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Seamless Switching and Grid Reconnection of
Microgrid Using Petri Recurrent Wavelet Fuzzy

Neural Network
Kuang-Hsiung Tan and Tzu-Yu Tseng

Abstract—A Petri recurrent wavelet fuzzy neural network
(PetriRWFNN) controller and a simple presynchronization esti-
mation are proposed for the operations of seamless switching and
grid reconnection in a microgrid system. The microgrid using
master/slave control consists of a storage system, photovoltaic (PV)
system and loads, and can be operated in either grid-connected
mode or islanded mode. Since the different control algorithm is
adopted in the master distributed generator at different operation
modes, the transient deterioration in voltage and active power out-
put of the microgrid system is obvious during the mode switching.
Moreover, when the microgrid is operated in islanded mode and
the power grid returns to normal operation, the microgrid cannot
directly reconnect with the power grid to avoid a large inrush of
current and failed grid reconnection due to the asynchronous angle
between the islanded microgrid and the grid angle. Therefore, a
novel PetriRWFNN controller is proposed to improve the transient
responses of the voltage and active power of the microgrid during
mode switching. The network structure and the online learning
algorithm of the proposed PetriRWFNN are introduced in detail.
Furthermore, a simple and fast presynchronization estimation for
grid reconnection during the switching from the islanded mode to
the grid-connected mode is also proposed in this article. Finally,
some experimental results are provided to certify the effective-
ness and feasibility of the microgrid system using the proposed
PetriRWFNN controller and presynchronization estimation for the
operations of seamless switching and grid reconnection.

Index Terms—Grid reconnection, microgrid, petri net,
presynchronization, wavelet neural network.

I. INTRODUCTION

R ECENTLY, owing to the consciousness-raising of the en-
vironmental pollution and energy crisis and the advanced

development in power electronic technologies, the distributed
generators (DGs) using the renewable energy sources have been
gotten significant attention [1]–[3]. Moreover, the conventional
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utility grid is in a centralized way in which the power plants
are located in the remote districts [4]–[6]. Thus, the generated
energies should be dispatched to the end client over large dis-
tances and through complicated transmission systems, including
the various transformers [4]. The drawbacks of the power plants
in such a centralized way are the reduced flexibility, the high
transmission and distribution losses, and difficulty to meet the
demand growth [5]. The probability of grid instabilities and
power failure will be increased in the power system [4]. Hence,
a novel concept of a power system has been arisen and denom-
inated as a microgrid. The microgrid integrates the DGs and
the loads at the customer side and can be operated in either
grid-connected mode or islanded mode [2]. In other words, the
microgrid is performed in a decentralized way and can provide
the increased reliability and flexibility to its operation [5], [6].
Thus, the microgrid has been developed in many countries
and areas. In terms of the control algorithm, the master/slave
is the common method adopted in microgrid [2], [7]. In the
master/slave control algorithm, one of the DGs in the microgrid
is regarded as master DG and implements the active and reactive
power controls in grid-connected mode. The rest of DGs are
defined as a slave and also perform the active and reactive power
controls in grid-connected mode. In the grid-connected mode,
the voltage and frequency of the microgrid are maintained by the
power grid. When the power grid is interrupted, the microgrid is
operated in islanded mode. In this mode, owing to the absence
of the power grid, the voltage and frequency of the microgrid
are controlled by the master DG. The slave DGs still implement
the active and reactive power controls in islanded mode [2], [7].
The advantages of the master/slave control algorithm are easy
to implement technically and owns a relatively low risk [8].
However, the seamless switching between the grid-connected
mode and the islanded mode is a challenge due to the different
control algorithms at different operation modes, resulting in
serious fluctuations of voltage and power flow [9], [10].

The seamless switching from islanded mode to grid-
connected mode has another noteworthy task to investigate,
namely presynchronization. Since the electric angle of the is-
landed microgrid and the grid angle are asynchronous, the
microgrid cannot directly reconnect with the power grid to
avoid a large inrush of current and failed grid reconnection [9].
Hence, many presynchronization methods have been proposed
[9], [11]–[13]. The simplest method is to shut down all DGs
of the microgrid before reconnecting with the grid. However,
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the reliability and stability of the microgrid are poor due to the
interruption of the DGs and load requirements. In [9], a synchro-
nizer based on a bidirectional converter was proposed to generate
the triggering signal for grid reconnection. The synchronizer
adopted a correction factor and measured the system parameters,
frequency, voltage, and phase difference between the microgrid
and the grid sides to achieve the synchronization. However, since
an additional bidirectional converter is adopted to synchronize
with the grid, the structure is complex. Furthermore, a synchro-
nization controller was proposed in [11]. The synchronization
controller adopted the phase difference between the microgrid
and grid voltages and two variables obtained by the three-phase
voltages of the microgrid and power grid to compute the new
phase angle for synchronization with the grid. However, a large
amount of computation of this method is needed. In [12], an AND

logic gate circuit and the voltage difference and the frequency
difference between the microgrid and grid are proposed to imple-
ment the operation of the diesel generator and compare with the
desired value. When the errors are within the desired range, the
breaker for the grid-reconnection turns ON. Although the method
is uncomplicated, it requires much time to synchronize with
the grid. In addition, a phase-control compensator combined
with the frequency error to generate the active power command
for the synchronization was proposed in [13]. This method is
still time-consuming. Thus, although many presynchronization
methods have been proposed for grid reconnection in microgrid
systems, the methods are either complex or time-consuming.

In general, the conventional proportional-integral (PI) con-
troller is easy to be implemented and owns the advantage of
simple structure. However, the PI controller is not robust in cop-
ing with the system uncertainties such as parameter variations,
external disturbances, and modeling errors in real-world appli-
cations [14]. Moreover, the gains of the PI controller obtained
by trial and error are not always suitable for different operating
conditions [15]. Hence, intelligent controllers, such as fuzzy
logic and artificial neural network, have been proposed to over-
come the poor characteristic of the conventional PI controller
in the past decades. Nowadays, fuzzy neural network (FNN)
has been widely investigated in engineering applications due
to the abilities of FNN in generalization, self-learning, paral-
lel computation, and coping with uncertain nonlinear systems
[16], [17]. The FNN using different learning algorithms for
brushless dc motor drives was researched in [17]. In [18], a
self-constructing FNN was proposed for a fault-tolerant aircraft
control scheme against actuator faults. Moreover, the neural
network using wavelet transform theory was first proposed by
Zhang and Benveniste [19]. The wavelet neural network (WNN),
which integrates the wavelet transform and neural network,
has been researched in [20]–[22]. Owing to the property of
wavelet decomposition, the WNN possesses the capabilities
of pattern classification, fault tolerance, approximation, and
quick convergence [21]. In [23], a WNN recognition system has
been proposed for personal fitness assistance and elderly daily
activity monitoring applications. Furthermore, Petri net (PN)
was developed as a net-like mathematical tool for the study of
communication with automata [23]. The PN owns the graphical,
analytical, and mathematical modeling abilities [24]. Thus, the

Fig. 1. System configuration of a microgrid.

