmetric =~ membership  function
(TSKPFNN-AMF) is proposed in this study. Since the
proposed TSKPFNN-AMF is the combination of the
characteristics of TSKFNN with AMF and PFNN, it is a
new intelligent control scheme and good at dealing with
uncertainty, complexity, and strong nonlinearity. The
proposed TSKPFNN-AMF can be adopted to develop a
system with fast learning capability for nonlinear systems
with uncertainties and can be applied in some areas such as
modeling, classifying, and control problems.

Owing to the environmental issues and the deregulation
of the electric power distribution industry, the fast growth
of renewable energy sources and distributed generation
sources (DGSs) has increased the connection of inverters to
the public grid largely. Among the renewable energy
sources, the photovoltaic (PV) technology is one of the
candidates to pick up a sizeable chunk of power shortfall in
the future. However, the control of PV systems is a
challenge because of the uncertainty in the availability of
the input power [8]. Moreover, the increased amount of
grid-connected DGSs over the power system can create
instability or even lead to outages when -electrical
disturbances appear in the system. One of the most
challenging disturbances is the plunge of the grid voltage,
known as voltage sags [9], [10]. In order to maintain a
stable power system and minimize the negative effects of
large number of DGSs integration on the reliability of
power grids, different countries have defined various low
voltage ride through (LVRT) regulations for DGSs. E.ON
has defined the limit curve for the voltage pattern at the
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point of common coupling (PCC) for type 2 generating
plants [11]. Grid regulations also demand reactive current
injection during fault conditions to support grid stability
[11], in which 1pu of reactive current is required as the sag
depth reaches 50%. The E.ON LVRT regulation will be
used in this study to determine the ratio of the required
reactive current during grid faults.

Since the power quality of a three-phase inverter
deteriorates drastically in the presence of grid faults with
unbalanced voltages, some grid fault control schemes have
been proposed [12]-[18] under unbalanced grid voltage. A
selective active power quality control based on several
different current reference generating methods was
proposed in [12]. Moreover, three different control schemes
based on symmetrical components and linear quadratic
regulator have been proposed to fulfill LVRT requirements
under voltage dips [13]. Furthermore, a design method was
developed to search for the control parameter values that
minimize the peak currents during grid voltage sags [14]. In
[15, 16], a flexible reactive current injection scheme was
proposed which provides voltage support during voltage
sag by injecting reactive current via both positive and
negative sequences. A method which is similar to [15] was
proposed for the compensation of reactive power and
voltage support by considering the network with resistive
impedance [17]. In addition, a reactive current injection
method without exceeding the current limit of the inverter
and to compensate the transformer flux offset within the
grid-connected invert was proposed in [18]. However, the
balance of the active power between the power generated
by the DGSs and the power delivered into the grid under
grid faults are not considered in the above references.

The proposed TSKPFNN-AMF controller is adopted in
this study to control the injection of active and reactive
power of the PV system during grid faults. The DC-link bus
voltage and PV maximum power point tracking (MPPT)
control are also considered for the sake of ensuring the
power balance during grid faults. Moreover, mathematical
analysis of the injected currents during the grid faults is
carried out in order to develop the proposed controller.
Furthermore, the network structure, online learning
algorithm of network parameters and proof of convergence
of the proposed TSKPFNN-AMF controller are discussed
in detail. In addition, several cases of grid faults are tested
and discussed in order to evaluate the performance of the
proposed controller. In this study, Section II presents the
three-phase grid-connected PV system and analyzes the
output voltages and currents of the inverter during grid
faults. In Section III, the dual mode operation control
method of the boost converter and the three-phase inverter
of the three-phase grid-connected PV system during grid
faults are discussed. Section IV presents the TSKPFNN-
AMEF controller in detail. In Section V, the features of the
proposed controller are examined by some experimental
results. Finally, Section VI presents the conclusions of this
study.

II. THREE-PHASE GRID-CONNECTED PV SYSTEM UNDER
GRID FAULTS

The schematic diagram of the three-phase grid-connected
PV system considered in this study is shown in Fig. 1. The
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Fig. 1. Three-phase grid-connected PV system.

TABLE I

PARAMETERS IN EXPERIMENTAL SET-UP
DC-link voltage Vi 200V
DC-link capacitor Cy. 3360uF
Grid connection inductor L 10mH
Inverter output voltage Vabs Vier Vea 110Vrms line to line, 60Hz
Inverter maximum current Lax 5Arms (7.1A peak current)
Emulated PV panel V,.. 185.6V, I,.: 6.599A, 1kW
Switching frequency oo St 18kHz, 10kHz

