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ABSTRACT For safety and maintenance problems, the grid-connected inverters have been required to detect
whether the utility voltage source is connected or disconnected to the grid. If the inverter continues to
energize local loads while the utility voltage source is disconnected, it is called islanding operation. This
paper proposes a new islanding detection method using phase shifted feed-forward voltage. In the grid-
connected inverter system, the PCC voltage is simultaneously measured, and those values are used as the
feed-forward values in the current controller. In this paper, the phase of feed-forward voltage is modified to
detect the islanding condition. As the measured PCC frequency changes, the proposed method modifies the
phase of feed-forward voltage. Because the phase angle of feed-forward voltage is determined according to
the variation of measured frequency of PCC voltage, the proposed method makes positive feedback to the
frequency. If the frequency variation exceeds the allowable range, it is judged to be islanding operation. Since
the frequency response of the proposed method is fast, the islanding operation could be detected in 90 ms
despite high quality-factor (Qf ), 10. Moreover, when the grid is normal condition but grid frequency changes
in allowable range, the proposed method does not produce continuous reactive power which reduces the
quality of inverter output power. Lastly, proposed method has very small NDZ because there is no limitation
on reactive power injection. The performance of the proposed islanding detection method was verified by a
computer simulation and experiment with 600 W single/three phase grid-connected inverters.

INDEX TERMS Grid-connected inverter, islanding detection, feed-forward voltage, PCC voltage, frequency
of PCC voltage.

I. INTRODUCTION
The number of distributed generations (DG) interconnected
to the grid system such as wind turbine, fuel-cell and
photovoltaic has increased and there will be more in the
future. These DGs are connected to the grid system through
the grid-connected inverter. For stable operation with these
grid-connected DGs, the main grid operators require DGs to
satisfy the international standards such as IEEE 1547, IEC
61727, UL 1741, and etc., [1]. As the grid-connected inverter
energizes electric power to the grid through the point of com-
mon coupling (PCC) which is the interface between power
sources and local loads, the utility voltage source which is a
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powerful voltage source at AC grid also supplies power into
the grid. If the circuit breaker at AC grid side is opened due
to the fault, the inverter is separated from the utility voltage
source. Since most DGs using grid-connected inverter do
not communicate with the grid operator, DGs do not know
whether the utility voltage source is separated. Because of
that, it might continue to energize the power to PCC even
though the utility voltage source is disconnected. Therefore,
the energized power is only delivered to the local loads.
This is called islanding operation of inverter. The islanding
operation has some problems. The followings are the reasons
for stopping the operation: 1) At the moment of separation
of utility voltage source from the grid, the magnitude and
frequency of the grid voltage will fluctuate from the nominal
value. Therefore, the grid-connected inverter will measure
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FIGURE 1. Equivalent circuit of single-phase grid-connected inverter
proposed in IEEE 1547.

the changed voltage and then it will synthesize the same
voltage as the measured voltage with changed magnitude and
frequency that could cause damage to the main local loads.
2) When maintaining the grid, the power supplied by the
grid-connected inverter may cause damage to the maintainer.
3) To facilitate the reconnection of the utility voltage source
aftermaintenance. To prevent such problems, islanding detec-
tion is required for DGs. And DGs in the islanding condition
should stop energizing the power to the grid instantaneously.

Under islanding condition, the magnitude and frequency of
PCC voltage changes from the nominal value of grid voltage.
In IEEE 1547, the requirements for the allowable range of
grid parameters are specified. For example, the allowable
magnitude of voltage is from 88% to 110% of the base
voltage. And the frequency regulation is between 59.3 Hz and
60.5Hz where the nominal grid frequency is 60Hz [2].

Fig. 1 shows the test circuit for islanding detection test
specified in IEEE 1547. Inverter supplies active and reactive
power (Pinv and Qinv) that the RLC Load needs (Pload and
Qload ). And the utility voltage source at grid side supplies the
mismatched power (1P and1Q). When the utility breaker is
opened, the power supplied from the utility voltage source is
shut down. At this moment, the power generated by inverter
does not same with the power that the load requires. Due to
the mismatched power, the magnitude and frequency of PCC
voltage can be changed according to the load characteristics.
The larger the mismatched power, the greater the variation
of PCC voltage or frequency. Because the grid connected
inverters measure the parameters at the PCC, these changes
are used for islanding detection.

Typically, islanding detection methods are classified into
passive methods and active methods [3]–[16]. Passive meth-
ods monitor the change of grid parameters such as magni-
tude of grid voltage, grid frequency and harmonics. If the
parameters go beyond the normal range specified in the
standards, passive methods judge that the system is under
islanding condition. Passive methods can be easily imple-
mented and intuitive. However, it has disadvantage in that it
cannot detect islanding in specific grid conditions, especially
small power mismatch (1P and 1Q) which happens at high
quality factor (Qf ) loads. In this case, the variation of grid
voltage or frequency is not enough to activate the Under and
Over Voltage Protection (UVP/OVP) or the Under and Over

Frequency Protection (UFP/OFP) of inverter. This condition
is called Non-Detection Zone (NDZ). Even though many
passive methods have been studied to minimize the NDZ,
wide NDZ has been critical problem for passive methods.