PN is a superior tool for the specification and verification of
concurrent, parallel, distributed, asynchronous, and uncertain
information processing systems. In addition, a recurrent neural
network (RNN) uses feedback connections to memorize the tem-
poral characteristics of an incoming dataset [25]. Hence, RNN is
more powerful than the conventional feedforward network and is
suitable to model nonlinear dynamic systems due to the memory
characteristic [25], [26]. A video-based person reidentification
system using RNN for wide-area tracking was proposed in [27].
In [28], a sequence learning model based on RNN to predict taxi
demand in different areas of a city was proposed. Therefore, in
this article, according to the above merits of FNN, WNN, RNN,
and PN, a novel Petri recurrent wavelet fuzzy neural network
(PetriRWFNN) intelligent controller is first proposed.

In this article, an ac microgrid using master/slave control is
proposed. The microgrid comprises a storage system, PV system
and loads, and can be operated in either grid-connected mode or
islanded mode. Since the different control algorithm is adopted
in the master DG at different operation modes, the transient dete-
rioration in voltage and active power output of the microgrid sys-
tem is obvious during the mode switching [9], [10]. Moreover,
although many presynchronization methods have been proposed
in the works of literature for grid reconnection in microgrid
systems, the methods are either complex or time-consuming.
Therefore, in this article, a novel PetriRWFNN controller is
proposed to replace the conventional PI controller for improving
the transient responses of the voltage and active power of the
microgrid during mode switching. Furthermore, a simple and
fast presynchronization estimation for grid reconnection during
the switching from the islanded mode to grid-connected mode
is also proposed. The operating theories of the microgrid using
master/slave control will be represented in Section II. Then, the
network structure, online learning based on the backpropaga-
tion (BP) algorithm, and convergence analysis of the proposed
PetriRWFNN controller are described detailedly in Section III.
Furthermore, some experimental results to verify the effective-
ness and feasibility of the microgrid system using the proposed
PetriRWFNN controller for the operations of seamless switching
and grid reconnection are demonstrated in Section IV. Finally,
the conclusions will be given in Section V.

II. OPERATING THEORIES OF MICROGRID

In this article, the system configuration of a microgrid is
shown in Fig. 1. The microgrid is composed of a storage system,
PV system, and three-phase resistive loads. The storage system
is regarded as master DG and the PV system is regarded as a
slave unit. The line-to-line voltage of the microgrid is 110 Vrms.
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Fig. 2. Schematic of ac microgrid using master/slave algorithm and presyn-
chronization estimation. (a) Control block of the storage system. (b) Flowchart
of phase angle regulator for presynchronization estimation. (c) Control block of
the PV system.

Moreover, the microgrid is connected with the power grid via a
static switch relay (SSR) and a step-up transformer with a turn
ratio of 2 to transfer the voltage to a 220 Vrms distributed net-
work. Furthermore, the schematic of the developed ac microgrid
using master/slave algorithm and presynchronization estimation
is provided in Fig. 2.

A. Control Algorithm and Presynchronization Estimation of
Master DG

The control block of the storage system regarded as master
DG is represented in Fig. 2(a). In Fig. 2(a), the control algorithm
of the storage system is split into two operation modes. In mode
I, the storage system is in parallel with the power grid. In other
words, the microgrid is operated in grid-connected mode. In
grid-connected mode, the voltage and frequency of the microgrid
are imposed by the power grid. Thus, the storage system has
adopted the active power and reactive power control in mode
I. First, for the purpose of the synchronization with the power
grid, the three-phase voltages Va, Vb, Vc of the microgrid are
detected and the dq-axis voltages Vd and Vq of the microgrid
can be computed by using abc/dq coordinate transformation in
the following:

[
Vq
Vd

]
=

2

3

[
cos θe − sin θe
sin θe cos θe

] [
1 − 1

2 − 1
2

0 −
√
3
2

√
3
2

]⎡⎣VaVb
Vc

⎤
⎦ .
(1)

Then, the synchronous angle θe is gained by using the phase-
locked loop (PLL). Moreover, to calculate the output active
power and reactive power of the storage system, the three-phase
currents isa, isb, isc of the storage system are detected and the
dq-axis currents isd and isq of the storage system can be obtained
as follows:[
isq
isd

]
=

2

3

[
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][
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isc
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(2)

Thus, according to (1) and (2), the output active power Ps
and output reactive powerQs of the storage system are obtained
through the power calculation

Ps =
3

2
(Vqisq + Vdisd) (3)

Qs =
3

2
(Vqisd − Vdisq). (4)

By means of the PLL, assuming that the current vector in
phase with the voltage resulted in Vd = 0 [7], the output active
power Ps and output reactive power Qs of the storage system
are rewritten as follows:

Ps =
3

2
Vqisq (5)

Qs =
3

2
Vqisd. (6)

Hence, the output active power Ps and output reactive power
Qs of the storage system will be proportional to isq and isd
currents, respectively. Moreover, the q-axis current command i∗sq
is regulated by the conventional PI, FNN, or the proposed PetriR-
WFNN controller using the difference between the active power
commandP ∗

s and the active powerPs as input. The d-axis current
command i∗sd is obtained by the conventional PI controller using
the reactive power error as input. Then, the dq-axis current
commands i∗sq and i∗sd are compared with the dq-axis currents isq
and isd to obtain the control signals ucona, uconb, uconc for the
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generation of the sinusoidal pulsewidth modulation (SPWM)
switching signals. On the other hand, when the power grid is
interrupted, the microgrid can promptly disconnect from the
power grid via the SSR and smoothly switch the operation mode
from mode I to II. In mode II, namely islanded mode, since the
absence of the power grid, the voltage and frequency of the
microgrid should be maintained by the storage system. Thus,
the control algorithm of the storage system is changed from
active power and reactive power control in mode I to voltage
and frequency control in mode II. In islanded mode, according
to the PLL algorithm, the peak value of the line-to-line voltage
Vab,peak and the frequency f of the microgrid are computed.
Moreover, the q-axis current command i∗sq for voltage control
is gained via the conventional PI, FNN, or the proposed PetriR-
WFNN controller using the voltage error as input. The d-axis
current command i∗sd for frequency control is obtained by the
conventional PI controller using the frequency error as input.
Furthermore, the electric angle command θ∗e for the abc/dq and
dq/abc coordinate transformations can also be calculated by
using the frequency command f ∗

θ∗e =
∫
ω∗dt = 2π

∫
f ∗dt (7)

whereω∗ is the angular frequency. Finally, the SPWM switching
signals are gained for the voltage and frequency control of the
storage system operated in islanded mode.