PV panel is emulated by a Chroma 62100H-600S PV
simulator operating at 153 VDC output voltage with
maximum output power 1kW. Utility grid is emulated by
three programmable 2kVA single-phase KIKUSUI
PCR2000LE AC power supplies feeding a Y-connected
100Q/phase resistive load, and connected to the 2kVA
three-phase inverter with a 3kVA Y-A transformer. The
2k VA three-phase inverter with output 110Vrms line to line
voltages is connected to the boost converter through a
3360uF DC-link capacitor C,. and connected to the Y-A
transformer with three 10mH/phase coupling inductors. The
switching frequencies of the boost converter f,, . and

sw_

three-phase inverter f,, , are set at 18kHz and 10kHz

respectively. Some parameters of the experimental set-up
are listed in Table I. The PC includes a PC-based control
system, a 16-bit A/D converter (PCI-1716), and a 12-bit
D/A converter (MRC-6810) interfaces. In the PC-based
control system, the SIMULINK control package is adopted
for the implementation of the proposed algorithms
including the MPPT control, power calculation and phase-
locked loop (PLL) block, and grid fault control. The
sampling rate of the A/D converter is set to 2kHz. The
boost converter and the three-phase inverter are
interconnected by a DC-link capacitor, and the control of
DC-link bus voltage V,. balances the power flow in the
system. The boost converter boosts the PV panel DC output
voltage V,, up to V,. and accomplishes MPPT in normal

operation. The adopted MPPT method is the voltage-based
perturb-and-observe scheme [19]. Moreover, in normal
condition of the grid, the three-phase inverter injects all the
generated active power into the grid. On the other hand, in
fault conditions of the grid, the reactive power control of
the three-phase inverter can mitigate the influences of
voltage sag by injecting additional reactive current to ride
through the disturbance and support the grid voltage [15].
Furthermore, the injected current has to meet the LVRT
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regulations and without going beyond the inverter current
limit simultaneously.

A. Voltages and Currents during Grid Faults

The line voltages of the three-phase inverter can be
converted into the phase voltages as follows:

v, 1 1 0 -1{v,

v, |==|=-11 0 | v, (D)

v| 3lo-11]v,
where [V, Vi, Vo]” indicates the line voltages and [v,, vy, v.]"
represents the phase voltages. In this study, the calculations
of the active and reactive power are based on phase
voltages and phase currents. Moreover, the Clarke
transformation is applied to express measured voltages in
the stationary reference frame [20] as v,, vy.

1 1
l—— —— |,
; :[va}:\ﬁ 2 2|, .
v v 3 0 ﬁ _ﬁ vb
2 2
The v, voltage vector rotating on the ¢ plane can also be
expressed on a synchronous reference frame by using the

Park transformation. The voltage vector [v,,v,]" is

expressed as

vy |_| cos(@,) sin(@,) | v, 3)
v, | |—sin(8,) cos(8,) || v,

where the subscript p, ¢ indicates the synchronous

reference frame axes. The synchronous reference frame
PLL algorithm reported in [21] is used in this study to

obtain the angular position &, of the dg synchronous
reference frame. Furthermore, the three-phase inverter
currents i, , i, , I, can also be transferred into the

synchronous reference frame i,, i, as

. ) cos(8,) cos(6, —27:) cos(6, +2ﬂ') i,
la|_ |~ 3 3 i
3 i, | (4)

! —sin(6,) —sin(6, —%7[) —sin(6, +§7z’) i

The current g component i, is controlled to manage the
active power and typically to perform the DC-link bus
voltage regulation while the current d component i, is

controlled to manage the reactive power. Thus, the output
active and reactive power of the three-phase inverter is [21]

3 . .
Pza(vdld +vqlq) and Q:%(tid _vdiq) (5)

P and Q represent the instantaneous output active and
reactive power respectively. Assuming that the grid current

vector is in phase with the grid voltage resulted in v, =0,
the active and reactive power will therefore be proportional

to i, and i, respectively as follows:

q

3 .
P=>vi, and 0= 2v,i (©)

B. Reactive and Active Power Control
The percentage of the required compensation reactive

current I, is a function of the voltage sag V,,, which can

be expressed as [11]

0% ,V, <01

sag

*

I’ =4200V, %,0.1<V, <05 )

sag
100% ,V._ >0.5
min(]v,, v,|v,, Vv, )

‘/Sﬂ = 1 - e . u 8
g v, p (8)

where V,,. is the base value of voltage which equals
63.5Vrms in this study; |v,| , |v,| , |v.| ~are the rms

values of the voltages v,, v,, v. respectively. The output
current of the three-phase inverter should not exceed the
upper current limit is one of the important features of the
proposed method. The apparent power of the inverter will
be changed due to the voltage sag at PCC under grid faults.
If V,, is greater than 0.1pu, then a voltage sag occurs on
the grid side and the reactive power injection is initiated. In
order to meet the LVRT requirement and avoid exceeding
the maximum current limit of the three-phase inverter, the
maximum apparent power of the three-phase inverter |S| is

obtained as follows:
= (v.],, +I. - )

where I, is the rms value of the maximum current limit.

+ v

c

rms rms

Then, the reference value of the injected reactive power Q"

and active power reference value P* are expressed as

Q =[S|I; and P =|s|y1-1 (10)
Therefore, the instantaneous output reactive and active
power of the three-phase inverter Q and P are controlled to
follow Q" and P by the proportional-integral (PI) or
TSKPFNN-AMF controllers during grid faults.

III. CONTROL METHOD DURING GRID FAULTS

In order to inject the active power and reactive power to
the grid and avoid exceeding the three-phase inverter

maximum current limit during grid faults, P may be
adjusted to be less than the extracted power of PV panel
P, . This phenomenon could raise the DC-link bus
voltage to excess upper limit due to the power imbalance

and cause the PV system to disconnect from the grid. A
dual mode control method is proposed in this study for the

v

active and reactive power controls during grid faults. If P*
is greater than P, then P, can be totally delivered into

the grid without exceeding I,,, via the three-phase inverter
by controlling V,. . Therefore, the boost converter can be
operated at the normal condition, i.e. the MPPT mode
(mode I). On the other hand, when P is greater than P,
the boost converter stops the tracking of the maximum
power point and starts to track P*. Moreover, the power
balance between the boost converter and the three-phase
inverter can be held by controlling V,. . This case is named
as mode II in this study. Figure 2 shows the algorithm of
the dual mode control method. The dual mode control
method is used to determine which mode should be
operated in the boost converter and the three-phase inverter
for keeping the power balance between the boost converter
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Fig. 2. Algorithm of dual mode operation control method.
and the three-phase inverter.

