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Advantages of microgrid integrated with a renewable energy system have been acknowledged in more and more applications.
Operating steadily during different modes is of great significance, and different modes transferring must be transient, seamless,
and reliable to maintain the continuous electricity supply for loads, especially sensitive ones. As a semicontrolled switch that is
unable to shut instantly until the zero point of its current, thyristors should be forced to be turned off by certain strategies to
minimise the influence brought by the delay of modes transferring. In this paper, a compulsory turn-off strategy based on fuzzy
logic control of converter output voltage is proposed. With the strategy, an alterable reverse voltage is applied across the
conducting thyristor by dynamically adjusting the output voltage reference instruction and closed-loop control parameters
depending on the changing rate rather than detecting the polarity of voltage or current. Constraints from acquisition of analog
data and error of digital calculation will be eliminated. Finally, simulation and experimental results verify the effectiveness of the
proposed strategy.

1. Introduction

In recent years, motivated by the climate change and un-
sustainable consumption on fossil fuels for electricity gen-
eration, establishment of the microgrid (MG) system with
renewable energy conversion such as distributed generating
(DG) or battery storing (BS) has steadily increased [1–3].,e
MG system is capable of supplying uninterrupted power for
critical loads independently with the flexibility of multiple
working modes under planned outage or unintentional
faults such as short circuit, disturbance, and blackout [4–7].
Because of different control objectives, the mode transition
of the MG system, especially when it disconnects from the
utility, must be transient, seamless, and reliable so that
influence caused by the intermediate process can be miti-
gated or avoided even better without any current surge or
voltage fluctuation [8].

Studies have been carried out on smooth transferring of
output. In [9], a master inverter is set to build up the AC
voltage and other inverters can still work in the grid-tied
mode to supply continuous power. Unified schemes based
on indirect current control are devised to impose no

alteration to the control structure so that the output voltage
and injected current can transmit smoothly with no shock
[10–12]. In [13, 14], smooth transition mechanisms based on
state observer are discussed to maintain the system variables
within acceptable limits. In [15–18], a unified scheme based
on droop control is designed to only change the voltage
reference rather than control structure so that inrush cur-
rents and voltage distortions of mode transfer can be
eliminated. In [19–22], fuzzy-based parameter regulation is
implemented to improve the performance of dynamic re-
sponse and stability when transferring.

However, before getting power supply from the MG
system, loads should disconnect from the utility completely
[23, 24]. Inadequate attention has been applied on switch-
over transients of the connecting devices between the utility
and the MG system, which leaves several challenges to be
further researched. Generally, it takes around 1 s (second)
for the relays to switch off completely and around 0.5 s for
mechanical breakers [25] while power electronic switches
have much faster on-off response [26]. In spite of this, the
MG system is usually connected to the utility through
switches consisting of thyristors rather than IGBTs, GTOs
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etc., in AC bus from current-carrying capability and the
practicability point of view, especially in high voltage and
current occasions [27, 28]. In [29–31], it takes from 1/4 to
1/2 line cycle for the MG system to disconnect from the
utility at zero crossing of the grid current and 5 line cycle to
ensure the whole procedure at most, which is far beyond the
requirement of power continuity for sensitive loads [32].
Even worse, power quality of the MG system may be further
deteriorated by the turn-off delay. So, it is of great signifi-
cance to take measures to ensure the fast and smooth
switching of thyristors.

Compensation strategies are introduced in [33, 34] that
the injecting current of the inverter is regulated to follow
the instantaneous value of load when the off-grid transfer
signal starts up; then, the current of thyristors can be re-
duced to zero and enter the blocking state quickly. But, the
deficiencies are also obvious. For one thing, the injecting
current of the inverter is difficult to be controlled exactly as
the load current, especially when the load is nonlinear or
light. On the contrary, if the load is heavy, the voltage will
undergo a distortion because of the current surge. An LC
series resonance circuit is designed to reverse the deviation
of voltage on thyristors to accelerate the current decaying
[35] while it can be implemented simply in the case of
voltage sag rather than any other anomalies and the res-
onance is susceptible to variation of characteristics. In [36],
two control methods for the transition by means of inverter
output voltage amplitude and phase regulation, which
depend heavily on the accurate polarity of the static transfer
switch current, and measures dealing with inaccurate
judgment are not explained. When the instantaneous
amplitude of conducting current is too small to be sampled
by the sensors (e.g., near zero) of the system controller, the
polarities will not be recognized accurately. ,en, there will
be a high probability that the MG system fails to disconnect
from the utility before working as a voltage source. To solve
this problem, the MG system controller can equip a high-
precision and wide-range sampling circuit in its detecting
section, which may take much more cost. On the other
hand, it can also set a minimum threshold to escape
transition when the current or voltage is beyond the linear
sampling region, which may jeopardize the power conti-
nuity and stability of local loads.