Generally, active methods inject disturbance which is
intentionally generated by the algorithm into the grid and
check the variation of grid parameters such as frequency,
magnitude, harmonics of grid voltage and current to detect
grid condition. But artificial disturbance injected into the
grid results in poor power quality and instability of the
inverter. There are many studies about active methods that
focused on the change of PCC frequency, PCC voltage, PCC
impedance estimation using harmonic injection and modi-
fied PLL. Active Frequency Drift (AFD) method generates
zero sequence of the output current wave-form whenever it
reaches to zero. It is easily implemented with digital proces-
sor but distortion of the current waveform caused by zero
sequence is too important to be neglected. The Slip-Mode fre-
quency Shift (SMS) method, which is popular among active
methods, adjusts the phase of output current according to the
change of measured PCC frequency. If frequency changes,
the phase of output current reference is made to lead or lag
thereby causing a positive feedback to frequency variation.
SMS method has simple algorithm and easily applicable to
the current controller. But the NDZ of SMS method is deter-
mined by local load parameters. Furthermore, when the fre-
quency perturbs within allowable normal range, unnecessary
reactive power is generated because of algorithm principles.
As a result, it might degrade the power quality of inverter even
though in normal grid condition

In this paper, a new islanding detection method is pro-
posed using the feed-forward voltage. In the case of a
grid-connected inverter, the current controller is employed
to control the grid current. Generally, current control loop
consists of the current feed-back controller and the grid
voltage feed-forward controller. The feed-forward voltage is
added to the output of Proportional-Integral (PI) controller
to produce a PWM voltage reference. In the case of normal
current controller, feed-forward voltage is the grid voltage
measured by voltage sensor. Instead, the proposed method
uses the phase shifted feed-forward voltage. The phase of
feed-forward voltage is a function of the PCC frequency
obtained by the Phase-Locked Loop (PLL) [17]. When the
PCC frequency drifts, additional phase angle which is propor-
tional to the frequency drift is made and then shifts the phase
of feed-forward voltage. This results that the phase of inverter
output voltage is adjusted to lead or lag the PCC voltage
and positive feedback occurs to the phase angle of output
voltage. Through the process, the drifted PCC frequency
deviates from the allowable frequency range, and islanding
detection could be achieved. There are many advantages in
the proposed method. First, it has fast islanding detection
performance because it makes reactive power through feed-
forward voltage rather than injecting reactive power through
the current reference. Second, since the amount of reactive
power is not limited, it has very small NDZ theoretically.
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Lastly, it does not deteriorate the power quality even though
the grid frequency varies in normal grid condition.

This paper is organized as follows. Section II explains
how to detect the islanding condition using frequency drift.
Especially, the SMS method is analyzed in the view point
of its strength and weakness. Section III introduces the
principle of proposed method. And theoretical approach
to explain the proposed method is presented in Appendix.
In Section IV and V, the simulation and experimental results
are demonstrated, respectively. Through IEEE 1547 test
guideline with various quality factor condition, the effective-
ness of the proposed method is verified. Section VI summa-
rized the hole contents in this paper.

II. ISLANDING DETECTION PROCEDURES
A. CHARACTERISTICS OF RLC LOAD
IN ISLANDING DETECTION TEST
When the utility voltage source is connected to the grid,
the PCC voltage is tight because of the powerful voltage
source. Therefore, the magnitude and frequency of PCC volt-
age do not change from the grid nominal value. However,
if the utility voltage source is separated, the frequency of PCC
voltage can be changed due to the loss of powerful voltage
source. As a result, the frequency of a grid connected inverter
depends on the load characteristics which is interconnected
at PCC. Since the utility voltage source supplies most of the
power to the grid, from the point of view of a grid connected
inverter, the separation of the utility voltage source and the
disconnection of the grid can be considered as samemeaning.
Therefore, for ease of explanation, the separation of the utility
voltage source will be regarded as grid disconnection.

IEEE 1547 suggests the load as a parallel RLC bank for
the islanding detection test. The parallel RLC load has qual-
ity factor(Qf ) with respect to passive elements. The quality
factor is defined as (1).

Qf = R

√
C
L
= ωoRC =

R
ωoL

(1)

where ωo represents the angular resonant frequency of induc-
tance and capacitance of RLC bank. It is set to the nominal
grid frequency. The phase angle of parallel RLC load (θload )
is determined as (2). From (2), phase angle of parallel RLC
load is determined by the grid frequency.

θload = tan−1
(
Qf

(
fo
f
−

f
fo

))
(2)

Fig. 2(a)-(b) show the phase angle of parallel RLC loads with
respect to frequency in Qf = 1 and Qf = 5, respectively.
When the RLC load is connected at PCC as Fig. 1 in normal
grid condition, the frequency is fixed to nominal value so
that the phase angle of load is fixed to zero. However, if the
frequency drifts, the phase angle of load changes according
to the frequency variation as shown in Fig. 2(a)-(b). In the
case of grid disconnection, power angle of the inverter (θinv)
become to be same as the phase angle of the load (θload ).
To supply mismatched reactive power (1Q), the inverter

FIGURE 2. Variation of phase angle of parallel RLC loads. (a) Phase angle
of RLC load at quality factor 1. (b) quality factor 5.

generates more reactive power. Therefore, power angle of
inverter is changed and then load angle (θload ) is also changed
according to θinv. Finally, the frequency changes according
to the characteristic of RLC bank as shown in Fig. 2. As a
result, if the inverter makes power angle artificially to detect
the islanding operation, frequency could be changed more
easily. Existing active methods using frequency drift have
been developed based on this principle. As shown in Fig. 2(a),
to make f < 59.3 Hz or f > 60 Hz at Qf = 1, θload should
be θload < −0.9◦ or θload > 1.3◦. In the case of Qf = 5,
θload should be θload < −4.7◦ or θload > 6.7◦ as shown
in Fig. 2(b). RLC load with Qf = 5 requires much larger
phase angle compared to the case of Qf = 1. It means that
the large Qf is, the more reactive power should be supplied
to detect the islanding operation. Therefore, the larger Qf
value is, the larger power angle (θinv) is needed for the same
amount of frequency drift. Most active methods based on
frequency variation have limitation on the change of power
angle. Therefore, it determines the NDZ of active methods.