IV. TSKPFNN-AMF CONTROLLER

The three-phase grid-connected PV system, which
includes PV panel, boost converter, three-phase inverter
and grid, can be regarded as a nonlinear system with
uncertainties. There are some other problems of the three-
phase grid-connected PV system, such as the change of
temperature and irradiance alters system operating point.
Thus, it is very difficult to develop a physical nonlinear
model for the system. Hence, for a three-phase grid-
connected PV system using traditional PI control, the
parameters of PI controller are usually tuned by trial and
error to achieve the best control performance considering
the stability requirement for a specific operating point.
Although the PI controller has been widely used in
industries for various control applications, the main
disadvantage of the PI controller is that the desired control
performance cannot be guaranteed in the presence of plant
parameter variations and unknown external disturbances.
Since the design of the proposed TSKPFNN-AMF
controller does not require mathematical models, the
aforementioned problems can be solved. In addition, the
proposed TSKPFNN-AMF controller possesses the abilities
of online learning, approximating nonlinear systems and
confronting uncertainties.

The six-layer structure of TSKPFNN-AMF controller is
shown in Fig. 3(a), which consists of the input layer (layer
1), membership layer (layer 2), probabilistic layer (layer 3),
TSK type fuzzy inference mechanism layer (layer 4), rule
layer (layer 5), and output layer (layer 6), with two inputs
and one output. Moreover, the jth fuzzy if-then rule of the
proposed TSKPFNN-AMEF controller is realized as follows:

R/:If x, is M/ and x, is M}, then T, is Zcikx,. (11

where R’ is the jth rule; x; is the input of the TSKPFNN-
AMTF controller and i =1,2; M/ and Mj are the fuzzy sets;
T, is the output of TSK type fuzzy inference mechanism;

c; 1s the adjustable weights. Furthermore, the signal

propagation and the basic function in each layer of the
TSKPENN-AMEF controller are introduced as follows:
Layer 1 (input layer):

The nodes of this layer pass the input variables x,, x, to
the next layer. For every node in this layer, the node input

Layer 6
(Output Layer)

Layer 5
(Rule Layer)
Layer 4
(TSK Type
Fuzzy Inference
Mechanism)
Layer 3
(Probabilistic
Layer)
Layer2
(Membership
Layer)
Layer 1
(Input Layer)
2
Vi
1
) )
- oL
2001
;)
yl
0 m’ | !

(b)
Fig. 3. (a) Structure of TSKPFNN-AMF controller. (b) Asymmetric
Gaussian function in membership layer of TSKPFNN-AMEF controller.

and the node output are described as:

net!(N)=x!, y/(N) = f'(net!(N)) =net/(N),i=1,2 (12)
where x| =e, x] =e=x}; N denotes the Nth iterations
and y/ is the layer 1 node output. In this study, the input
variables are e=V, —V, for the mode I active power
control, e = P" — P for the mode II active power control
and e=Q" —Q for the reactive power control during grid
faults.

Layer 2 (membership layer):

In this layer, each node utilizes an asymmetric Gaussian
function to realize the fuzzification operation in the
TSKPFNN-AMF controller as shown in Fig. 3(b). The
node input and output of this layer are presented as:

LN = m} (N))®
(o7 ;(N))*

N =m; (N))®
(o ;(N))*

YA(N) = f2(nef*(N)) = explnef* (N)) (14)

where m? is the mean of the asymmetric Gaussian function
J

net}(N) = (13)

» m; <yi(N)<eo

in the jth term associated with the ith input variable; o} ;
and o; ; are, respectively, the left-sided and right-sided
standard deviation of the asymmetric Gaussian function in
the jth term associated with ith input variable; yf is the
layer 2 node output.
Layer 3 (Probability Layer):

The general form for these nodes of this layer can be
expressed as:
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(y,(N)-m;))’

P,(N)=f,(y;(N)= GX{—W
7j:1729"'76;p:17273

where P (N) is the output of the pth node of the jth input

(15)

variable; m’ and o are the mean and standard deviation

of the Gaussian function respectively. Moreover, the
probabilistic layer of the TSKPFNN-AMF controller can be
used to handle the effect of random noise and stochastic
uncertainties existing in the process [22]. Furthermore,
reference [23] has shown that the exact form of the
probability function is not critical to the effectiveness of the
network. Therefore, the parameters of the probability
function can be set to be constants for the sake of reducing

the computation load. The weights m;, and o}, are all set

to constants, where 2, is set to be -1 for p =1, to be 0 for

4

p=2,andtobe 1 for p=3,and o, is settobe 1.