Taking the limitations of research mentioned above into
consideration, this paper proposes a new strategy based on
fuzzy logic control of converter output voltage to force to
turn the MG thyristors off without detecting the voltage or
the current polarity at the moment of islanding so that the
transitory time of utility disconnecting can be minimized
effectively. Firstly, an initial voltage conference is set for the
MG converter to form a voltage deviation between the anode
and cathode of the conducting thyristor. ,en, the voltage
conference is regulated according to fuzzy logic rules based
on the following variation trends of its current until the
conducting thyristor is turned off. ,e proposed method
makes sure that the MG system can accomplish islanding
transition rapidly at any time and any circumstance and can
ensure the reliability for MG customers more comprehen-
sively during the occurrence of utility anomaly.

,emain contributions of this paper are listed as follows:

(1) ,e mathematical model of compulsory turning off
for thyristors in the MG system is demonstrated

(2) In contrast to the existing control methods, an
islanding transition strategy without detecting the
polarity is introduced on the basis of the mathe-
matical relationship between the time of compulsory
turnoff with the parameters of main circuit and
control system

(3) Fuzzy rules of the compulsory disconnecting strategy
for the thyristors through the output voltage of the
MG converter are proposed to ensure islanding
transition rapidly at any time and any circumstance

,e remainder of this paper is organized as follows. Four
different operational modes of the MG system are presented
in Section 2 with a brief review about the necessity of control
scheme studied in this paper. Section 3 demonstrates the
control principle of compulsory turnoff for the thyristors in
the MG system by the equipped converter and formulates
the mathematical relationship between turn-off time with
the main circuit and control parameters on the basis of a
single-phase schematic diagram of the MG system. ,e
strategy of compulsory islanding based on fuzzy logic to
regulate the output voltage of the converter in the MG
system is presented in Section 4. Simulation with four
voltage and current situations and, practically, experimental
results are displayed in Section 5 to prove the validity and
effectiveness of the proposed method. Finally, conclusions
are duly down.

2. System Description

2.1. Structure and Working Modes of the MG System. A
typical single-phase structure diagram and controlling block
of the MG power supply system integrated with the utility is
mapped in Figure 1. In detail, local loads and theMG system
are connected in parallel to the utility by thyristors. A solar
cell and energy storage battery are connected to the DC bus
and provide energy support for different operational modes
of the MG system. ,e converter is connected to the utility
through the LC filter. ,e MG power controller monitors
the voltage of the public grid as well as the DC bus in real
time and outputs driving signals to turn on/off the thyristors
in order to change the connecting state between the MG
system and the utility. Space vector pulse width modulation
(SVPWM) is used to reduce the switching harmonics and to
improve the utilization of DC voltage.

Two operational modes of the MG system are further
depicted in Figure 1, which are utility-connected mode and
stand-alone mode. ,e MG power controller changes the
strategy with a software switch for the converter to achieve
different output targets by working as a controlled current or
voltage source relatively according to the ON/OFF state of
thyristors. However, the utility-connected and stand-alone
mode, which can be also defined as steady-state modes,
should not transfer from one to another directly in order to
avoid saturation or mutation of controlling. As is shown in
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Figure 2, between the utility-connected mode (mode 1) and
the stand-alone mode (mode 2), there are other two tran-
sient-state modes for smooth transferring to help to prevent
any sudden voltage or current changes to the load as well as
to the grid, which are presynchronization (mode 3) and
islanding transition (mode 4).

2.1.1. Mode 1: Utility-Connected Mode. If the utility is stiff,
thyristors are turned ON and the MG system works at the
utility-connected mode. Local loads get voltage supply from
the utility. ,e MG converter works as a current source,
which can both maintain the inactive power balance and
provide active power to reduce electricity cost from the main
grid if necessary. In addition, the stored battery of the
distributed generating part can get charged during this
mode.