B. ACTIVE METHODS USING FREQUENCY: SLIP MODE
FREQUENCY SHIFT (SMS) METHOD
Slip-Mode frequency Shift (SMS) method is one of the most
popular active methods for islanding detection. SMS method
uses positive feedback to drift the frequency out of normal
range. To make positive feedback on the frequency, the phase
angle of inverter output current reference is modified as a
function of frequency which is estimated by PLL. The equa-
tion of inverter output current reference used in the SMS
methods is defined as (3) and the additional phase angle of
output current is shown in (4).

i∗o = I sin(2π ft + θSMS ) (3)

θSMS = θM sin
(
π

2
f − fo
fm − fo

)
(4)

θM and fm are design variables: θM is peak value of phase
angle shifted by SMS method and fm is the frequency when
the phase angle is peak value, θM . fo is nominal value of grid
frequency. In normal grid condition, frequency estimated by
PLL is equal to grid frequency. Therefore, θSMS is zero and
inverter output current is in phase with the output voltage.
After grid disconnection, θSMS that is generated by the varia-
tion of PCC frequency makes the phase shift of output current
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FIGURE 3. Phase angle of load and SMS in different quality factor
condition. (a) Quality factor 1. (b) Quality factor 5.

and then reactive power is delivered to the load. Therefore,
the frequency of the RLC load changes according to the
relationship between the phase angle and the frequency of
load. According to the θM , which is main design parameter of
SMS method, the frequency variation is determined. Since
the power angle of inverter (θinv) made by SMS function is
same with the phase angle of the load (θload ), the frequency
can increase or decrease to the point that θinv is equal to
the θload . This point is the stable point that the mismatched
reactive power comes to matched. The frequency and phase
angle at this point can be calculated as (5).

θSMS = θinv = θload (5)

In Fig. 3(a), θM was set to 5◦ and fm is 63Hz, andQf of parallel
RLC load was 1. In this case, the frequency could increase
to 62.6 Hz or decrease to 57.4Hz so that islanding operation
could be detected. On the contrary, when the Qf of parallel
RLC load is 5, there is no stable point in Fig. 3(b). Therefore,
islanding detection is impossible in this case. Fig. 4(a)-(b)
show the simulation results of islanding detection test with
SMS method conducted by PLECS simulation tool. θM was
set to 5◦ and fm was 63Hz. In Fig. 4(a), the grid was dis-
connected at 4s and the estimated PCC frequency gradually
increased to 60.5Hz during 25ms. Because the inverter has
stopped after islanding detection, the frequency is locked
to 60.5Hz which is the last measured frequency at PCC
before islanding detection. However, when Qf is 5, however,
islanding detection was failed. Since the maximum value of
θSMS is limited by θM , the phase angle of output current is

FIGURE 4. Simulation waveforms of a single-phase inverter with SMS
islanding detection method in different quality factor condition.
(a) Quality factor 1. (b) Quality factor 5.

FIGURE 5. Power control performance of inverter with SMS islanding
detection method at grid frequency perturbation condition within
allowable range.

not enough to change the frequency up to 60.5Hz. To detect
islanding operation in the case of high Qf , a large θM should
be selected. However, large θM makes the SMS algorithm
sensitive to frequency perturbation and reduces the control
stability of grid. This trade-off makes the NDZ of the SMS
method.

Fig. 5 shows the reactive power generation of SMSmethod
in grid frequency perturbation condition. The frequency was
drifted to 60.4Hz and 59.6Hz which is regarded as normal
grid condition. At 4s, grid frequency increased to 60.4Hz and
maintained up to 6s. After then, it returned to 60Hz. Because
the frequency had changed, the SMS method modified the

147182 VOLUME 7, 2019



D.-U. Kim, S. Kim: Anti-Islanding Detection Method Using Phase-Shifted Feed-Forward Voltage in Grid-Connected Inverter

FIGURE 6. Current controller of grid-connected single-phase inverter.

phase of current reference. As shown in Fig. 5, active current
that is written as d-axis current did not change. However,
reactive current that is written as q-axis current was generated
according to the frequency change. As a result, the SMS
method generated the unwanted reactive power even though
the normal grid condition. This is because θSMS was devel-
oped according to the grid frequency variation. The unwanted
reactive power is about 8% of inverter rated power. It can
be concluded that SMS method has inevitable power quality
degradation as the grid frequency fluctuation.

III. PROPOSED ISLANDING DETECTION METHOD USING
PHASE SHIFTED FEED-FORWARD VOLTAGE
A. CURRENT CONTROLLER OF GRID-CONNECTED
INVERTER
Grid-connected inverter controls grid current through the cur-
rent controller with simple PI controller. Typical single- phase
current controller is shown in Fig. 6. This control strategy has
two drawbacks: steady-state error with sinusoidal reference
and poor performance with disturbance. To overcome these
drawbacks, synchronous reference frame (d/q-axis) could be
applied to current controller [18]–[20]. Current controller in
synchronous reference frame consists of feed-back controller
and feed-forward controller.