When the microgrid is operated in islanded mode and the
power grid returns to normal operation, the microgrid should
be reconnected with the power grid. However, since the electric
angle command θ∗e of the microgrid and the grid angle θg are
asynchronous, the microgrid cannot directly reconnect with the
power grid to avoid a large inrush of current and failed grid
reconnection [9]. Thus, a simple and fast presynchronization
estimation for grid reconnection from the islanded mode to
grid-connected mode is proposed. The flowchart of the phase
angle regulator for presynchronization estimation is represented
in Fig. 2(b). First, when the power grid returns to the normal
operation, the switch S showed in Fig. 2(a) turns ON and the
electric angle θ∗e of the microgrid operated in islanded mode is
compared with the detected grid angle θg . When the absolute
value of the angular error is larger than 1°, a slight amount
of angular frequency Δωd is added to the original angular
frequency ω to decrease the angular error. As long as the angular
error is less than 1°, the electric angle θ∗e of the microgrid and
the grid angle θg are regarded as synchronization. Hence, the
microgrid can reconnect with the power grid through the SSR
and change the operation mode and control algorithm shown in
Fig. 2(a).

Comparing to [2], since the purpose and control scheme of the
storage system are different from this article, the performances
of the storage system are also different. In [2], since the dynamic
responses of the inverter-based DGs are much faster than the
conventional synchronous generator (SG), which will make the
power system susceptible to oscillation resulting from sudden
load variations, the swing equation of SG is added to the storage
system to track the active power command smoothly to over-
come the drawbacks of traditional inverter-based DGs for lack

of inertia. Moreover, an online trained recurrent probabilistic
wavelet fuzzy neural network (RPWFNN) is proposed to replace
the PI controller in the storage system for improving the transient
and steady-state responses of voltage control in the microgrid
operated in islanded mode during the load variation. Further-
more, the issue of the microgrid switching from islanded mode
to grid-connected mode is not solved in [2]. On the other hand,
in this article, to achieve the operations of seamless switching
and grid reconnection in a microgrid system, a simple and
fast presynchronization estimation for grid reconnection during
the switching from islanded mode to grid-connected mode is
proposed.

B. Control Algorithm of Slave DG

The control block of the PV system, regarded as slave DG,
is illustrated in Fig. 2(c). The PV system adopts active power
and reactive power control in both the grid-connected mode
and islanded mode. First, the three-phase voltages Va, Vb, Vc
of the microgrid and the three-phase currents isu, isv, isw of
the PV system are measured. Then, the output active power
Pp and output reactive power Qp of the PV system are gained
through the power calculation and PLL units. Moreover, the
three-phase current commands i∗su, i

∗
sv, i

∗
sw are obtained by PI

controllers using the active and reactive power errors as inputs
through dq/abc coordinate transformation. Finally, the three-
phase currents isu, isv, isw are compared with the three-phase
current commands i∗su, i

∗
sv, i

∗
sw to compute the control signals

uconu, uconv, uconw through P controllers for the generation
of SPWM switching signals of the PV system.

III. INTELLIGENT PETRIRWFNN CONTROLLER

Since the mode switching between the grid-connected mode
and islanded mode will cause the transient deterioration in
voltage and active power output of the microgrid system [9],
[10], a novel PetriRWFNN controller is proposed in this article to
replace the conventional PI controller for improving the transient
responses of the voltage and active power of the microgrid
system during the mode switching. The proposed PetriRWFNN
controller is composed of an input layer, membership layer, rule
layer, Petri layer, wavelet and consequent layer, and output layer.
Moreover, the network structure of the proposed PetriRWFNN is
illustrated in Fig. 3(a). The detailed network structure and online
learning algorithm of the proposed PetriRWFNN controller are
represented in the following.

A. Network Structure

1) Input Layer: The signal propagation of this layer is de-
picted as follows:

net1i (N) = x1i (8)

y1i (N) = f1i (net
1
i (N)) = net1i (N), i = 1, 2 (9)

where N denotes the Nth iteration; x11 = e(t); x12 = ė(t). The in-
put variables of the proposed PetriRWFNN are e(t) = P ∗

s (t)−
Ps(t) for the active power control of the storage system operated
in mode I or e(t) = V ∗

ab,peak(t)− Vab,peak(t) for voltage control
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Fig. 3. PetriRWFNN controller. (a) Network structure. (b) Flowchart of stor-
age using the proposed PetriRWFNN controller for voltage control in islanded
mode.

of the storage system operated in mode II and its derivative
x12 = ė(t).

2) Membership Layer: Each node in this layer utilizes a
Gaussian function to implement the fuzzification operation. For
the jth node

net2j (N) = − (y1i −m2
ij)

2

(σ2
ij)

2 (10)

y2j (N) = f2j (net
2
j (N)) = exp(net2j (N)), j = 1, 2, . . . , 6

(11)

where m2
ij and σ2

ij represent, respectively, the mean and the
standard deviation of the Gaussian function in the jth term input
linguistic variable y1i to the node of membership layer.

3) Rule Layer: Each node in this layer is expressed by
∏

,
which multiplies the input signals and outputs the result of the
product

net3l (N) =
∏
j

w3
jly

2
j (N) (12)

y3l (N) = f3l
(
net3l (N)

)
= net3l (N) , l = 1, 2, . . . , 9 (13)

where w3
jl is the connective weight between the membership

layer and the rule layer which is set to be 1; y2j is the jth input
to the node of rule layer.

4) Petri Layer: The Petri layer of the proposed PetriRWFNN
to generate tokens makes use of competition laws to select
suitable fired nodes in this article [29]. When the token is
produced in the input place, the transition is in enable state.
Then, the transition is fired or unfired according to the following
equations:

t4p (N) =

{
1,y3l (N) ≥ dth
0,y3l (N) < dth

th = 1, 2, . . . , 9 (14)

dth =
αexp (−βV )

1 + exp (−βV )
(15)

where dth is the dynamic threshold value and is varied by the
error functionV = (e+ ė)/2 [29]; t4p(N) is the transition;α and
β are positive constants and set to be 0.23 and 3, respectively, by
empirical rules. When the transition is unfired, the token will stay
in the input place. In other words, when the transition is fired,
the tokens are removed from their input place to output place.
Therefore, the input and output of this layer can be described in
the following:

net4p (N) =

{
y3
l (N) , t4p (N) = 1

0,t4p (N) = 0
(16)

y4p (N) = f4p
(
net4p (N)

)
= net4p (N) , p = 1, 2, . . . , 9. (17)

5) Wavelet and Consequent Layer: The wavelet function and
the recurrent property of RNN are implemented in this layer. The
wavelet function is expressed as follows:

φ5ik(x) =
1√|σ5
ik|

[
1− (x1i (N)−m5

ik)
2

(σ5
ik)

2

]

exp

[
− (x1i (N)−m5

ik)
2

2(σ5
ik)

2

]

i = 1, 2; k = 1, 2, . . . , 9 (18)

ψk(N) =
∑

w5
ikφ

5
ik(x) (19)

where w5
ik is the wavelet weight; φ5ik is the ith in the kth term

wavelet output to the node of wavelet sum layer; ψk(N) is
the consequence of wavelet function. Moreover, the input and
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output of the wavelet and consequent layer can be represented
as follows:

net5k(N) = ψkw
5
ky

4
p (N)w5

ry
5
k(N − 1), k = 1, 2, . . . , 9 (20)

y5k(N) = f5k (net
5
k(N)) = net5p (N) (21)

where w5
r is the connective weight of the node to implement

the recurrent property; w5
k is the connective weight between the

wavelet and consequent layer and the Petri layer, which is set to
be 1; y5k(N) is the output of this layer. Furthermore, since the
RNN is more powerful than the traditional feedforward network,
the recurrent property of the proposed PetriRWFNN is computed
in (20). The recurrent property is to adopt feedback connection
to memorize the temporal characteristic of an incoming dataset.
Hence, the recurrent connection endows the network with mem-
ory [25].