2.1.2. Mode 2: Stand-Alone Mode. When an abnormal grid
condition occurs, the thyristors are turned OFF and the MG
system disconnects from the utility. In this situation, the MG
system is working at the stand-alone mode and local loads
get power from the MG system independently. ,e MG
converter transfers its control strategy from current control
to voltage control to ensure the continuous voltage supply
for the operation of local loads.

2.1.3. Mode 3: Presynchronization. When the MG system is
transferring from the stand-alone mode to utility-connected
mode, the thyristors are switching from the OFF state to ON
state and the converter adjusts the referencing instruction in
accordance with the voltage of the utility [7]. If the deviation
between the MG converter output and the utility voltage
reduces to an acceptable range, the thyristors will be turned
on and the converter will get reconnected to the utility along
with local loads. ,is process is presynchronization
[13, 33–37]. Presynchronization is the operational process
that the converter regulates its output voltage (including
amplitude, frequency, and phase) constantly as a controlled

voltage source after the utility is restored normally, which is
totally controllable and predictable.

2.1.4. Mode 4: Islanding Transition. In contrast, the tran-
sition that is from utility-connected to stand-alone mode
brings much more uncertainties due to the switching state of
thyristors from the ON state to OFF state. When there is
scheduled maintenance or planned islanding, the MG power
controller can schedule the transferring of working modes in
advance. If it is unplanned, which might be occasional
voltage sag, swell, interruption, or even worse, then the MG
system must respond in time to ensure the consecutiveness
of power supply. Firstly, the thyristors should be shut off so
that local loads can disconnect from the utility, and then, the
MG controller should change the strategy to transfer its
operation to the stand-alone mode.

However, for the MG system with thyristors as AC
switches, the turn-off time ranges from microseconds to half
of the fundamental cycle, which is far beyond the acceptance
of sensitive loads. ,erefore, it is of great significance to
realize the fast switching of the working mode at any mo-
ment and to reduce the impact of the switching interval.

2.2. Compulsory Turnoff of 0yristors in the MG System.
As a kind of semicontrolled power electronic device, once
the thyristor begins to conduct, the gate loses control and the
switch-on process continues until the anode-cathode cur-
rent reduces to zero or below the holding value [36]. ,is
zero-crossing turn-off prototype can be defined as natural
turnoff while measures that applied to accelerate the decay of
IAK can be defined as compulsory turnoff.

Figure 3 shows the equivalent single-phase schematic of
the integrated power supply system.,e positive direction of
the current in each branch is determined as the arrows in the
figure. ,e voltage of the utility is represented as us while the
equivalent line impedance of the utility is Zs. ,e symbol is is
the current crossing thyristors. ,e load of the MG system is
ZL, while the voltage and current are uL and iL. As for the DG
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Figure 1: Typical single-phase structure diagram and control methods of the MG system.
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system, u0 and i0 are the output voltage and current of the
converter, respectively, while R1 and Rc are the parasitic
resistances of the LC filter.

When the converter works as a voltage source, the
amplitude and phase of the output voltage u0 are adjustable
through theMG controller. If the voltage output of converter
makes the anode-cathode voltage UAK positive, the thyristor
will continue to conduct until the next zero point of current.
Even worse, an inrush and uncontrolled current caused by
the parallel connecting of two voltage sources will trigger the
protection mechanism [7]. If the MG converter makes the
voltageUAK negative, the thyristor can be turned off in a very
short time and adverse effects of modes transferring on local
loads, especially sensitive loads, can be eliminated [37].
Ignoring the voltage drop of thyristors, there are four sit-
uations according to the instantaneous value of the current
and the voltage to satisfy the condition of compulsory
turnoff:

(1) If is> 0 and ua> 0, then ub> ua> 0
(2) If is> 0 and ua< 0, then ub> ua
(3) If is< 0 and ua> 0, then ub< ua
(4) If is< 0 and ua< 0, then ub< ua< 0

,is can be summarized as

ub − ua > 0, is > 0,

ub − ua < 0, is < 0.
 (1)

During compulsory turnoff, the output voltage reference
uref of the MG converter can be expressed as

uref � ua + Δu, (2)
where Δu is a kind of regulative variable that can form a
voltage deviation between the utility and the converter and
ua is the measuring point of system voltage.

