technical paper

161

A novel hybrid islanding detection method for inverter-
based distributed generation based on frequency drift’

Department of Electrical Engineering, Islamshahr Branch, Islamic Azad University, Islamshahr, Iran

Department of Electrical Engineering, Islamshahr Branch, Islamic Azad University, Islamshahr, Iran

S Akhlaghi'

H Meshginkelk
Department of Electrical Engineering, University of Tafresh, Tafresh, Iran

A Akhlaghi

AA Ghadimi
Department of Electrical Engineering, University of Arak, Arak, Iran

ABSTRACT:  This paper proposes a novel hybrid islanding detection method for inverter-based
distributed generation (DG) based on frequency drift. This algorithm is a combination of Sandia
frequency-shift, reactive power versus frequency and reactive power deviation as active methods,
and over/under frequency protection as a passive method. The performance of the proposed method
is evaluated under the UL 1741 anti-islanding tests configuration, IEEE 1547, load switching,
load quality factor and multiple-DG operation. The simulation results are derived by MATLAB/
Simulink. Based on simulation results, it is clear that the proposed method is developed to detect
islanding more efficiently for loads with high quality factor. The proposed method also has less
non-detection zone comparing other methods. In addition, the proposed method operates accurately
in condition of load switching while does not interfere with the power system operation during
normal conditions. This technique proves to be robust under multiple-DG operation.
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L1, d-qg components of the current

Uy T, d-qg components of the point of common
coupling voltage

Ly 1., Teference current of d-q components

V, . 'v’qj_ﬁf reference voltage of d-g components

M modulation index amplitude

P phase angle

1 INTRODUCTION

It is an undeniable fact that usage of distributed
generation (DG) resource are growing rapidly. In
the context of distributed energy resource units, an
island is formed when a portion of the utility system
that contains both load and DG resources remains
energised while isolated from the rest of utility
system (IEEE, 2003; Underwriters Laboratories,
Inc., 2001). This process is called an islanding
phenomenon and can occur due to pre-planned or
intentional and accidental or unintentional events.
The accidental or unintentional islanding of DG
which can occur due to faults could cause negative
impacts on distribution systems such as power-
quality problems, equipment damage and even it can
be dangerous to utility workers, who may not realise
that a circuit is still powered. Also it may prevent
interference of grid protection devices and automatic
re-connection. Therefore, islanding must be rapidly
detected within acceptable durations and then the
circuit breaker between the power system and the
DG should be immediately tripped, this is referred
to as anti-islanding (Zeineldin, 2009). As highlighted
in the IEEE Std 1547-2003 and IEEE Std 929-2000,
unintentional islanded DG systems require to be shut
down within a predetined time period. Hence, one
of the most technical challenges associated with DG
operation is islanding detection.

The main philosophy of detecting an islanding
situation is monitoring the DG output parameters
and system parameters such as voltage amplitude,
phase difference and frequency variation and then
deciding whether or not an islanding situation
has occurred due to changing in these parameters.
Islanding detection techniques can broadly be divided
into remote and local techniques. Remote islanding
detection techniques are based on communication
between utilities and DGs. These techniques may
provide more reliability than local techniques;
however, they are expensive to implement and
hence uneconomical. On the other hand, since local
techniques are based on the information on the DG
site, it would be predictable that these techniques
are not as expensive as remote techniques. Based on
these reasons, local techniques have been recently
used in most of the researches of islanding detection
and can further be divided into active, passive and
hybrid detection techniques, which can be specific
for synchronous generators, inverter-based DG
resources or both units as shown in figure 1.

Passive methods measure voltage amplitude,
frequency change, harmonic distortion and phase
displacement information at the point of common
coupling (PCC). Differentiation between an islanding
and grid connected condition is based upon the
thresholds set for these parameters. Special care
should be taken while setting the threshold values so
as to differentiate islanding from other disturbances
in the system (Zeineldin & Kirtley, 2009a; 2009b).