The feed-back controller is implemented as a PI controller
and anti-windup is applied to prevent wind-up phenomenon
of integral controller due to the limitation of inverter output
voltage. The feed-forward controller is used to model the grid
circuit as a series connection of inductor and resistor without
utility voltage source. It adds the measured PCC voltage to
the output of PI controller and then the summation is used
for PWM reference voltage of inverter. The advantages of
feed-forward are as follows: 1) By feed-forwarding the PCC
voltage, the output voltage reference of the current controller
can converge more quickly. 2) At the start-up of inverter,
the initial transient can be significantly reduced by adding
feed-forward voltage term [21], [22]. Then, the feed-forward
controller could compensate the grid voltage.

B. PRINCIPLE OF PROPOSED ISLANDING DETECTION
The instantaneous grid voltage is essential for current con-
troller to determine the current reference. The grid voltage is
measured at PCC where the inverter is interconnected. And
then, the current controller uses the measured PCC voltage.
The proposed method modifies the phase of feed-forward
voltage according to the frequency variation of PCC voltage.

FIGURE 7. Block diagram feed-forward voltage phase angle generator.

The variable phase angle of feed-forward voltage (θV ) is
defined as (6).

θV = θM
f − fn
fm − fn

(6)

θM is peak value of θV . fn is nominal frequency of grid.
fm is the maximum frequency when the phase angle is
peak value θM . The phase angle estimated by Phase-Locked
Loop (θPLL) is always same as the phase of PCC volt-
age (θPCC ). In normal grid condition (the utility voltage is
connected), θPLL is always same as the phase of PCC voltage
estimated by Phase-Locked Loop of inverter (θPCC ). Because
the PCC voltage is same as the grid voltage in normal grid
condition, θPCC is same as θg (θPLL = θPCC = θg). After
the utility voltage source is separated, the PCC voltage is no
longer same as the grid voltage. Instead, the PCC voltage will
be the inverter output voltage. Therefore, θPCC will be the
phase of inverter output voltage (θPLL = θPCC 6= θg). To ease
the expression of phase angles, θPLL was used instead of θPCC
in the later of the paper.

Contrary to the θSMS , since θV function has no limitation
of the value according to the frequency change, there is no
limitation on the change of power angle of inverter. In other
words, reactive power generation for islanding detection is
not restricted. After disconnection, θV is generated according
to (6) as frequency variation and added with θPLL . There-
fore, the phase angle for synthesizing feed-forward voltage
is defined as (7).

θff = θPLL + θV (7)

Fig. 7 shows phase angle generating mechanism of feed-
forward voltage. fPLL is frequency of PCC voltage estimated
by PLL. When fPLL increases, positive value of θV is devel-
oped according to the (6). Then, feed-forward voltage with
leading phase is applied to current controller. As a result of
phase shifting, the PWM reference voltage is changed and
then the reactive power is generated according to the phase
difference between output voltage and output current. In grid
disconnected condition, the power angle of inverter (θinv) is
same as the load angle (θload ). According to θinv generated
by phase shifted feed-forward voltage, θload will be change.
Therefore, along the load curve as shown in Fig. 2, the PCC
frequency will be changed. At the next sampling period of
discrete controller, PLL estimates the more leading phase
of PCC voltage. Therefore, the measured PCC frequency
increases than previous sampling period one. It will generate
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FIGURE 8. Characteristics in normal grid condition. (a) Circuit model of
Islanding detection test. (b) Small signal PLL model.

much larger value of θV than previous one and then the feed-
forward voltage will much lead the previous feed-forward
voltage. Through this process, proposed method makes posi-
tive feedback to the PCC frequency.

The phase shifting of feed-forward voltage is same as
injecting disturbance into the current controller. If the PCC
frequency changes, adding phase shifted feed-forward volt-
age to current controller is the same effect as injecting
disturbance into current controller. This disturbance will pro-
duce momentary reactive power. If the disturbance is large
(large fluctuation of the frequency of PCC voltage after grid
disconnection), current controller cannot control the distur-
bance resulting in generation of large reactive power which
is enough to drift the PCC frequency. Since the inverter
measures the frequency which is increased, the phase of feed-
forward voltage will be more shifted. In this process, the
positive feedback to the phase shifting of feed-forward volt-
age is generated and then the PCC frequency can be further
increase out of normal range. However, if the disturbance is
small (allowable fluctuation of the grid frequency in normal
condition), it can be controlled by the current controller. And
only a small and momentary reactive power which is not
enough to drift the inverter frequency out of the normal range
will be generated. Therefore, the proposed method can detect
islanding operation exactly and does not generated unwanted
reactive power.

C. ANALYSIS OF PHASE SHIFTED
FEED-FORWARD VOLTAGE
To analyze the positive feedback by phase shifted feed-
forward voltage, equivalent circuit and PLL model should
be developed. Fig. 8(a) is the circuit of single-phase grid-
connected inverter for islanding test. VC is feed-forward
voltage of inverter and Lf is equivalent filter inductor. Filter
could be L filter, LCL filter, and so on. Em is measured
voltage for PLL and feed-forward controller. When the grid
is connected, measured voltage at parallel RLC load (Em) is
same as grid voltage (Vg). Therefore, the input of PLL is grid

FIGURE 9. Characteristics in grid disconnection condition. (a) Circuit
model of Islanding detection test. (b) Small signal PLL model.

voltage and PLL accurately estimates the phase angle of grid
voltage. At this time, the small signal model of PLL is shown
in Fig. 8(b). The structure of model is same as general PLL.
Because there is no frequency variation in this grid condition,
the structure of model is same as general PLL. θg is phase
angle of Vg. KP and KI values are set to Low-pass filter.
Furthermore, when the grid frequency changes in normal grid
condition, the effect of phase shifted feed-forward voltage is
reactive current. This current does not affect to Em because it
is absorbed by the utility voltage source at grid side. In other
words, there is no current inflow to parallel RLC load.