When the conducting thyristor begins to turn off, it can
be seen as a variable resistor RT equivalently [28], of which
the relationship between resistance and current under dif-
ferent voltage is shown in Figure 4. IAK represents the
current flowing from the anode to cathode of the conducting
thyristor while UKA represents the reverse voltage. It is
indicated that the resistance RT increases as IAK decreases. In
addition, if the resistance keeps its value in R1, a greater UKA
will bring a faster decaying speed for IAK. Meanwhile, if the
current keeps its value in I2, the resistance will increase along
with the UKA, which means a greater suppression for IAK.

,e relationship between the output voltage and the
decaying time of current can be calculated during the
compulsory turn-off process. For the studied system in
Figure 3, there are equations as follows:

uL � u0 − R1i0 − L1
di0
dt

,

iL �
uL

ZL

� iS + io − iC.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(3)

,e parasitic resistances R1 and RC are omitted in order
to facilitate the analysis; then, the current iC can be repre-
sented as

iC � C
duC

dt
,

� C
duL

dt
.

(4)

Applying equation (4) to equation (3), the voltage uL can
be expressed as

uL � u0 −
L1

ZL

duL

dt
− L1C

d2uL

dt
2 + L1

diS

dt
. (5)

If the voltage referring instruction uref and the system
current iS are both defined as sinusoidal variables,
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Figure 2: Converting relationship of different operational modes in the MG system.
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uref� Um sin ωt,

iS � Im sin(ωt + θ),
 (6)

where ω is the angular frequency and θ is the phase angle.
In addition, if iS decays to zero in a very short time Δt and
uL tracks the uref with no deviation (uL � uref ), then
equation (5) can be converted as

L1
Im sin(ωt + θ)

Δt
� A sin ωt − B cos ωt, (7)

where A � (ω2L1C + KU − 1)Um, B � ωUmL1/ZL.
Output voltage u0 is replaced by u′�KUUm sin ωt, which

can be seen as an ideal linear proportional control model.
,en, the turn-off time of the conducting thyristor Δt

can be calculated as

Δt �
L1Im sin(ωt + θ)

Um ω2
L1C + KU − 1 sin ωt − L1ω cos ωt/ZL 

.

(8)

Regardless of the unchangeable variables (L1, Im, C, ω, θ,
and ZL), it is indicated that the turn-off time depends on
three elements:

(1) Amplitude of the referring instruction, Um

(2) Proportional control factor, KU

(3) Occurring time of islanding transition, t

Anyway, the occurring time t of an islanding event is
unpredictable, but Um and KU can be calculated and then
regulated by the controller. In equation (8), the decaying
time of current Δt is in an inverse proportion with Um and
KU, which means the bigger the value of Um and KU, the
faster the conducting thyristor will be turned off. Also, it is
also corresponded with Figure 4 that the current IAK has a
greater equivalent resistance under UKA2 when the value is
greater than UKA1.

,e value of Δu in equation (2) depends on the polarity of
iS, which can be recognized correctly only when the value of
sampling is valid. As is shown in Figure 5, the hatched section
is the linear region of sampling. For the positive part (vice
versa), if the instantaneous value of the actual waveform is
over the superior limit of the linear region sampling (t2∼t3),
then the sampling value will be clamped in the maximum and

the sampling waveform will be distorted. If the instantaneous
value of the actual waveform is below the inferior limit of the
linear sampling region (0∼t1 and t4∼t5), then the sampling
value will be overwhelmed by noise. Generally, different kinds
of filter will be designed for the sampling data to obtain a
smooth waveform. But, the phase delay of filters will also
bring influence on the accuracy of polarity judgment.

For the studied system in this paper, when the in-
stantaneous value of iS is near zero, the polarity is hard to be
acquired accurately because of sampling noise. If the po-
larity of iS that the MG power controller detecting is
contrary to actuality when islanding occurs, the voltage
between the anode and the cathode of the thyristor is still
positive and the thyristor will keep conducting. ,ere are
two consequences as follows.