6) Output Layer: The relationship of the input and output of
this layer is depicted in the following:

net6o(N) =

9∑
k=1

w6
ky

5
k(N), o = 1 (22)

y6o(N) = f6o (net
6
o(N)) (23)

where w6
k are the connective weights between the output layer

and the wavelet and consequent layer; y6o(N) is the output of
the proposed PetriRWFNN, which is also the q-axis current
command i∗sq shown in Fig. 2(a) for the active power control in
mode I and voltage regulation control in mode II of the storage
system.

B. Online Learning

The BP algorithm is adopted for the online learning of the
proposed PetriRWFNN in this article. The BP algorithm online
trains the parameters of the proposed PetriRWFNN to match
input set to an output set by means of the partial derivatives of
each parameter to an error function E [17]. In this article, the
error function E is defined as the following equation for the
online learning algorithm using a supervised gradient descent
method:

E(N) =
1

2

(
V ∗
ab,peak − Vab,peak

)2
=

1

2
e2. (24)

The detailed procedure of the learning algorithm of the pro-
posed PetriRWFNN is introduced in the following.

1) Output Layer: In this layer, the propagated error term is
given in the following:

δ6o = − ∂E

∂y6o(N)
= − ∂E

∂Vab,peak

∂Vab,peak
∂y6o(N)

. (25)

The connective weight is calculated and updated as follows
by using the chain rule:

Δw6
k = −η1 ∂E

∂w6
k

= −η1 ∂E

∂y6o(N)

∂y6o(N)

∂w6
k

= η1δ
6
oy

5
k (26)

where η1 is the learning rate. The connective weight w6
k can be

updated as

w6
k(N + 1) = w6

k(N) + Δw6
k. (27)

2) Wavelet and Consequent Layer: The error terms of this
layer to be propagated are given as

δ5k = − ∂E

∂y5k(N)
= −

[
∂E

∂y6o(N)

]
∂y6o(N)

∂y5k
= δ6ow

6
k

(28)

δ5ik = − ∂E

∂ψk
= −

[
∂E

∂y6o(N)

∂y6o(N)

∂y5k(N)

]
∂y5k(N)

∂ψk(N)

= δ5kw
5
ky

4
pw

5
ry

5
k(N − 1). (29)

The updates of the connective weights Δw5
r and Δw5

ik are
obtained by using the chain rule

Δw5
r = −η2 ∂E

∂w5
r

= −η2
[

∂E

∂y6o(N)

∂y6o(N)

∂y5k(N)

]
∂y5k(N)

∂w5
r(N)

= η2δ
5
kψkw

5
ky

4
py

5
k(N − 1) (30)

Δw5
ik = −η3 ∂E

∂w5
ik

= −η3
[

∂E

∂y6o(N)

∂y6o(N)

∂y5k(N)

∂y5k(N)

∂ψk(N)

]

× ∂ψk(N)

∂w5
ik(N)

= η3δ
5
ikφ

5
ik (31)

where η2 and η3 are the learning rates. Thus, the updated
connective weights w5

r and w5
ik are acquired as

w5
r(N + 1) = w5

r(N) + Δw5
r (32)

w5
ik(N + 1) = w5

ik(N) + Δw5
ik. (33)

3) Petri Layer: In this layer, the error term is propagated and
computed as follows:

δ4p = − ∂E

∂y4p
= −

[
∂E

∂y6o(N)

∂y6o(N)

∂y5k(N)

]
∂y5k(N)

∂y4p(N)

= δ5kψkw
5
kw

5
ry

5
k(N − 1). (34)

4) Rule Layer: The term of the propagated error is repre-
sented in the following:

δ3l = − ∂E

∂y3l

= −
[

∂E

∂y6o(N)

∂y6o(N)

∂y5k(N)

∂y5k (N)

∂y4p (N)

]
∂y4p(N)

∂y3l (N)
= δ4pt

4
p.

(35)

5) Membership Layer: According to the chain rule, the er-
ror term needs to be calculated and propagated as the
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following:

δ2j = − ∂E

∂net2j

= −
[

∂E

∂y6o(N)

∂y6o(N)

∂y5k(N)

∂y5k(N)

∂y4p(N)

∂y4p(N)

∂y3l (N)

]

× ∂y3l (N)

∂y2j (N)

∂y2j (N)

∂net2j (N)

=
∑
l

δ3l w
3
jly

2
j . (36)

The updates of the mean Δm2
ij and standard deviation Δσ2

ij

of the membership functions are described as follows:

Δm2
ij = −η4 ∂E

∂m2
ij

=

−η4
[

∂E
∂y6o(N)

∂y6o(N)
∂y5k(N)

∂y5k(N)

∂y4p(N)

∂y4p(N)

∂y3l (N)

∂y3l (N)

∂y2j (N)

∂y2j (N)

∂net2j (N)

]
∂net2j (N)

∂m2
ij(N)

= η4δ
2
j

2(y1i−m2
ij)

(σ2
ij)

2

(37)

Δσ2
ij = −η5 ∂E

∂σ2
ij

=

−η5
[

∂E
∂y6o(N)

∂y6o(N)
∂y5k(N)

∂y5k(N)

∂y4p(N)

∂y4p(N)

∂y3l (N)

∂y3l (N)

∂y2j (N)

∂y2j (N)

∂net2j (N)

]
∂net2j (N)

∂σ2
ij(N)

= η5δ
2
j

2(y1i−m2
ij)

2

(σ2
ij)

3

(38)

where η4 and η5 are the learning rates of the mean and standard
deviation, respectively. Therefore, the updated mean m2

ij and
standard deviation σ2

ij of the membership functions are acquired
as follows:

m2
ij(N + 1) = m2

ij(N) + Δm2
ij (39)

σ2
ij(N + 1) = σ2

ij(N) + Δσ2
ij . (40)

Since there are the uncertainties such as external disturbances
and parameter variations in the dynamic storage system, the
accurate calculation of the Jacobian of the storage system,
∂Vab,peak/∂y

6
o(N), cannot be determined. Therefore, for the

purposes of solving this problem and increasing the online
learning rate of the network parameters, the delta adaptation
law is adopted in the following [7]:

δ6o
∼= e+ ė. (41)

C. Convergence Analysis of PetriRWFNN Controller

The choice of the learning rates of the proposed PetriRWFNN
has a momentous effect on the performance of the network. For
the purpose of training the proposed PetriRWFNN effectively,
the varied learning rates [30], [31], which pledge the conver-
gence of the voltage control, based on the analysis of a discrete-
type Lyapunov function, are detailedly derived in this article. To
guarantee the convergence of voltage control, specific learning
rate coefficients for the training of the network parameters are
obtained from the following convergence analysis.