When the grid is disconnected, measured voltage is not
Vg but Em. Therefore, the phase of Em influenced by phase
shifted feed-forward voltage should be analyzed. In Fig. 9(a),
basic circuit equations can be derived as (8) and (9).

Vf = Lf
dif
dt
= VC − Em (8)

Vf is voltage of equivalent L-filter.

if = iR + iL + iC (9)

iR, iL and iC are the currents flowing through the resistor,
inductor and capacitor of parallel RLC load, respectively.
Because of grid disconnection, frequency variation happens
and then θV will be generated. In this case, the input of PLL
is θ + θV as shown in Fig. 9(b). Therefore, the feed-forward
voltage made by inverter VC is as (10).

VC = V cos(θ + θV ) (10)

As a result, the Em can be derived using (8) and (9).

Em = V cos(ωt + θV )−
Lf
R
dEm
dt
−
Lf
L
Em − CLf

d2Em
dt2

(11)

As a result, (11) shows the second order ordinary differential
equation(ODE) for Em. For calculation, substituting Em as y,
(11) can be rewritten as (12).

CLf y′′ +
Lf
R
y′ + (1+

Lf
L
)y = V cos(ωt + θV ) (12)

147184 VOLUME 7, 2019



D.-U. Kim, S. Kim: Anti-Islanding Detection Method Using Phase-Shifted Feed-Forward Voltage in Grid-Connected Inverter

FIGURE 10. The inverse proportional relationship of θV and α.

To get the solution of non-homogeneousODE (y), yh(t) which
is the general solution of homogeneous ODE and yp(t) which
is the solution of non-homogeneous ODE should be obtained.
Calculating process of the complete solution (y(t) = Em)
is described in Appendix. As a result, the measured voltage
which is influenced by phase shifted feed-forward voltage can
be obtained as (13).M and K in (13) is derived in Appendix.

Em ∼=
√
K 2 +M2 cos(ωt + α),

(
α = − tan−1

(
M
K

))
(13)

Fig. 10 shows the relationship between θV and α in the case
of RLC load (R=80 �, L=212 mH, C=33 uF). The phase
of measured voltage, α is proportional to the shifted phase of
feed-forward voltage, θV . As PCC frequency increases after
grid disconnection, positive value of θV is generated.
Then, α increases. Therefore, it can be known that the

newly calculated Em leads the past value of Em. This proce-
dure can make positive feedback to the phase of feed-forward
voltage. As PCC frequency decreases, the same process pro-
duces a positive feedback, which lags the phase of Em. There-
fore, θV determines the phase of output voltage of inverter,
and affects to reactive power generation.

Fig. 11 showsEm andVC according to the different grid fre-
quency condition by MATLAB. In Fig. 11(a), feed-forward
voltage (VC ) and output voltage (Em) are same phase angle
as the PCC frequency is 60Hz. When the PCC frequency is
59.3Hz, feed-forward voltage (VC ) leads the measured PCC
voltage (Em) as Fig. 11(b). It can be known that negative
value of θV affect to the PCC voltage through phase shifted
feed-forward voltage (VC ) as derived on (13). Therefore,
inverter output voltage leads the output current, which means
frequency decrease. As frequency increases to 60.5Hz, VC
leads the Em in Fig. 11(c). In same principle as Fig.11(b),
the frequency can further increase.

D. RELATIONSHIP BETWEEN BANDWIDTH OF CURRENT
CONTROLLER AND ISLANDING DETECTION
In accordance with the bandwidth of current controller,
the response time of the system changes. Also, the higher

FIGURE 11. Feed-forward voltage (Vc) and measured voltage (Em) in PCC
frequency variation. (a) fPCC=60Hz. (b) fOCC=59.3Hz. (c) fPCC=60.5Hz.

TABLE 1. The islanding detection time according to Qf and bandwidth.

the bandwidth, the higher the frequency at which the cur-
rent controller responds to disturbance. In the perspective of
the proposed islanding detection method, the q-axis band-
width (ωcc_q) of the current controller determines whether
the momentary phase shifting of feed-forward voltage is
controllable or not. This is important because it determines
the islanding detection performance of the proposed method
in high Qf load. In the case of high bandwidth of q-axis
current controller, if the momentary phase shifting of feed-
forward voltage is slow, it is controlled by the operation of
the current controller, which can slow the islanding detec-
tion time or fail the detection. On the other hand, in the
case of low q-axis bandwidth, the current controller does
not react to the momentary phase shifting of feed-forward
voltage. Therefore, the bandwidth of q-axis current controller
should be lower than the that of d-axis to detect island-
ing operation faster and even at large Qf load. The simu-
lation results of the islanding detection time according to
bandwidth of q-axis current controller and Qf are shown
in Table 1. The simulations were conducted by PLECS tool
with grid-connected single phase inverter. The bandwidth
of d-axis current controller was set to 500Hz. When the
Qf is 1, the detection time at each bandwidth condition
is very fast. However, when the Qf is 10, the bandwidth
determines the success of islanding detection. As a result,
to decrease the NDZ of the proposed method, the band-
width of q-axis current controller should be lower than d-axis
one.
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FIGURE 12. Block diagram of current controller with proposed islanding detection method.

TABLE 2. Simulation parameters.