On one hand, if the converter retains the current control
strategy or shuts off its output until the conducting thyristor
turns off, it will result in a longer shutdown time or an
interruption of power supply for local loads even worse. On
the other hand, if the converter changes the strategy to
voltage control before the thyristor turning off completely,
then it will connect parallelly with the public grid as a voltage
source. In this case, it might cause a surge of current of the
converter and a further deterioration for the voltage quality,
which may trigger the local protection mechanism.

In order to get rid of the limitations of polarity detection
mentioned above, a compulsory turn-off strategy based on
fuzzy control of converter output voltage is proposed in this
paper.,is strategy is especially applicable when the polarity of
the current flowing across the thyristor cannot be recognized
accurately by the sampling circuit. In detail, an initial value of
voltage reference instruction is given firstly to formulate a
planned voltage and attempt to turn off the conducting thy-
ristor. ,en, the voltage reference and the control parameters
will be adjusted dynamically according to the variation trend of
the thyristors’ current during the turn-off process.

2.3. Islanding Transition Strategy with Fuzzy Control

2.3.1. Foundation of Fuzzy Logic Control. ,e fuzzy logic
controller relates the controller output and the inputs by
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using a list of inference rules. A basic structure of a typical
fuzzy control block diagram is given in Figure 6. ,e inputs
of the fuzzy controller consist of the deviation e and the
change rate of the deviation ec between the output r and
input r∗. ,e output of the fuzzy controller is carried out
according to the fuzzy rules and is converted into variables
that can be identified by the controlled system, which finally
regulate the output.

2.3.2. Design of Fuzzy Control for Island Transition.
According to the on-off characteristics of the thyristors, the
decreasing speed of the current is related to the instanta-
neous value of itself before switching off and the reverse
voltage between the anode and cathode. ,e smaller the
instantaneous current value and the larger the reverse
voltage are, the faster the current attenuation will be. As
shown in Figure 3, the voltage ua is clamped by the utility.
However, a fuzzy controller can be designed according to the
basic characteristics of thyristors and the connecting relation
of the MG system, with which the current iS can be regulated
through uL indirectly and the referring instruction can be
adjusted dynamically according to the instantaneous value
of iS in order to realize the compulsory turnoff of the
thyristors. In addition, the output voltage of the MG con-
verter, which is working as a voltage source, is also affected
by the closed-loop control parameters. Hence, as shown in
Figure 7, the inputs of the fuzzy controller are set as the
deviation value and its rate of change between two adjacent
sampling values of iS, and the outputs of the fuzzy controller
are the amount of changes for the amplitude of the in-
struction uref and the voltage closed-loop control factor Kp.

,e inputs of the fuzzy controller e(k) and ec(k) are
obtained, respectively, as equations (9) and (10), of which the
values are directly related to the instantaneous current iS and
the sampling period T. To prevent an overcurrent between
two adjacent sampling points in time, T and ΔU should be
restricted as equation (11), where ZS is the short-circuit
impedance of the utility and IP is the trigger threshold of
overcurrent protection for the MG system.

e(k) � is(k)


 − is(k − 1)


, (9)

ec(k) �
de(k)

dt

�
e(k) − e(k − 1)

T
,

(10)

ΔU
T ZS



≤ IP. (11)

Due to the actual range of the inputs and outputs var-
iables, the basic level in the continuous domain and the
quantitative level in discrete domains are shown in Table 1,
respectively.

,e fuzzy subset of e, ec, and ΔU are set as {NB, NM, NS,
PS, PM, PB} and the subset of ΔKp is set as {NB, NM, NS,
ZE, PS, PM, PB}. In addition, each input and output follows
the triangle subjection function, which is shown in
Figures 8(a) and 8(b).

2.3.3. Fuzzy Logic Rules. According to the fuzzy idea of
compulsory turnoff and the principle of “if A and B and then
C″, the fuzzy control rule is shown in Tables 2 and 3.

If the deviation as well as its rate of change between the
absolute values of two adjacent sampling for iS is positive and
increasing, it indicates that the voltage on the anode and the
cathode of the thyristor is still positive as a conducting state.
In this case, the polarity of ΔU should be changed. If the rate
of change tends to decrease with positive deviation, the
amplitude of ΔU should be increased properly. If the de-
viation change of is is almost constant or increasing grad-
ually, ΔKp and ΔU should be both increased so that the
divergent trend of is can be slowed down. But, an improper
value of ΔKp will bring unexpected overshoot during the
control process and affect the stability of the voltage output
by the MG converter. So, ΔKp should be selected properly.