The error function shown in (24) is considered a discrete-type
Lyapunov function. Then, the variation of the Lyapunov function

is described in the following:

ΔE(N) = E(N + 1)− E(N). (42)

Linearized model [31] of the Lyapunov function is obtained
via (26), (30), (31), (37), and (38) in the following:

E(N + 1) = E(N) + ΔE(N)

≈ E(N) +
9∑
k=1

[
∂E(N)
∂w6

k
Δw6

k

]
+

9∑
r=1

[
∂E(N)
∂w5

r
Δw5

r

]
+

9∑
k=1

2∑
i=1

[
∂E(N)
∂w5

ik
Δw5

ik

]
+

6∑
j=1

2∑
i=1

[
∂E(N)
∂m2

ij
Δm2

ij +
∂E(N)
∂σ2

ij
Δσ2

ij

]
= 1

5E(N)− η1
9∑
k=1

[
∂E

∂y6o(N)
∂y6o(N)
∂w6

k

]2
+ 1

5E(N)− η2
9∑
r=1

[
∂E

∂y5k(N)

∂y5k(N)

∂w5
r(N)

]2
+ 1

5E(N)− η3
9∑
k=1

2∑
i=1

[
∂E

∂ψk(N)
∂ψk(N)
∂w5

ik(N)

]2

+ 1
5E(N)− η4

6∑
j=1

2∑
i=1

[
∂E

∂net2j (N)

∂net2j (N)

∂m2
ij(N)

]2

+ 1
5E(N)− η5

6∑
j=1

2∑
i=1

[
∂E

∂net2j (N)

∂net2j (N)

∂σ2
ij(N)

]2

(43)

where Δw6
k, Δw5

r , Δw5
ik, Δm2

ij , and Δσ2
ij depict the variations

of the connect weights, recurrent weights, wavelet weights, the
means, and the standard deviations, respectively. If the learning
rate coefficients of the proposed PetriRWFNN are designed as

η1 =
E(N)

5

[
9∑
k=1

(
∂E

∂y6o(N)
∂y6o(N)
∂w6

k

)2

+ ε

] (44)

η2 =
E(N)

5

[
9∑
r=1

(
∂E

∂y5k(N)

∂y5k(N)

∂w5
r(N)

)2

+ ε

] (45)

η3 =
E(N)

5

[
9∑
k=1

2∑
i=1

(
∂E

∂ψk(N)

∂ψk(N)

∂w5
ik(N)

)2

+ ε

] (46)

η4 =
E(N)

5

[
6∑
j=1

2∑
i=1

(
∂E

∂net2j (N)

∂net2j (N)

∂m2
ij(N)

)2

+ ε

] (47)

η5 =
E(N)

5

[
6∑
j=1

2∑
i=1

(
∂E
∂net2j

∂net2j (N)

∂σ2
ij(N)

)2

+ ε

] (48)

and ε is a positive constant, (43) can be reformulated as follows:

E(N + 1) ≈ ε(η1 + η2 + η3 + η4 + η5)

≈ E(N)ε

5

[
9∑
k=1

(
∂E

∂y6o(N)
∂y6o(N)
∂w6

k

)2

+ ε

]



11854 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2021

+
E(N)ε

5

[
9∑
r=1

(
∂E

∂y5k(N)

∂y5k(N)

∂w5
r(N)

)2

+ ε

]

+
E(N)ε

5

[
9∑
k=1

2∑
i=1

(
∂E

∂ψk(N)

∂ψk(N)

∂w5
ik(N)

)2

+ ε

]

+
E(N)ε

5

[
6∑
j=1

2∑
i=1

(
∂E

∂net2j (N)

∂net2j (N)

∂m2
ij(N)

)2

+ ε

]

+
E(N)ε

5

[
6∑
j=1

2∑
i=1

(
∂E

∂net2j (N)

∂net2j (N)

∂σ2
ij(N)

)2

+ ε

]

<
E(N)

5
+
E(N)

5
+
E(N)

5
+
E(N)

5

+
E(N)

5
= E(N). (49)

Finally, the convergence of the proposed PetriRWFNN con-
troller is guaranteed according to (24) and (49). Therefore, the
convergence of the voltage control of the storage system can be
pledged.

D. Procedure of Storage Using PetriRWFNN Controller

The flowchart of the storage system using the proposed
PetriRWFNN controller for voltage control in islanded mode
is illustrated in Fig. 3(b) and represented in the following.

1) Sampling: In order to obtain the peak of the line-to-
line voltage Vab,peak, the analog three-phase voltages
Va, Vb, Vc of the microgrid are detected by the voltage
sensor circuit and converted to digital signals through
an analog-to-digital converter (ADC) in the digital signal
processor (DSP). Then, the voltage error e = V ∗

ab,peak −
Vab,peak is computed and sent to the proposed PetriR-
WFNN controller.

2) Input Layer: The node inputs of this layer are x11 = e(t)
and its derivative x12 = ė(t). The node outputs y1i (N) are
sent to the membership layer.

3) Membership Layer: To implement the fuzzification opera-
tion, each node in this layer utilizes the Gaussian function
and the outputs y2j (N) are sent to the rule layer.

4) Rule Layer: Each node in this layer multiplies the input
signals and outputs the result of the product. The outputs
y3l (N) are sent to the Petri layer.

5) Petri Layer: The Petri layer of the proposed PetriRWFNN
to generate tokens makes use of competition laws to
select suitable fired nodes. The node outputs y4p(N) are
computed and sent to the wavelet and consequent layer.

6) Wavelet and Consequent Layer: The wavelet function and
the recurrent property of RNN are implemented in this
layer. The nodes in this layer multiply the output signals

from the Petri layer, wavelet function, and recurrent prop-
erty, and output the result of the product. The outputs are
y5k(N) and sent to the output layer.

7) Output Layer: The summation operation is performed in
this layer and the output is calculated as y6o(N). Mean-
while, the output y6o(N) of the proposed PetriRWFNN
is the q-axis current command i∗sq of the storage system
operated in an islanded mode for voltage control shown in
Fig. 2(a).

8) Online Network Parameters Learning: The online pa-
rameters learning is achieved by online tuning of the
connective weights w6

k between the output layer and the
wavelet and consequent layer, the recurrent weights w5

r ,
the connective weightsw5

ik in the wavelet function, and the
mean m2

ij and standard deviations σ2
ij of the membership

functions in the membership layer using the BP algorithm.