IV. SIMULATION VERIFICATIONS
To evaluate the performance of the proposed islanding
detection method, simulations were tested in single-phase
grid-connected inverter with parallel RLC load by PLECS
simulation tool. The block diagram of current controller with
proposed islanding detection method is shown in Fig. 12.
Simulation parameters are shown in Table 2. To test the
islanding detection performance, test procedure of IEEE 1547
was conducted. In the simulation, two cases were investi-
gated. Case I is the load with Qf = 1, which is proposed
in the standard. Case II is load with high Qf = 10, which is
very severe condition to detect islanding operation. In Fig. 13,
circuit breaker of grid side was opened at 4s and the inverter
stopped operating after islanding detection. As it can be seen,
the frequency of PCC voltage increased up to 60.5Hz and
islanding operation was detected in 15ms. Therefore, it can
be known that the proposed method can detect within very
short time compared to the time specified in the standard.
Fig. 14 shows the performance of Case II where Qf is 10.
Grid disconnection was also happened at 4s and islanding
operation was detected within 43ms. It presents that proposed
method is applicable to high Qf load.
To verify the islanding detection performance of par-

allel connected inverters at PCC, the simulation was
also conducted. Three 600W grid-connected inverters were

FIGURE 13. Islanding detection test with RLC load of Qf=1 (Case I).

FIGURE 14. Islanding detection test with RLC load of Qf=10 (Case II).

interconnected at PCC and each line impedance were spec-
ified in Fig.15 as per-unit. Therefore, the PCC voltages
measured by each inverter are different. Fig. 16 shows the
simulation result of the test and it demonstrates the perfor-
mance of the proposed method. The utility voltage source
was disconnected from PCC at 2s. After 17.7ms, all inverters
detected islanding operation and stopped operating at the
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FIGURE 15. Three grid-connected inverters with different line impedance
and local loads (Qf=1).

FIGURE 16. Islanding detection test with three single phase
grid-connected inverters in parallel.

same time. The detection time is nearly same as the result of
single-phase inverter as Fig. 16. The PCC voltages that each
inverter measures (VPCC,1, VPCC,2, VPCC,3) are different, but
not very different. Therefore, themultiple-inverters can detect
islanding operation with proposed method. Fig. 17 presents
the grid frequency variation within allowable range, between
59.3Hz and 60.5Hz in the normal condition. As the grid
frequency gradually increased to 60.5Hz, reactive current was
injected by the phase shifted feed-forward voltage. However,
the reactive current was soon controlled to be zero by the
current controller even though the phase shifted feed-forward
voltage was generated. Therefore, after the frequency was
stabilized at 60.4Hz at 4.5s, the reactive current converged

FIGURE 17. Grid frequency and d-q axis current in grid frequency
variation within allowable frequency range.

FIGURE 18. Experiment setup for islanding detection test with
grd-connected inverter. (a) Single-phase system. (b) Three-phase system.

to zero. The same result was obtained when the grid fre-
quency decreased. The simulation result means that the pro-
posed method does not deteriorate the inverter output power
quality even though grid frequency is varying in the allowable
range at normal condition.

V. EXPERIMENTAL RESULTS
Experiment setup is consisted of 600W single-phase grid-
connected inverter with LCL filter. Also, experiment with
three-phase grid-connected inverter was also conducted to
test the compatibility in three-phase system. A Texas Instru-
ments TMS320C28346 digital signal processor was used to
control inverter. To test under IEEE 1547 standard, parallel
RLC load with Qf = 1 was selected. And Qf = 10 load was
also tested to demonstrate islanding detection performance
in high Qf load which is hard to detect islanding operation.
Single-phase and three-phase experiment setup are shown in
Fig. 18(a)-(b), respectively.

As shown in Fig. 19(a) and (b), before 0.25s, which is
normal grid condition, inverter supplied rated current (3.85A)
through the proposed current control strategy to the single-
phase RLC load with Qf = 1. And grid also supplied
some active and reactive currents to the load by the power
mismatch. The grid was disconnected at 0.25s and did not
reconnected. Therefore, the grid current was disconnected,
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FIGURE 19. Islanding detection test in single-phase system with
proposed method (Qf=1 load). (a) grid current. (b) inverter output
current. (c) frequency of PCC voltage. (d) Islanding detection flag.

FIGURE 20. Islanding detection test in single-phase system with
proposed method (Qf=10 load). (a) grid current. (b) inverter output
current. (c) frequency of PCC voltage. (d) Islanding detection flag.

and inverter output current flowed to the parallel RLC load
until islanding detection. In Fig. 19(c) and (d), the proposed
method detected islanding at 0.3s, which took 48ms to detect
islanding. Therefore, the islanding detection time satisfies
the standard specified in IEEE 1547 which requires to detect
islandingwithin 160ms. After the inverter detected the island-
ing operation, it stopped operating to prevent supplying the
power with abnormal voltage and frequency.

Fig. 20 shows experimental results with single-phase RLC
load with Qf = 10. In Fig. 20(c) and (d), the proposed
method could detect islanding within 92ms and stopped after

FIGURE 21. Islanding detection test in three-phase system with proposed
method (Qf=1 load).

FIGURE 22. Experiment result of grid frequency variation condition
within allowable frequency range.

islanding detection. Therefore, the experiment results show
that proposed method has satisfying detection time and could
detect high Qf load condition compared to existing active
methods. In three-phase system, the performance of pro-
posed islanding detection method was verified in Fig. 21.
At Qf = 1, islanding was detected in 40ms. Therefore, the
proposed method is compatible in three-phase system.