If the deviation between the absolute values of two
adjacent sampling for iS is negative, it indicates that the
current is has begun to move towards zero. When the
changing rate of iS is large, it indicates that the A-K current is
decaying very fast, then the parameter should be just kept as
the former size. If the changing rate of iS decreases from a
large value to a small value gradually, the amplitude of ΔU
can be increased properly to accelerate the decay of iS. In
addition, the value of ΔKp should increase properly if the
deviation of iS keeps a small rate.

,e referencing instruction of the voltage and close-loop
controlling coefficient after regulating by the fuzzy control
can be obtained as follows:

uref(k) � uref(k − 1) + ΔU(k), (12)

Kp(k) � Kp(k − 1) + ΔKp(k). (13)

3. Simulation and Results

Simulated performances of the proposed strategy for
compulsory islanding transition are evaluated in this section
compared to the cases of natural turnoff and traditional
forced turnoff with false polarity detecting. As discussed
before, there are four possible combinations with different
polarities of iS and uS when an islanding event occurs. To
demonstrate the implementation process of the studied
strategy, a specific time is selected, respectively, for instance
in each case. In spite of different loads, it is universally
applicable to any other time when the instantaneous values
of iS and uS meet each condition of polarities under the four
scenarios mentioned in equation (1).

Assume that, initially, the MG converter is operating in
the grid-connected mode and each scenario takes the same
initial value of ΔU. Before the sag of the utility, there is
simply a small deviation between the utility and the local
loads voltage, which can also be seen as the sum of thyristor
conduction voltage and line loss drop equivalently. Main
parameters of the simulation model are in Table 4.

3.1. Natural Turnoff. Figure 9 shows the natural turn-off
process of thyristors when there is voltage sag at an instant of
0.0601 s. It can be discovered from Figure 9(a) that it takes
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Table 1: ,e basic level and the quantitative level of variables in fuzzy control.

Variables Basic level Quantitative level
e {−60, 60} {−3, −2, −1, 1, 2, 3}
ec {−200, 200} {−3, −2, −1, 1, 2, 3}
ΔU {−60, 60} {−3, −2, −1, 1, 2, 3}
ΔKp {−3, 3} {−3, −2, −1, 0, 1, 2, 3}

NB NM NS PBPMPS

–3 –2 –1 0 1 2 3
e, ec, ∆U

Fuzzy membership degree

1.0

0.5

(a)

NB NM NS ZE
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∆Kp
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1.0

0.5

(b)

Figure 8: Membership functions of the input and output variables of the fuzzy controller: (a) Membership functions of e, ec, and ΔU. (b)
Membership functions of ΔKp.

Table 2: Fuzzy control rule of ΔU.

ΔU EC
NB NM NS PS PM PB

E

NB NM NM NB PB PM PM
NM NS NS NM PM PS PS
NS NS NS NS PS PS PS
PS NS NS NM NM NB NB
PM NS NM NM NB NB NB
PB NM NM NM NB NB NB
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almost half of the line cycle for the conducting thyristor to
shut off completely. ,en, the converter in the MG system
works as a voltage source, which leads an interruption to
continuity for the load in Figure 9(b).

3.2. Compulsory Turnoff with False Polarity Detecting.
Figure 10 shows the unsuccessful disconnecting process
when the recognition of current polarity is false. In
Figure 10(a), the current iS is undergoing a surge during the
turning-off process of the conducting thyristor in that case.
Furthermore, as shown in Figure 10(b), the output voltage of
the converter is seriously deteriorated because of the short-
term large current injection. After that, distortion is brought
to the load current and the continuity and stability of the
load operation are affected at the same time, which is
consistent with the foregoing content in this paper.