IV. EXPERIMENTAL RESULTS

In this article, the ac microgrid using master/slave control is
developed. The microgrid is composed of the storage system, PV
system and loads, and can be operated in either grid-connected
mode or islanded mode. The block diagrams of the designed
DSP-based storage system and personal computer (PC)-based
PV system are provided in Fig. 4(a) and (b), respectively. In
the block diagram of the DSP-based storage system shown in
Fig. 4(a), the control algorithms of the storage system, including
the PLL, active and reactive power controls, presynchronization
estimation, voltage and frequency control, and the proposed
PetriRWFNN, are performed by the DSP TMS320F28335 with
1 ms sampling time. The switching frequency of the DSP-based
storage system is 16 kHz. Moreover, the peripheral circuits of
the storage system comprise the interlocking, protection, volt-
age, and current feedback circuits. In this article, the LiFePo4
battery, which is composed of six battery packs in series, is
adopted as the storage system. Each battery pack of the LiFePo4
battery comprises 24 battery cells with 12 cells in series as a
unit and two units in parallel. The capacity and the nominal
voltage of the battery storage, the battery cell, and the battery
pack are 30 Ah/237.6 V, 15 Ah/3.3 V, and 30 Ah/39.6 V; the
cut-off discharge voltage, the recommended charging voltage,
and the balance voltage of the battery cell are 2.5 V, 3.5 V,
and 3.5 V, respectively. Furthermore, the block diagram of the
PC-based PV system is illustrated in Fig. 4(b). The MATLAB
and Simulink real-time control package with 0.5 ms sampling
time is adopted to implement the control algorithm of the PV
system. The peripheral circuits of the PV system consist of the
protection, voltage, and current feedback circuits. The detected
three-phase voltages Va, Vb, Vc of the microgrid and the three-
phase currents isu, isv, isw of the PV system are transmitted to
the PC through the A/D converter on the PCI-1716 interface card
for the synchronization and active/reactive power control. The
switching frequency of the PV system is 10 kHz. In this article,
a Chroma 62150H-6005 is adopted to emulate the PV panel.
In addition, the short-circuit current and open-circuit voltage of
the emulated PV panel are 5.632 A and 377.4 V, respectively; the
current, voltage, and power output of the maximum power point
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Fig. 4. AC microgrid using master/slave control. (a) Block diagram of the
DSP-based storage system. (b) Block diagram of the PC-based PV system.
(c) Photograph of the experimental setup.

of the PV panel are 5.556 A, 360 V, and 2 kW, respectively. The
photo of the storage and PV systems is represented in Fig. 4(c).

Due to the transient deterioration in voltage and active power
output of the microgrid system during the mode switching [9],
[10], the novel PetriRWFNN controller is proposed in this article
to improve the transient responses of the voltage and active
power of the microgrid. Hence, in order to confirm the effec-
tiveness of the storage system using the proposed PetriRWFNN
for the voltage control, active power control, and the presynchro-
nization estimation, three test scenarios are designed as follows
in the experimentation: 1) switching from grid-connected mode
to islanded mode; 2) grid reconnection from islanded mode
to grid-connected mode with phase difference 90° between

the voltage of the islanded microgrid and the voltage of the
power grid; and 3) grid reconnection with phase difference 180°
between the voltage of the islanded microgrid and the voltage
of the power grid. Moreover, the experimental results using PI-
and FNN-controlled storage systems of the microgrid are also
provided for comparison.

The experimental results of the microgrid switching from
grid-connected mode to islanded mode are demonstrated. In
this scenario, the microgrid with 2 kW load operates in a
grid-connected mode in the interval 0–10 s and in the islanded
mode in the interval 10–20 s owing to the power grid fail at
10 s. In the grid-connected mode, the active and reactive power
controls are adopted in both the storage system and PV system.
The active power commandP∗

s and reactive power commandQ∗
s

of the storage system are set to be 1 kW and 0 Var, respectively.
The active power command P∗

p and reactive power command
Q∗
p of the PV system are set to be 0.7 kW and 0 Var. Moreover,

when the power grid interrupts at 10 s, the control algorithm
of the storage system changes from mode I to II, as shown in
Fig. 2(a), to implement the voltage and frequency control for
maintaining the voltage and frequency of the microgrid due to
the absence of the power grid. The peak value of the line-to-line
voltage command V ∗

ab,peak and the frequency command f ∗ of
the storage system are set to be 155 V and 60 Hz. Meanwhile, the
active power command P∗

p and reactive power command Q∗
p of

the PV system are still set to be 0.7 kW and 0 Var in the islanded
mode. First, the experimental results of the microgrid using
the PI controller are provided in Fig. 5(a)–(d). The responses
of the active power and reactive power of the storage system
using the traditional PI controller are illustrated in Fig. 5(a).
The responses of the active power and reactive power of the
PV system and power grid are provided in Fig. 5(b) and (c). The
responses of the voltage and frequency of the microgrid using the
traditional PI controller and the output current isa of the storage
system in the interval 9.5–10.5 s are represented in Fig. 5(d).
From the experimental results of the storage system using the PI
controller shown in Fig. 5(a)–(c), since the microgrid is equipped
with 2 kW load and the active power commands P∗