To verify the performance of proposed method in the nor-
mal grid condition, the varying frequency of utility voltage
source was tested in Fig. 22. The grid frequency changed
from 60Hz to 60.4Hz and 60Hz to 59.4Hz. In this condi-
tion, the proposed method did not generate reactive power
as conventional active methods like SMS method. Therefore,
the proposed method can have better power quality in normal
grid condition.

VI. CONCLUSION
This paper proposes a new islanding detection method using
phase shifted feed-forward voltage. The proposed method
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can detect islanding faster than previous active methods.
Proposed method uses current controller term for islanding
detection. Therefore, reactive power due to small grid fre-
quency variation in the normal condition is controlled by
current controller. This enables the power quality to be much
better than that of existing active methods. The proposed
method is easy to implement without complex algorithm and
applicable to grid-connected inverters. The feasibility of the
proposed method was verified in 600W single-phase and
three-phase grid-connected inverter system with Qf = 1 and
Qf = 10.

APPENDIX
To get the solution of non-homogeneous ODE(y), yh(t) which
is the general solution of homogeneous ODE and yp(t) which
is the solution of non-homogeneous ODE should be obtained.
Calculating process of the homogeneous solution yh(t) can be
written as (A.1).

CLf y′′ +
Lf
R
y′ + (

L + Lf
L

)y = 0

∴ yh(t) = e−
t

2RC


A cos

√4(L + Lf )
LCLf

−

(
1
RC

)2
 t

+B sin

√4(L + Lf )
LCLf

−

(
1
RC

)2
 t


(A.1)

Next, general solution of non-homogeneous ODE yp(t) is
calculated. Typical form of yp(t) is defined in (A.2).

yp(t) = K cos(ωt)+M sin(ωt) (A.2)

Then, to find constant K and M, (A.3) and (A.4) can be
derived.



CLf ·
(
−Kω2 cos(ωt)−Mω2 sin(ωt)

)
+
Lf
R
· (−Kω sin(ωt)+Mω cos(ωt))

+ (1+
Lf
L
) · (K cos(ωt)+M sin(ωt))

= V cos(ωt) cos(θV )− V sin(ωt) sin(θV )

(A.3)
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L
− CLf ω2 Lf ω

R
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R

−
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L
− CLf ω2

)
[ KM

]

=
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]
(A.4)

Using Crammer’s rule, K and M can be calculated as (A.5).

K =
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Therefore, the general solution of the ODE can be defined
as (A.6).

y = yh(t)+ yp(t)

= e−
t

2RC


A cos

√4(L + Lf )
LCLf

−

(
1
RC

)2
 t

+B sin

√4(L + Lf )
LCLf

−

(
1
RC

)2
 t


+K cos(ωt)+M sin(ωt) (A.6)

If t ≥ 1
2RC , the exponential term converges to zero. As a

result, the solution (Em) can be approximated as (A.7).

y = Em ∼= K cos(ωt)+M sin(ωt)

=

√
K 2 +M2 cos(ωt + α),

(
α = − tan−1

(
M
K

))
(A.7)

As a result, the measured voltage influenced by phase
shifted feed-forward voltage after grid disconnection can be
calculated.

REFERENCES
[1] R. Teodorescu, M. Liserre, and P. Rodriguez, Grid Converters for Pho-

tovoltaic and Wind Power Systems. Hoboken, NJ, USA: Wiley, 2011,
pp. 93–121.

[2] IEEE Standard Conformance Test Procedures for Equipment Interconnect-
ing Distributed Resources With Electric Power Systems, IEEE Standard
1547.1-2005, 2005.

[3] L. A. C. Lopes and H. Sun, ‘‘Performance assessment of active frequency
drifting islanding detection methods,’’ IEEE Trans. Energy Convers.,
vol. 21, no. 1, pp. 171–180, Mar. 2006.

[4] C. Jeraputra and P. N. Enjeti, ‘‘Development of a robust anti-
islanding algorithm for utility interconnection of distributed fuel cell
powered generation,’’ IEEE Trans. Power Electron., vol. 19, no. 5,
pp. 1163–1170, Sep. 2004.

[5] B. Mohammadpour, M. Zareie, S. Eren, and M. Pahlevani, ‘‘Stability
analysis of the slip mode frequency shift islanding detection in single phase
PV inverters,’’ in Proc. IEEE 26th Int. Symp. Ind. Electron., Jun. 2017,
pp. 873–878.

[6] G. A. Smith, P. A. Onions, and D. G. Infield, ‘‘Predicting islanding
operation of grid connected PV inverters,’’ IEE Proc.-Electr. Power Appl.,
vol. 147, no. 1, pp. 1–6, Jan. 2000.

[7] M. E. Ropp, M. Begovic, and A. Rohatgi, ‘‘Analysis and performance
assessment of the active frequency drift method of islanding prevention,’’
IEEE Trans. Energy Convers., vol. 14, no. 3, pp. 810–816, Sep. 1999.

[8] S.-I. Jang and K.-H. Kim, ‘‘An islanding detection method for distributed
generations using voltage unbalance and total harmonic distortion of cur-
rent,’’ IEEE Trans. Power Del., vol. 19, no. 2, pp. 745–752, Apr. 2004.

VOLUME 7, 2019 147189



D.-U. Kim, S. Kim: Anti-Islanding Detection Method Using Phase-Shifted Feed-Forward Voltage in Grid-Connected Inverter

[9] L. Asiminoaei, R. Teodorescu, F. Blaabjerg, and U. Borup, ‘‘A digital
controlled PV-inverter with grid impedance estimation for ENS detec-
tion,’’ IEEE Trans. Power Electron., vol. 20, no. 6, pp. 1480–1490,
Nov. 2005.