Layer 4 (TSK Type Fuzzy Inference Mechanism Layer):

In this layer, the output of the TSK type fuzzy inference
mechanism is a linear combination of the input variables.
The kth node output is expressed as:

T,(N) =D ca(N)x,(N), i =12k =1,2,--,9

(16)

Layer 5 (Rule Layer):
The first part of this layer consists of the output of layer
2 y2(N) and layer 3 P (N) to multiply, which is denoted

by II, to get the product. The kth node output of the first

part of this layer is expressed as:

yi(N) =y (N)y; (N)S,(N)S,(N), r=1,2,3
3 0=4,56,k=3(r-1)+({-3)

S, (N)—H P,(N), j=1,2,---,6; p=12,3

a7)
(18)

where S (N) is the production of the node output of layer
3 P,(N), which corresponds to the jth node of layer 2. The

second part is the output of this layer, which is the
production of the output of the first part y.(~N) and the
output of layer 4 T,(N). The output of each node k is
YeN)=T(N)y,(N),k=1,2,---,9 (19)
where y?(N) is the kth node output of the rule layer.
Layer 6 (Output Layer):

The single node o in this layer is labeled with 3., which

computes the overall output as the summation of all input
signals.

net?(N)=Y wi(N)y, (N),o=1:k=1,2,-,9
k

(20)

YIN) = fl(net’(N)) =net:(N),o=1 2D
where the connecting weight w;(N) is the output action

strength of the oth output associated with the kth rule;
y’(N) represents the kth input to the node of layer 6.

Moreover, y!(N) =i, is for the active power control and
yé(N) =i, is for the reactive power control in the three-

phase inverter.

A. Online
Controller

Learning Algorithm of TSKPFNN-AMF

The central part of the back propagation (BP) learning
algorithm for the TSKPFNN-AMF controller concerns how
to recursively obtain a gradient vector in which each
element in the learning algorithm is defined as the
derivative of an energy function with respect to a parameter
of the network. To describe the online learning algorithm of
the TSKPFNN-AMF controller for the input command
tracking using a supervised gradient decent method, first
the energy function E(N) is defined as:

E(N) =%(y*(N) Y)Y =%e2(N> 22)

where e(N) represents the tracking error in the learning
process of the TSKPFNN-AMF controller for each discrete
time N; y"(N) and y(N) represent the desired output and
the current output of the system. Then the learning
algorithm is described as follows:

Layer 6:

The error term to be propagated is given by:

) JE OE  dy

== = (23)

dys(N)  dy dyI(N)
The weight is updated by the amount:
oE 0E Jy*(N
AW} =1} ————= D) sy )
' (N) o (N) awi(N)

where the factor 77, is the learning rate. The connective
weight w? is updated according to the following equation:
w (N +1)=w (N)+Aw; (25)
Layer 5:

In this layer, there are two error terms need to be
calculated and propagated:

&=t o OE D) _ (26)
WI(N)  9yi(N) 9y!(N)
__OE ___OE V) _,

5! = =— =5°T, (27)

Iy, (N) 9y (N) dy/(N)
Layer 4.
In this layer, the error term to be propagated is given by:
o
o= o LB g, 28)
AT,(N) Oy (N) OT,(N)

The weight ¢, is updated by the amount:
oE d0E JT.(N)
coN) " OLL(N) 9e, (N)

where the factor 77, is the learning rate. The connective

Ac, = 772 =7725k4xf (29)

weight Ac, is updated according to the following equation:
¢, (N+1D)=c,(N)+Ac, (30)
Layer 2:
The error term to be propagated is given by:
. _ O l(N) HIN)
onet}(N) 9yl (N) dy*(N) onet?(N)

mY Sy j=123r=123k=3(j-D+r G

h_,»z5k’y[,j=4,5,6;r=1, 2,3 k=j+3(r-2)

h=1- yz

Applying the chaln rule, the update laws of the mean of the

32,p123 (32)
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asymmetric Gaussian function m? is:

2
Am? =, oE - OE  dnet?(N)
' om? onet?(N) om?(N)
2
\ j ((yL )2)7 °o<y1!§m127j:]’2,...’6 (33)
7735,2M, m: <yl <oo, j=1,2,--,6
- (ok )’
The update rules of ¢;  and o, | are:
AGE | =, oE _ O0E  Onet?(N)
90} ; anet (N) do? ;(N)
T -2y (34)
_7745/ L7,1.:15 27”'76
(o)
2
AGE =1, oE __ OE  dnet?(N)
90} ; anet (N) 0o ;(N)
2yt -y (35)
_7755, (' )é ’j:1,2’...’6

where the factors 77,, 77, and 7, are the learning rates. The

mean, left-sided, and right-sided standard deviation of the
asymmetric Gaussian function are updated according to the
following equations:

m!(N +1)=m (N)+Am; (36)
ol (N+1) =a§ (N)+Ao] (37)
o, (N+D) =0, (N)+Ac, (38)

Since the exact calculation of the Jacobian of the system,
dy/dy’(N) shown in (23) is difficult to be determined due
to the uncertainties of the three-phase grid-connected PV
system. To overcome this problem, a delta adaptation law is
adopted as follows [5]:
oy =(y —y)+(y —y)=e+é (39)
where y* and y are the first derivatives of y* and y
respectively. Moreover, the parameters w; , ¢y, m:, o} ;,
and o} ; are updated by using (25), (30), (36), (37), and
(38) respectively. Furthermore, in the initial stage of the
TSKPFNN-AMF controller, the values of w{, c;, o} ;,
and o; ; are initialized with 0, 1, 1, and 1 respectively; the
values of m?, m;, mi, m;, m:, and m¢ are initialized
with -1, 0, 1, -1, 0, and 1 respectively; the learning rates are
initially untrained with zero.