3.3. Successful Compulsory Disconnection

3.3.1. Islanding Transition at the Moment When iS> 0 and
uS> 0 (E.g., the Instant of 0.062 s). If the polarity of the
current iS is beyond the sampling linear region with positive

polarity actually at the time of 0.062 s and the output voltage
of the converter is equal to the referring instruction, then the
condition of compulsory turnoff is satisfied as the initial
value of +20 (V) for ΔU. So, the current iS decays to zero
rapidly as is shown in Figure 11(a). Figure 11(b) shows that
the value of ΔU has not changed for the stability of the MG
system. When the thyristors have been turned off com-
pletely, the referring instruction will be switched to the state
before the occurrence of islanding. ,en, the converter will
supply power for the local loads independently. It takes a
very short time to obtain the whole process of islanding
transfer and leads to no mutation or other abnormal sce-
narios no matter for the voltage or the current of local loads.

3.3.2. Islanding Transition at the Moment When iS> 0 and
uS< 0 (E.g., the Instant of 0.0505 s). If the islanding mode
transfers at the time of 0.0505 s, the initial value of +20 (V)
for ΔU will lead the thyristor to continue to conduct. ,en,
the current iS tends to increase, as is shown in Figure 12(a).
When the MG power controller detects that the thyristor
current does not decay, the fuzzy controller adjusts the
polarity of ΔU, and the converter reference instruction re-
sponds to the change of polarity quickly. Figure 12(b) shows

Table 4: Main parameters of simulation.

Parameters Initial values (unit)
Phase voltage value of the utility, Usys 220 (V)
Frequency of the utility voltage, f 50 (Hz)
Effective value of voltage sag, Usag 60 (V)
Resistance of simulated load, RL 2 (Ω)
Inductance of simulated load, L 4 (mH)
Inductor of the LC filter, L1 0.4 (mH)
Capacitor of the LC filter, C 20 (μF)
Sampling frequency, fs 10 (kHz)
Voltage closed-loop control factor, Kp 4
Adjustment of voltage control factor, ΔKp 0
Adjustment of voltage reference, ΔU 20 (V)
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Figure 9: Simulation waveforms of natural turnoff for islanding transition: (a) simulation waveforms of the system and load current. (b)
Simulation waveforms of the utility and load voltage.

Table 3: Fuzzy control rule of ΔKp.

ΔKp
EC

NB NM NS PS PM PB

E

NB PB PM PS ZE ZE NB
NM PM PS ZE ZE ZE NS
NS PS ZE ZE ZE NS NM
PS NS ZE ZE ZE ZE PS
PM ZE PS PM PM PM PB
PB PS PS PM PM PB PB
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that the current iS begins to decay as the backpressure be-
tween the anode and cathode rapidly appears after the
output voltage of the converter tracking the reference in-
struction. At the time of 0.0508 s, the conducting thyristor
can be considered turned off completely.,en, the converter
readjusts the reference instruction to provide standard
voltage to local loads.

3.3.3. Islanding Transition at the Moment When iS< 0 and
uS> 0 (E.g., the Instant of 0.0615 s). Figure 13 shows the
islanding mode transfer occurs when the instantaneous
value of the current iS is negative and the utility voltage is
positive. Because the initial value of ΔU is +20 (V) and the

initial situation is considered to be uL> uS, the condition of
compulsory turnoff cannot be met and the current iS ex-
periences a trend of gradual increase in Figure 13(a). After
detecting the abnormal increasing current, the fuzzy con-
troller adds the opposite polarity of ΔU to the voltage re-
ferring instruction to obtain the reserve voltage in a very
short time.

3.3.4. Islanding Transition at the Moment When iS< 0 and
uS< 0 (E.g., the Instant of 0.0059 s). Similar to the curves in
Figure 11, the initial value of ΔU makes voltage across the
conducting thyristor negative at the time of 0.059 s, which
can ensure the compulsory turn-off process. In Figure 14(a),
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Figure 11: Simulation waveforms of islanding transition at time 0.062 s: (a) simulation waveforms of the system and load current. (b)
Simulation waveforms of the utility, reference, and load voltage.
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Figure 12: Simulation waveforms of islanding transition at time 0.0505 s: (a) simulation waveforms of the system and load current. (b)
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the current iS does not increase to the reverse direction but
falls rapidly. Meanwhile, it is shown in Figure 14(b) that the
original parameters of voltage control closed-loop fail to
make the output voltage track referring instruction well and
the changing rate of the current iS is declined at the be-
ginning of the compulsory turn-off process. So, the pro-
portional coefficient Kp is regulated by the designed fuzzy
controller in order to improve the dynamic response speed
of the voltage control loop.