s and P∗
p of

the storage and PV systems are set to be 1 kW and 0.7 kW
respectively in grid-connected mode, the power grid delivers
0.3 kW power energy to the load in the interval 0–10 s for
balancing the supply and demand. When the power grid fails at
10 s, the operation mode of the storage system is changed from
mode I to mode II to maintain the voltage and frequency of the
microgrid. Although the storage system adopts the voltage and
frequency control in the islanded mode in the interval 10–20 s,
the storage system still dispatches 1.3 kW to the 2 kW load for
the power balance of supply and demand due to the absence
of the power grid. Furthermore, according to Fig. 5(d) in the
interval 9.5–10.5 s, the steady-state responses of the voltage
and frequency of the microgrid are maintained corresponding
to the voltage and frequency commands of the storage system.
However, the transient responses of the voltage of the microgrid
and the output current isa of the storage system are sluggish at
10 s. Consequently, the transient deterioration in active power
output of the storage system is obvious at 10 s, as shown in
Fig. 5(a), due to the poor property of the PI controller. Then, the
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Fig. 5. Microgrid switching from grid-connected mode to islanded mode. (a) Responses of active power and reactive power of storage system using the PI
controller. (b) Responses of active power and reactive power of PV system. (c) Responses of active power and reactive power of power grid. (d) Responses of
voltage and frequency of microgrid using the PI controller and output current of the storage system in the interval 9.5–10.5 s. (e) Responses of active power and
reactive power of storage system using FNN controller. (f) Responses of active power and reactive power of PV system. (g) Responses of active power and reactive
power of power grid. (h) Responses of voltage and frequency of microgrid using FNN controller and output current of the storage system in the interval 9.5–10.5
s. Microgrid switching from grid-connected mode to islanded mode. (i) Responses of active power and reactive power of storage system using the proposed
PetriRWFNN controller. (j) Responses of active power and reactive power of PV system. (k) Responses of active power and reactive power of power grid. (l)
Responses of voltage and frequency of microgrid using the proposed PetriRWFNN controller and output current of the storage system in the interval 9.5–10.5 s.
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experimental results of the microgrid using the FNN controller
are provided in Fig. 5(e)–(h). The responses of the active power
and reactive power of the storage system using the FNN con-
troller are illustrated in Fig. 5(e). The responses of the active
power and reactive power of the PV system and power grid are
provided in Fig. 5(f) and (g). The responses of the voltage and
frequency of the microgrid using the FNN controller and the out-
put current isa of the storage system in the interval 9.5–10.5 s are
represented in Fig. 5(h). According to the experimental results
using the FNN controller, the power balance of supply and de-
mand can be achieved in both grid-connected mode and islanded
mode shown in Fig. 5(e)–(g). In addition, the transient responses
of the voltage of the microgrid and the output current isa of the
storage system using the FNN controller are slightly improved
at 10 s, as shown in Fig. 5(h). Hence, the transient deterioration
in active power output of the storage system is still obvious at
10 s, as shown in Fig. 5(e). In order to improve the transient
responses of the microgrid system during the mode switching,
the novel PetriRWFNN controller is proposed to substitute the
PI and FNN controllers in the q-axis current command i∗sq of the
storage system, as shown in Fig. 2(a). The experimental results
of the microgrid using the proposed PetriRWFNN controller
are provided in Fig. 5(i)–(l). The responses of the active power
and reactive power of the storage system using the proposed
PetriRWFNN controller are illustrated in Fig. 5(i). The responses
of the active power and reactive power of the PV system and
power grid are provided in Fig. 5(j) and (k). The responses of
the voltage and frequency of the microgrid using the proposed
PetriRWFNN controller and the output current isa of the storage
system in the interval 9.5–10.5 s are represented in Fig. 5(l).
From the experimental results of the storage system using the
proposed PetriRWFNN controller, as shown in Figs. 5(i)–(k), the
power balance of supply and demand is also achieved in both
grid-connected and islanded modes of the microgrid. In addition,
since the proposed PetriRWFNN controller is composed of the
FNN, WNN, RNN, and PN, the proposed PetriRWFNN owns
the abilities of FNN in generalization, self-learning and coping
with the uncertain nonlinear system, the capabilities of WNN
in fault tolerance, approximation, and quick convergence, the
memory characteristic of RNN, and the mathematical modeling
abilities of PN. Comparing with the experimental result using
the PI and FNN controllers, as shown in Fig. 5(a) and (e), the
transient response of the active power output of the storage
system using the proposed PetriRWFNN controller is better than
the experimental result using the PI and FNN controllers at 10 s,
as shown in Fig. 5(i). Consequently, the transient responses of the
voltage of the microgrid and the current isa of the storage system
using the proposed PetriRWFNN controller are much improved
at 10 s, as shown in Fig. 5(d), (h), and (l), due to the powerful
property of the proposed PetriRWFNN controller. Therefore,
the performance of the seamless switching of the microgrid is
proved by using the proposed PetriRWFNN controller.

To verify the feasibility of the proposed presynchronization
estimation, the experimental results of the islanded microgrid
to reconnect with the power grid with a phase difference of 90°
between the voltage of the islanded microgrid and the voltage of
the power grid are demonstrated. In this scenario, the microgrid

with a 2 kW load initially operates in islanded mode. In islanded
mode, the storage system adopts the voltage and frequency
control. When the microgrid reconnects with the power grid,
the active and reactive power controls are adopted in the storage
system. The active power command P∗

s and reactive power
command Q∗

s of the storage system operated in grid-connected
mode are set to be 0.5 kW and 0 Var, respectively. The active
power command P∗

p and reactive power command Q∗
p of the

PV system are set to be 1 kW and 0 Var in both islanded and
grid-connected modes. The experimental results of the islanded
microgrid using PI controller are provided in Fig. 6(a)–(d). The
responses of line-to-line voltages V ′

gab and Vab of the power
grid and microgrid, frequency of the microgrid, and the output
current isa of the storage system are illustrated in Fig. 6(a). The
responses of the active and reactive powers of the storage system
using the conventional PI controller, PV system, and power grid
are shown in Fig. 6(b)–(d). From the experimental results, as
shown in Fig. 6(a), when the microgrid initially operates in
islanded mode and the power grid returns to normal operation,
the islanded microgrid cannot reconnect with the power grid due
to the phase difference of 90° of the voltage. Thus, the proposed
presynchronization estimation of the storage system starts at
0.2 s to synchronize with the power grid. When the line-to-line
voltages V ′

gab and Vab of the power grid and microgrid are
synchronous at 0.36 s, the grid-reconnection of the microgrid
is performed and the operation mode of the storage system is
changed from mode II to mode I to control the active and reactive
power outputs, as shown in Fig. 2(a). Therefore, the proposed
presynchronization estimation and the seamless switching are
successfully implemented and effective. Moreover, according
to Fig. 6(a)–(d), although the storage system adopts the voltage
and frequency control in islanded mode, the storage system still
dispatches 1 kW to the 2 kW load for the power balance of
supply and demand due to the absence of the power grid. When
the microgrid reconnects with the power grid, the active and
reactive power outputs of the storage system accurately track the
active and reactive power commands 0.5 kW and 0 Var and the
power grid delivers 0.5 kW power energy to the 2 kW, as shown
in Fig. 6(b) and (d), for balancing the supply and demand. Hence,
the power balance of supply and demand can be achieved in both
islanded and grid-connected modes. However, when the islanded
microgrid reconnects with the power grid during the mode
switching, the transient response of the active power output of
the storage system fluctuates due to the PI-controlled storage
system, as shown in Fig. 6(b). Furthermore, the experimental
results of the islanded microgrid using the FNN controller are
provided in Fig. 6(e)–(h). The responses of line-to-line voltages
V ′
gab and Vab of the power grid and microgrid, frequency of the

microgrid, and the output current isa of the storage system are
illustrated in Fig. 6(e). The responses of the active and reactive
powers of the storage system using the FNN controller, PV
system, and power grid are shown in Fig. 6(f)–(h). According to
the experimental results as shown in Fig. 6(e)–(h), the proposed
presynchronization estimation of the storage system using the
FNN controller is also successfully implemented and the power
balance of supply and demand can also be obtained in both
islanded and grid-connected modes. Then, the transient response
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Fig. 6. Grid reconnection of islanded microgrid with phase difference 90°. (a) Responses of line-to-line voltages of power grid and microgrid, frequency of
microgrid, and output current of the storage system using the PI controller. (b) Responses of active power and reactive power of storage system using the PI
controller. (c) Responses of active power and reactive power of PV system. (d) Responses of active power and reactive power of power grid. (e) Responses of
line-to-line voltages of power grid and microgrid, frequency of microgrid, and output current of the storage system using FNN controller. (f) Responses of active
power and reactive power of storage system using FNN controller. (g) Responses of active power and reactive power of PV system. (h) Responses of active power
and reactive power of power grid. Grid reconnection of islanded microgrid with phase difference 90°. (i) Responses of line-to-line voltages of power grid and
microgrid, frequency of microgrid, and output current of the storage system using the proposed PetriRWFNN controller. (j) Responses of active power and reactive
power of storage system using the proposed PetriRWFNN controller. (k) Responses of active power and reactive power of PV system. (l) Responses of active power
and reactive power of power grid.
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Fig. 7. Grid reconnection of islanded microgrid with phase difference 180°. (a) Responses of line-to-line voltages of power grid and microgrid, frequency of
microgrid, and output current of the storage system using the PI controller. (b) Responses of active power and reactive power of storage system using the PI
controller. (c) Responses of active power and reactive power of PV system. (d) Responses of active power and reactive power of power grid. (e) Responses of
line-to-line voltages of power grid and microgrid, frequency of microgrid, and output current of the storage system using FNN controller. (f) Responses of active
power and reactive power of storage system using FNN controller. (g) Responses of active power and reactive power of PV system. (h) Responses of active power
and reactive power of power grid. Grid reconnection of islanded microgrid with phase difference 180°. (i) Responses of line-to-line voltages of power grid and
microgrid, frequency of microgrid, and output current of the storage system using the proposed PetriRWFNN controller. (j) Responses of active power and reactive
power of storage system using the proposed PetriRWFNN controller. (k) Responses of active power and reactive power of PV system. (l) Responses of active power
and reactive power of power grid.
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of the active power output of the storage system is slightly
improved during the mode switching shown in Fig. 6(f). In
addition, the experimental results of the islanded microgrid
using the proposed PetriRWFNN controller are provided in
Fig. 6(i)–(l). The responses of line-to-line voltages V ′