B.  Convergence TSKPFNN-AMF
Controller

The selection of the values of the learning rate
parameters of the TSKPFNN-AMF controller has a
significant effect on the network performance. Therefore, in
order to train the TSKPFNN-AMF controller online
effectively, the varied learning rates, which guarantee the
convergence of the tracking errors based on the analysis of

a discrete-type Lyapunov function, have been derived as
follows [7]:

E(N)/5
' R+e¢

1

Analyses of the

OF_9y.(N) )Jz 40)

k= Z(3yf(N) E;Wf

E(N)/S OE IT.(N))
=Ry where K, ZZ(E)Tk(w) ac, ) @

E(N)/5 s 9E  dmer’(N))

E e — R, = - 42
7 R, +¢& ) jZ onet?(N) amf-(N)J “2)
OE  dnet?(N) ’

43
net? (N) aaf,(N)] “43)
EN)/S s 9E  dnet’(N) )

5 where R; = - 44

=R e Ve Z dnet? (N) 80',%_,(N)J “44)

where € is a positive constant. The detailed proof can be
found in the Appendix.

o

E(N)/5

=———— whereR, =
s R, +¢& =2

Jj=

V. EXPERIMENTAL RESULTS

The three-phase grid-connected experimental PV system
schematic diagram is illustrated in Fig. 4. The values of &,
P and Q are obtained by the power calculation and PLL
block. When the dual mode control method determines the
operation mode to be at mode I, the control input of the
boost converter is the difference between Vm and V  to
achieve MPPT operation, and the input of the active power
control of the three-phase inverter is the difference between
v, and V, to keep the DC-link bus voltage at the desired
value. At mode II, the control input of the boost converter
is the difference between V, and V, to keep the DC-link
bus voltage at the desired value, and the input of the active
power control of the three-phase inverter is the difference
between P° and P to keep the power balance between the
boost converter and the three-phase inverter. The grid fault
and Q°
is greater than 0.1. The first PI controller (PI1) is

control block determines the mode selection, P’,
when v

adopted for the control loop of V  to regulate the control

output v, . The control loops of V,. and Q introduce the

second and the third PI controllers (P12, PI3) or the first
and the second TSKPFNN-AMF controllers (TSKPFNN-
AMF1, TSKPFNN-AMF2) to regulate the control output

i, and i, respectively.

Three-Phase Y-A
PV Pane] Boost Converter y 110/220
. N Inverter L _ SSR
| 3-Phase
) Grid
1 :2\/3 J
$ 1000
i,
Power <=1
Calculationf+—"c
and [~V
| PLL [~V
PIZ/T?KPFNN AMFI PI3/TSKPFNN-AMF2 Ve,
Controller Controller J P
¥
w3 Grid [
3 [~ Ve
o Fault ‘7V:n
+ Q' Control <_]mIX
4 | T ’
Q
.
Mode Selection
PC-Based Control System

Fig. 4. Schematic diagram of experimental three-phase grid-connected PV
system.
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The proposed TSKPFNN-AMF controller is realized
using the “C” language under Windows operating system.
The SIMULINK control package and TSKPFNN-AMF
controller are integrated by using the S-function application
programming interface of the SIMULINK. A 0.5ms
sampling interval is used for the execution for all the
control algorithms. Moreover, the processor of the PC is
Intel Pentium G620 dual-core 2.6GHz, the RAM of the PC
is 2048MB, and the hard disk volume is 300GB. The
experimental control system is installed on a PC system for
the convenience of parameters adjusting and programs
debugging of the experimental control system. Thanks to
the rapid progressionin information technology, many
PC-based DSP emulators are available and provide
software development kit (SDK) to assist the developer to
migrate the software codes from the PC into DSP-based
system.

The transfer functions G,,(s) of these PI controllers can

be generally expressed as G, (s)=k,, +k,/s,n=1,2,3,

where k,, is the proportional gain and k,, is the integral
gain. Moreover, the gains of these PI controllers
koo ks kyoskio, ks, kis are set to be 1, 1.5, 1.5, 2, 0.25, and
1.5. Furthermore, both the PI controller and the TSKPFNN-
AMF controller are implemented in the experimentation for
the comparison of the control performance. To measure the
control performance of the mentioned controllers, the

average tracking error 7,,,,, the maximum tracking error
T,.x , the standard deviation of the tracking error T, [5]

and the integral of squared error (ISE) of the tracking error
T's: [24] for the command tracking are defined as follows:

T..(N)=T"(N)=T(N) (45)

T =max(7,,, (V) (46)
1 (& > 1

T, =\/—(Z(TW<N>—TW) ]T =—(ZTW<N>) 47)
m\ ‘v m\ ‘v

e = [{e)dr = ATZ T.,(N)) (48)

where 7" (N) is the Nth value of the reference (Q*(N) or
V.. (N)) and T(N) is the Nth value of the response (Q(N) or
V. (N)), and AT =0.5ms is the sampling interval of the

system. The comparison of the control performance can be
demonstrated by using the maximum tracking error and the
ISE of the tracking error. The oscillation of the command
tracking can be measured by the standard deviation of the
tracking error.