[10] M. Ciobotaru, V. Agelidis, and R. Teodorescu, ‘‘Accurate and less-
disturbing active antiislanding method based on PLL for grid-connected
converters,’’ in Proc. IEEE Power Electron. Spec. Conf., Rhodes, Greece,
Jun. 2008, pp. 4569–4576.

[11] S.-K. Kim, J.-H. Jeon, H.-K. Choi, and J.-Y. Kim, ‘‘Voltage shift acceler-
ation control for anti-islanding of distributed generation inverters,’’ IEEE
Trans. Power Del., vol. 26, no. 4, pp. 2223–2234, Oct. 2011.

[12] S. K. Kim, J. H. Jeon, J. B. Ahn, B. Lee, and S. H. Kwon, ‘‘Frequency-
shift acceleration control for anti-islanding of a distributed-generation
inverter,’’ IEEE Trans. Ind. Electron., vol. 57, no. 2, pp. 494–504,
Feb. 2010.

[13] Z. Ye, R. Walling, L. Garces, R. Zhou, L. Li, and T. Wang, ‘‘Study and
development of anti-islanding control for grid-connected inverters,’’ Nat.
Renew. Energy Lab., Golden, CO, USA, Tech. Rep. NREL/SR-560-36243,
May 2004.

[14] M. Ciobotaru, R. Teodorescu, P. Rodriguez, A. Timbus, and F. Blaabjerg,
‘‘Online grid impedance estimation for single-phase grid-connected sys-
tems using PQ variations,’’ in Proc. IEEE Power Electron. Spec. Conf.,
Orlando, FL, USA, Jun. 2007, pp. 2306–2312.

[15] A. V. Timbus, R. Teodorescu, and P. Rodriguez, ‘‘Grid impedance iden-
tification based on active power variations and grid voltage control,’’ in
Proc. IEEE Ind. Appl. Annu. Meeting, New Orleans, LA, USA, Sep. 2007,
pp. 949–954.

[16] R. Teodorescu, F. Blaabjerg, U. Borup, and M. Liserre, ‘‘A new control
structure for grid-connected LCL PV inverters with zero steady-state error
and selective harmonic compensation,’’ in Proc. 19th Annu. IEEE Appl.
Power Electron. Conf. Expo., Anaheim, CA, USA, vol. 1, Feb. 2004,
pp. 580–586.

[17] J. Li, J. Zhao, J. Wu, and P.-P. Xu, ‘‘Improved dual second-order gen-
eralized integrator PLL for grid synchronization under non-ideal grid
voltages including DC offset,’’ in Proc. IEEE Energy Convers. Congr.
Expo., Sep. 2014, pp. 136–141.

[18] R. Zhang, M. Cardinal, P. Szczesny, and M. Dame, ‘‘A grid simulator
with control of single-phase power converters in D-Q rotating frame,’’ in
Proc. IEEE 33rd Annu. IEEE Power Electron. Spec. Conf., Cairns, Qld.,
Australia, vol. 3, Jun. 2002, pp. 1431–1436.

[19] A. Dell’Aquila, M. Liserre, V. G. Monopoli, and P. Rotondo, ‘‘Overview
of PI-based solutions for the control of DC buses of a single-phase
H-bridge multilevel active rectifier,’’ IEEE Trans. Ind. Appl., vol. 44, no. 3,
pp. 857–866, May/Jun. 2008.

[20] D. Sha, D. Wu, and X. Liao, ‘‘Analysis of a hybrid controlled three-phase
grid-connected inverter with harmonics compensation in synchronous ref-
erence frame,’’ IET Power Electron., vol. 4, no. 7, pp. 743–751, Aug. 2011.

[21] W. Li, X. Ruan, D. Pan, and X. Wang, ‘‘Full-feedforward schemes of grid
voltages for a three-phaseLCL-type grid-connected inverter,’’ IEEE Trans.
Ind. Electron., vol. 60, no. 6, pp. 2237–2250, Jun. 2013.

[22] Q. Zeng and L. Chang, ‘‘An advanced SVPWM-based predictive current
controller for three-phase inverters in distributed generation systems,’’
IEEE Trans. Ind. Electron., vol. 55, no. 3, pp. 1235–1246, Mar. 2008.

DONG-UK KIM was born in South Korea,
in 1995. He received the B.S. degree in electron-
ics system engineering from Hanyang University
ERICA Campus, Ansan, South Korea, in 2014,
where he is currently pursuing the M.S. degree.

His research interests include grid-connected
inverter, distributed generations, power converter
circuits and control, and control of electric
machine.

SUNGMIN KIM was born in South Korea,
in 1980. He received the B.S., M.S., and Ph.D.
degrees from Seoul National University, Seoul,
South Korea, in 2003, 2009, and 2014 respec-
tively.

From 2012 to 2013, he was a Visiting
Scholar with the FREEDM Systems Center, North
Carolina State University, Raleigh, NC, USA.
From 2014 to 2015, he was a Senior Engineer with
the Samsung Electronics Company, Suwon, South

Korea. Since 2015, he has been with Hanyang University ERICA Campus,
where he is currently an Assistant Professor with the Division of Electrical
Engineering. His research interests include power converter circuits and
control, control of electric machine, and high voltage DC transmission
systems.

147190 VOLUME 7, 2019