gab and
Vab of the power grid and microgrid, frequency of the microgrid,
and the output current isa of the storage system are illustrated in
Fig. 6(i). The responses of the active and reactive powers of the
storage system using the proposed PetriRWFNN controller, PV
system, and power grid are illustrated in Fig. 6(k)–(l). According
to the experimental results shown in Fig. 6(i)–(l), the proposed
presynchronization estimation of the storage system using the
proposed PetriRWFNN controller is also successfully imple-
mented and the power balance of supply and demand can also be
obtained in both islanded and grid-connected modes. Comparing
with the experimental results using the PI- and FNN-controlled
storage systems, the transient response of the active power of
the storage system using the proposed PetriRWFNN controller
is effectively improved during the mode switching, as shown
in Fig. 6(b), (f), and (j), owing to the online learning ability
of the proposed PetriRWFNN controller and the ability to deal
with the time-varying inputs or outputs. Finally, the experimental
results of the islanded microgrid to reconnect with power grid
with phase difference 180° are demonstrated. In this case, the
microgrid with 1 kW load initially operates in islanded mode.
In islanded mode, the storage system adopts the voltage and
frequency control. The active power command P∗

s and reactive
power command Q∗

s of the storage system operated in grid-
connected mode are set to be 0.3 kW and 0 Var, respectively. The
active power command P∗

p and reactive power command Q∗
p of

the PV system are set to be 0.5 kW and 0 Var in both islanded and
grid-connected modes. The experimental results of the islanded
microgrid using PI controller are provided in Fig. 7(a)–(d). The
responses of line-to-line voltages V ′

gab and Vab of the power
grid and microgrid, frequency of the microgrid, and the output
current isa of the storage system are illustrated in Fig. 7(a). The
responses of the active and reactive powers of the storage system
using the conventional PI controller, PV system, and power grid
are shown in Fig. 7(b)–(d). Then, the experimental results of
the islanded microgrid using the FNN controller are provided in
Fig. 7(e)–(h). The responses of line-to-line voltagesV ′

gab andVab
of the power grid and microgrid, frequency of the microgrid, and
the output current isa of the storage system using FNN controller
are illustrated in Fig. 7(e). The responses of the active and
reactive powers of the storage system using FNN controller, PV
system, and power grid are shown in Fig. 7(f)–(h). In addition,
the experimental results of the islanded microgrid using the
proposed PetriRWFNN controller are illustrated in Fig. 7(i)–(l).
From the experimental results, as shown in Fig. 7(a), (e), and (i),
when the microgrid initially operates in islanded mode and the
power grid returns to normal operation, the islanded microgrid
cannot reconnect with the power grid due to the phase difference
of 180° of the voltage. Thus, the proposed presynchronization
estimation of the storage system starts at 0.2 s to synchronize
with the power grid. When the line-to-line voltages V ′

gab and
Vab of the power grid and microgrid are synchronous at 0.63
s, the grid-reconnection of the microgrid is performed and the

TABLE I
COMPUTE TIME OF STORAGE SYSTEM USING PI, FNN, AND PROPOSED

PETRIRWFNN CONTROLLERS

operation mode of the storage system is changed to control the
active and reactive power outputs. Thus, the proposed presyn-
chronization estimation and the seamless switching are also
successfully implemented and effective. Additionally, the power
balance of supply and demand can also be obtained in both
islanded and grid-connected modes, no matter what the PI, FNN,
or the proposed PetriRWFNN controller is adopted in the storage
system. However, compared to the PI- and FNN-controlled
storage systems, the transient response of the active power of
the storage system using the proposed PetriRWFNN controller
is effectively improved during the mode switching, as shown in
Fig. 7(b), (f), and (j), owing to the powerful robust ability and
online learning ability of the proposed PetriRWFNN controller.

In this article, the compute or training time of the “C” pro-
gram in the TMS320F28335 32-bit floating-point DSP with 150
MHz can be obtained by the clock tool of Texas Instruments
Code Composer Studio v6 program editing interface. The total
operation cycles and total execution time of the PI, FNN, and
the proposed PetriRWFNN-controlled storage system switching
from grid-connected mode to islanded mode are compared in
Table I. The total operation cycles and total execution time for
the proposed PetriRWFNN are 8832 cycles and 58.88μs, respec-
tively. In consequence, the total execution time of the storage
system using the proposed PetriRWFNN controller is still less
than 1 ms, which is the sampling interval of the control loop.

V. CONCLUSION

A microgrid has been successfully developed and imple-
mented in this article. The microgrid using the master/slave
control consists of a storage system, PV system and loads, and
can be operated in either grid-connected mode or islanded mode.
Since the different control algorithm is adopted in the master
DG at different operation modes, the transient deterioration in
voltage and active power output of the microgrid system is
obvious during the mode switching. Hence, in order to achieve
the seamless switching of microgrids, a novel PetriRWFNN
controller is proposed to replace the conventional PI controller
for improving the transient responses of the voltage and active
power of the microgrid. Moreover, a simple and fast presynchro-
nization estimation for grid reconnection during the switching
from the islanded mode to the grid-connected mode is also
proposed in this article. Furthermore, the feasibility and the
effectiveness of the microgrid using the proposed PetriRWFNN
controller are verified by the experimental results. In accordance
with the experimental results, the transient responses of the
voltage and active power of the microgrid using the proposed
PetriRWFNN controller are effectively improved during the
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mode switching comparing with the PI and FNN controllers.
Moreover, the seamless switching and the grid reconnection of
the microgrid using the proposed PetriRWFNN controller are
verified due to the online learning ability and powerful robust
ability of the proposed PetriRWFNN controller.

The major contributions of this article are as follows:
1) the successful development of a microgrid using mas-

ter/slave control;
2) the successful development of the proposed online trained

PetriRWFNN controller;
3) the successful implementation of the microgrid using the

proposed PetriRWFNN controller for the improvements of
voltage control, active power control, seamless switching,
and grid reconnection of the microgrid.
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