The photograph of this experimental setup is shown in
Fig. 5. Four emulated grid faults at PCC are selected in this
study: Case I) a two-phase to ground fault (sag type E)
with 0.3pu voltage sag and assumed mode I operation, Case
2) a two-phase to ground fault with 0.7pu voltage sag and
assumed mode II operation, Case 3) a two-phase to ground
fault with 0.7pu voltage sag and assumed mode II operation
at low irradiance condition, Case 4) a two-phase to ground
unsymmetrical balance fault with 0.3pu and 0.5pu voltage
sag and assumed mode II operation. In the experimentation,
first, the grid line voltages are balanced and set at 1.0pu. At

ANE— | BT Nt A

f A/Dand /AT Wi (e | |/ M e
|| WA (0 A= ——

CONVETTETSIE N - =10 /e S|

| e BN | W\ 1T - oy . 0 B

Fig. 5. Photograph of experim;ntal setup.

t=0.1s, the sag happens and the reactive power control is
enabled. Moreover, in the experimentation, all the phase
voltages are measured at the three-phase inverter side and
the voltage sag phenomena (sag type F appears at inverter
side) are different from the grid side due to the connected
transformer.

A. Reactive Power Supporting at Mode 1

Case 1):
In this case, the measured P, Q, O, Vi, Vi, Voo 1.,

l.:; 9 i; b
three-phase currents are shown in Fig. 6(a) for the PI
controller and Fig. 6(b) for the TSKPFNN-AMF controller.

In the beginning, P,, is 612W and P is 524W due to the

power losses in the boost converter and the three-phase
inverter. Moreover, the amplitude of the inverter output
currents is 4.1A. At t=0.1s, a two-phase to ground fault
with 0.3pu voltage sag occurs on the grid side. Since the
boost converter is operated in mode I, P remains unchanged
and the amplitude of the three-phase inverter output
currents increases to 6.4A. V —and I, remain unchanged

rms values of three-phase voltages and measured

due to normal operating of the MPPT control at mode I.
Furthermore, Q rises to 456VAR,; lq changes from 4.1A to

4.9A; i, rises to 2.9A; the three-phase voltages at the three-
phase inverter side are 0.7pu, 0.87pu and 0.87pu, where
1.0pu = 63.5Vrms. From the experimental results, when the
PI controllers are used, the settling time of Q and the
overshoot of V. are about 0.45s and 4.9% respectively. On
the other hand, the settling time of Q and the overshoot of
V. are reduced to 0.3s and 1.45% respectively by using the

dc

TSKPENN-AMF controllers. The results show that the
settling time of Q is decreased by 33.3% and the overshoot

of V,. is decreased by 70.4% by using the TSKPFNN-

AMEF controllers. In addition, the injected three-phase
currents are approximately balanced and without exceeding
the maximum current limit. Additionally, as shown in Fig.

6, V, and I, are 150.9V and 4.05A respectively, and the
maximum power point voltage of the PV panel V,, is
150.7V when the irradiance of the PV panel is set to
600W/m’. Since V, 1s quite close to V,, , it can be

inferred that the MPPT (mode I) control is operated
correctly.
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Fig. 6. Experimental results of Case 1: (a) Using PI controllers. (b) Using
TSKPFNN-AMEF controllers.

B. Reactive Power Supporting at Mode Il

Case 2):
In Case 2, the measured P, Q, P, Q", V., V.., V,,, I

l.; b i; 9
three-phase currents are shown in Fig. 7(a) for the PI
controllers and Fig. 7(b) for the TSKPFNN-AMF

controllers. In the beginning, P, is 1005W and P is 832W.

At t=0.1s, a two-phase to ground fault with 0.7pu voltage
sag occurs on the grid side. In order to limit the output
three-phase currents to the maximum current limit, the
operation mode of the boost converter is changed from
mode I to mode II. Thus, P, drops to 102W and P drops

pv

rms values of three-phase voltages and measured

to 21W. Moreover, Q rises to 527VAR; lq drops from 6.2A
to 1.3A; i, rises to 5.9A; the three-phase voltages drop to
0.3pu, 0.67pu and 0.68pu. Furthermore, V,, rises from
150.4V to 173.9V and 7, drops from 6.6A to 0.52A due to

the control operating at mode II for both the PI and
TSKPFNN-AMF controllers. From the experimental results,
when the PI controllers are used, the settling time of Q and
the overshoot of V, are about 0.7s and 5.4% respectively.

On the other hand, the settling time of Q is reduced to 0.16s
by using the TSKPFNN-AMF controller and the overshoot

of V, is 7% by using the PI1 controller. The results show

that the settling time of Q is decreased by 77.1% by using
the TSKPFNN-AMF controller. Therefore, based on the
experimental results of Cases 1 and 2, the performance
improvement of TSKPFNN-AMF controller is significant
comparing with the PI controller. In addition, the maximum
injection currents are still limited within the maximum
current limit. However, the current distortion is worse than
Case 1 due to severe unbalanced grid fault.