4. Practical Experiment and Results

Practical experiment is conducted to prove the effectiveness
of the disconnecting strategy proposed in this paper. In
actual MG systems, the kinds of sensitive loads are diverse
and the voltage-current curves vary as well. Without loss of
generality, a common resistance type and a nonlinear single-
phase rectifier bridge are selected as the experimental load
with low current level, so the time of disconnection can be
unspecified in practical experiment to verify the applicability
of the studied strategy. Parameters of the controller are the
same as in Table 4.

Figure 15 shows the load current with natural turnoff of
thyristors when the MG system disconnects from the utility.
As it can be seen, the load current is discontinuous and the
stand-alone mode of the MG system begins until load
current reaches the first zero crossing. It takes almost 1/4
fundamental cycle. For sensitive loads, this kind of dis-
continuity might be intolerable.

Figure 16 shows the system current iS and the load
current iL during the transferring from the utility-connected
mode to stand-alone mode when the recognition of polarity
is incorrect. It shows that the thyristor is still conducting
when the recognition of polarity for the current iS is in-
correct and undergoes an inrush. Meanwhile, the load
current is oscillating periodically, which will affect the stable
operation of the load.

With the strategy proposed in this paper, experimental
results based on fuzzy logic indicate the correctness and
validity in Figures 17 and 18 with linear load and nonlinear
load, respectively. It shows that the transient progress of
islanding barely bring any impact on the continuity and
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Figure 14: Simulation waveforms of islanding transition at time 0.059 s: (a) simulation waveforms of the system and load current. (b)
Simulation waveforms of the utility, reference, and load voltage.
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stability of load without detecting the polarity of voltage or
current, which can be accepted for almost all of the existing
sensitive loads.

5. Conclusions

For the microgrid system, the mode transition, especially
when it disconnects from the utility, must be transient,
seamless, and reliable. If the current exceeds the linear
sampling region of the system, it is difficult to ensure the
rapidity and stability of mode transition.

In this paper, it proposes a compulsory turn-off
strategy for the thyristors when the MG system

disconnects from the utility. Rather than detecting the
voltage or current polarity, the proposed strategy can
realize fast turning off for the thyristors at any time by
adjusting the converter reference instruction and closed-
loop control parameters dynamically with fuzzy logic.
,en, the disconnection process will not be affected by the
software or hardware of the MG system and will be more
applicable and efficient. However, a more sophisticated
strategy can be extended from future studies, and there are
still problems, which need to be further researched at the
same time.

Nomenclature

MG: Microgrid
DG: Distributed generating
BS: Battery storing
SSR: Solid-state relay
PI: Proportional integral
SVPWM: Space vector pulse width modulation
NB: Negative big
NM: Negative middle
NS: Negative small
PS: Positive small
PM: Positive middle
PB: Positive big
uS, iS: Voltage and current of the utility (V, A)
Im: Amplitude of iS (A)
ZS: Equivalent impedance of the utility (Ω)
uL, iL: Voltage and current of local loads (V, A)
ZL: Equivalent impedance of local loads (Ω)
u0, i0: Output voltage and output current of the

converter (V, A)
L1, R1: Inductor and parasitic resistance of the LC filter

(H, Ω)
C, Rc: Capacitor and parasitic resistance of the LC filter

(F, Ω)
idref, iqref: Current reference in the d-axis and q-axis (A)
i0d, i0q: Component of i0 in the d-axis and q-axis (A)
uref: Voltage reference of the converter (V)
Um: Amplitude of voltage reference (V)
i∗: Current reference of the voltage control loop (A)
ig: Grid-connected current of the converter (A)
ua: Voltage near the side of the utility
ub: Voltage near the side of the MG converter
RT: Equivalent resistance of the thyristor when

shutting off (Ω)
UAK, IAK: Anode-cathode voltage and current of the

thyristor (V, A)
UKA: Cathode-anode voltage of the thyristor (V)
KU: Equivalently proportional coefficient
e, ec: Inputs of the fuzzy controller
ΔU, ΔKp: Outputs of the fuzzy controller
Kp: Proportional coefficient of the voltage loop.

Data Availability

,e data used to support the findings of this study are in-
cluded within the article.
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Figure 18: Waveforms of voltage and current with compulsory
turnoff for nonlinear load.
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