L P, Lo
; P
| Q
! v
i ——
% L - 4
Al — —
1 200wNAR ~p 018 11 200wnvar ~p 018
Fault Occurs Time(s) Fault Occurs Time(s)
2 v,
N\ AR
X - ;
Lo Vi \ I, v,
X Vil VLWL Vol Wil WAL,
— P Y m— Ly
Iso . ] el Iso ; 1]
Faull Oceurs Time(s) Fault Occurs Time(s)
i ;
- M I M
. it
P :

T va e Ry aviva s B T AT A AT
KO DEDICOR DN~ SO ER IR OEE
VYN ARNVARVARANANY

A O, AR A
{4a vory 14 Gois

Time(s) Time(s)
(@ (b)

Fig. 7. Experimental results of Case 2: (a) Using PI controllers. (b) Using
TSKPENN-AMEF controllers.

C. Reactive Power Supporting at Low Irradiance
Case 3):

In this case, the irradiance of PV panel is set to 100W/m”.
The boost converter and three-phase inverter still can

operate normally. The measured P, Q, Q", Vi, Voo, V.,
1 i

pos by s i, , rms values of three-phase voltages and
measured three-phase currents are shown in Figs. 8(a) and
8(b) for the PI controllers and TSKPFNN-AMEF controllers.

In the beginning, p, is 106W and P is 63.8W. Moreover,

the amplitude of the inverter output currents is 0.55A. At
t=0.1s, a two-phase to ground fault with 0.7pu voltage sag
occurs on the grid side. Therefore, in order to limit the
output three-phase currents to the maximum current limit,
the operation mode of the boost converter is changed from
mode I to mode II. The amplitude of the output currents of
the three-phase inverter increases to 7.5A. Furthermore, Q

rises to 522VAR; i is still 1.3A: i, rises to 5.9A; the

q
three-phase voltages at the three-phase inverter side are
0.29pu, 0.67pu and 0.68pu. In addition, V  rises from

158V to 168V and I, drops from 0.67A to 0.46A due to

the control operating at mode II for both the PI and
TSKPFNN-AMF controllers. From the experimental results,
when the PI controllers are used, the settling time of Q and
the overshoot of V. are about 0.65s and 1.9% respectively.

I

On the other hand, the settling time of Q is 0.2s by using
the TSKPFNN-AMF controller and the overshoot of V,

are about 1.4% by using the PI1 controller of the boost
converter. Therefore, the grid-connected PV system can
still supply the reactive power effectively during grid faults
at low irradiance.
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Fig. 8. Experimental results of Case 3: (a) Using PI controllers. (b) Using
TSKPFNN-AMEF controllers.

D. Reactive Power Supporting at
Unbalance Fault Condition

Case 4):
In this case, the measured P, Q, Q", V.,V

dc > Vopy o

Unsymmetrical

1

pv?

lq b ld >
three-phase currents are shown in Figs. 9(a) and 9(b) for the
PI controllers and the TSKPFNN-AMF controllers. In the

beginning, P, is 609W and P is 532W. At t=0.1s, two-

,,V
phase to ground unsymmetrical balance fault with 0.3pu
and 0.5pu voltage sag occurs on the grid side. Therefore, in
order to limit the output three-phase currents to the
maximum current limit, the operation mode of the boost
converter is changed from mode I to mode II and the
amplitude of the three-phase inverter output currents
increases from 3.8A to 7.1A as shown in Fig. 9(a).

rms values of three-phase voltages and measured

Moreover, i; changes from 4.1A to 4.9A; i, rises to 4.1A;
P, drops to 546W; P drops to 449W. Furthermore, the

three-phase inverter injects S56VAR reactive power into
grid and the three-phase voltages drop to 0.61pu, 0.77pu,
and 0.86pu. In addition, V., rises from 152V to 162V and

1,, drops from 4.0A to 3.3A due to the control operating at
mode II for both the PI and TSKPFNN-AMF controllers.
From the experimental results, when the PI controllers are
used, the settling time of Q and the overshoot of V,, are
about 0.45s and 4.1% respectively. On the other hand, the
settling time of Q is 0.3s by using the TSKPFNN-AMF
controller and the overshoot of V,. is 0.6% by using the
PI1 controller of the boost converter. Based on the
experimental results of Cases 3 and 4, the performance
improvement of TSKPFNN-AMF controller is also
significant comparing with the PI controller.
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Fig. 9. Experimental results of Case 4: (a) Using PI controllers. (b) Using
TSKPENN-AMEF controllers.

TABLE II
THDS OF THREE-PHASE CURRENTS FOR CASE 1 TO CASE 4

Test Case Controller  i,(%) i,(%) 1i.(%) Average (%)
Case 1 PI 8.73 8.72 7.16 8.20
TSKPFNN-AMF 8.23 7.23 8.82 8.09
Case 2 PI 1598 1424 1826 16.16
TSKPFNN-AMF 1690 16.55 21.45 18.30
Case 3 PI 1759 16.62 21.87 18.69
TSKPENN-AMF  20.65 18.86  26.22 21.91
Case 4 PI 920 10.79 11.58 10.52
TSKPENN-AMF  19.99  25.74  34.20 26.64

The total harmonic distortions (THDs) of the three-phase
currents for Case 1 to Case 4 are listed in Table II. In
general, the TSKPFNN-AMF controllers result in higher
THD. For instance, in Case 4, the THDs of i, , i,, and i,

are 9.2%, 10.79% and 11.58% when the PI controllers are
used, and the THDs of i, i,, and i, are 19.99%, 25.74%,

and 34.2% when the TSKPFNN-AMEF controllers are used.
Moreover, the computation, implementation and tuning of
the proposed TSKPFNN-AMF controller are also more
complex than the PI controller. Furthermore, since the
TSKPFNN-AMF is a kind of neural networks, it also
inherits the drawbacks of the neural networks.
Disadvantages include greater computational burden,
possibly converging to local minima, causing divergent
results if the value of learning rate sets improperly, without
exact rules for determining the number of layers and nodes,
etc. In addition, from the experimental results shown in
Figs. 6 to 9, there is no saturation phenomenon in all the

control signals v,

n» L, and i, when the PI controllers are
used. Thus, there is no anti-windup system on the PI
controllers in this study.

From the experimental results of the previous cases, it

can be stated that the proposed three-phase grid-connected
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PV system has clearly demonstrated the ability to deal with
voltage sag while satisfying the LVRT regulation and to
avoid exceeding current limit simultaneously. For the
comparison of the control performance, a proportional-
integral-differential (PID) controller, an FNN controller
and a wavelet FNN (WFNN) controller [1] have been
adopted in this study to replace the proposed TSKPFNN-
AMF controller in the experimentation. The parameters of
PID controllers are tuned by trial and error in this study to
achieve the best control performance considering the
stability requirement. Moreover, the FNN controller has a
4-layer structure with 2, 6, 9, and 1 neurons in its respective
layer and the WFNN controller has a six-layer structure.
The performance measurings of the PI, PID, FNN, WFNN
and TSKPFNN-AMF controllers for the command tracking
are shown in Fig. 10. by using (45) to (48). From the
resulted performance measurings of PI, PID, FNN, WFNN
and TSKPFNN-AMF controllers, the performances of

Tyax (V) BT, (V) = TIYE (V2 s)
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15 12.1
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10 ¢
5 17
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Fig. 10. Performance measurings: (a) Performance measuring of V, at
mode I. (b) Performance measuring of Q using Tyax. (¢) Performance
measuring of Q using 7. (d) Performance measuring of Q using Tis.

TSKPENN-AMF controllers are superior to the other
controllers.

VI. CONCLUSIONS

This study has proposed an intelligent reactive and active
power control using TSKPFNN-AMEF controller for three-
phase grid-connected PV system operating under voltage
sags. First, the AC voltages and currents analyses of the
grid-connected three-phase PV system during the grid
faults were described. A dual mode operation control
method is developed which effectively guarantees the
active power balance between boost converter and three-
phase inverter during grid faults. Moreover, the network
structure, online learning algorithms and convergence
analysis of the proposed TSKPFNN-AMEF controller have
discussed in detail. The analyses of experimental cases
indicate that the proposed scheme is a good method to
provide reactive current support for a grid-connected three-
phase PV system during grid faults. Furthermore, the
control performance of the intelligent control using
TSKPENN-AMF controller proved to be better than the
control scheme using PI, PID, FNN and WFNN controllers
via various performance measurings.

The contributions of this study are: 1) the development
of the TSKPFNN-AMF controller and its online learning
algorithms with convergence analysis; 2) the development
of dual mode control for the grid-connected three-phase PV
system; 3) the introduction of the TSKPFNN-AMF
controller for the reactive and active power control to
provide LVRT operation under various grid fault conditions.

APPENDIX

Considering the energy function in (22) as a discrete-
type Lyapunov function, the change in the Lyapunov
function can be written as
AE(N)=E(N+1)—E(N) (AD)
Then, the linearized model of the error equation can be
represented via (24), (29), (33), (34), and (35) by
E(N+1)=E(N)+AE(N)

NE(N)+Z(8E(N) wkj
ZZ[SE(N) ,kj z(asw) m/)

k=l =l m,

OE(N) L OE(N)
Aot + Aoy
+,Z‘[ 90} ; . 90} ; j

_EWN) 3 0 e (N (A2)
5 ”‘Z(ayg(N) e J

k=1

OE T, (N
Z‘Z(BTA (N) ey, (N)J
E(N) E  Onet’(N)
T Z(anet 2(N) dm?(N) j
E(N) OE  odnet}(N)
s n4;(anet}(N)aO'Z,(N)J

EWN) & 0E  dner(N) Y
s nsz(anet}(N)ac,%,(N)J

Jj=1

E(N)
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where Aw;, Ac, , Am?, Ao} ;, Aoy ; represent the
change of weight in the output layer, the change of weight
in the TSK type fuzzy inference mechanism layer, and the
change of the mean, left-sided, and right-sided standard
deviation of the asymmetric Gaussian function in the
membership layer. If the learning rates of the TSKPFNN-
AMF controller are designed as (40) to (44), then (A2) can
be rewritten as

> E(N)el/5 E(N)e/S
E(N+D)=¢ = +
(VD (;m) R +e€ R, +¢& A3)
+E(N)8/5+E(N)€/5+E(N)8/5<E(N)
R, +¢& R, te R, +¢

According to (22) and (A3), if the learning rates of the
TSKPFNN-AMF controller are designed as (40) to (44), the
convergence of the proposed TSKPFNN-AMF controller
can be guaranteed. Moreover, from (A1) and (A3), AE(N)

is obtained as

5 E 5
AE(N)ze(anj—E(N)= (SN) 3 Rig—l

m=1

(A4)
__EW)| 5[ _R,
- 5 Z[Rm+g] <0

m=1

Therefore, the proof of the convergence of TSKPFNN-
AMF controller is completed.
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