The over/under voltage protection (OVP/UVP)
and over/under frequency protection (OFP/UFP)
(Zeineldin & Kirtley, 2009a; 2009b) are conventional
relays of islanding detection which are able to detect
an islanding condition by considering the difference
between the voltage and the frequency of voltage at
PCC and comparing them with pre-set threshold,
whereas phase jump detection monitor the phase
difference between the voltage of DG terminal and
its output current to trigger the protection circuit
(Singam & Huil, 2006). Rate of change of active
power (De Mango et al, 2006; Zhou et al, 2013)
that is symbolised with dp/dt, tends to increase
significantly in dp/dt in the event of islanding
causing tripping relay to operate. On a similar basis,
rate of change of frequency (ROCOF) (Freitas et al,
2005) relay monitors the df/dt of the power system
and if this parameter goes beyond of trip setting
period, islanding condition will be detected. On the
other hand, for less sensitivity to sudden change of
load during normal operating condition and higher
responsiveness of islanding detection, ROCOF over
power (Zhou et al, 2013) is introduced that is denoted
by df/dp.

Other main passive islanding detection methods
(IDMs) are voltage amplitude (Freitas et al, 2005),
voltage and power factor changes (Huang & Pai,
2000), system impedance (Kim & Hwang, 2000),
voltage imbalance and total harmonic distortion
(THD) (Liu & Thomas, 2011; Massoud et al, 2009).
These parameters are compared with pre-set
thresholds to detect an islanding condition. While
vector surge relay, OFP/UFP and ROCOF are very
commonly used in synchronous DGs and harmonic
distortion methods such as voltage and current
harmonic detection methods are very suitable for
inverter base DGs, other methods are classified as
general techniques (Massoud et al, 2009). Passive
techniques are fast and they don’t introduce
disturbance in the system but they have a large
non-detection zone (NDZ) where they fail to detect
the islanding condition (Zeineldin, 2009). The main
issue in passive methods refers to suitable choice of
appropriate thresholds such that the anti-islanding
relays have highest reliability. For inverter based DG,
flexible operation is possible with passive methods.

Active detection methods are known as an alternative
for passive methods. In this case, to minimise or
avoid NDZ, a deliberate disturbance is injected at
system voltage, frequency or phase angle. This small
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Figure 1:  Islanding detection techniques.
perturbation will result in a significant change in
system parameters such as amplitude and frequency
of the output voltage, output current, output power
or relative phase angle of the DG output when the
DG is islanded and cause to operate existing relays
on distribution system.

Active methods include Sandia voltage shift (SVS)
(Freitas et al, 2005), Sandia frequency shift (SFS)
(Zeineldin & Kennedy, 2009a; Zeineldin & Salama,
2011; Vahedi & Karrari, 2013; Lopes & Sun, 2006;
Chang, 2013; Vahedi et al, 2011) and slide-mode
frequency shift (SMS) (Kamyab & Sadeh, 2013) that
apply positive feedback to the amplitude, frequency
and phase of the PCC voltage, respectively (Lopes
& Sun, 2006). On the other hand, active frequency
drift (AFD) or frequency bias technique drifts the
trequency of the voltage (at the PCC in the island) up

or down. This is mainly to surpass present tripping
level for inverter to shut down when islanding occurs,
whereas SFS performs the same detection approach
as AFD but with additional positive feedback to
reinforce larger frequency errors (Chang, 2013). For
SVS scheme, in the islanding situation, the voltage
at the PCC is reduced followed by the reduction of
inverter output power and output current (Freitas et
al, 2005). Automatic phase shift method repairs the
non-detection problems of SMS and AFD methods
by injecting additional phase shift whenever the

frfa-ql..heru.:},r of the terminal voltage reaches steady-
state (Wang et al, 2007).

Some approaches such as reactive power export
error detection, fault level monitoring, under/over
voltage protection relays, OVP/UVP relays, ROCOF,
phase displacement monitor relays and SFS have
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already been commercialised, while other methods
are currently under investigation. Up to now, many
anti-islanding approaches have been proposed in the
literature (Freitas et al, 2005; Ropp & Bower, 2002);
but to find a low cost, quick and reliable method is
still known as an open problem.

Most of previous studies used SFS method for
islanding detection of inverter base DG since it is
easy to implement. However, the constant power
controlled inverter that is equipped with the SFS IDM
performs poorly for islanding detection. Q-f droop
curve method forces the DG lose its stable operation
once an islanding condition occurs. Although, these
methods take a lot of time to detect islanding, and
also they are not able to detect islanding for loads
with high quality factor.

In this paper, an effective hybrid IDM including
passive and active parts is proposed. The proposed
islanding detection strategy takes advantages of both
active and passive IDMs. This proposed method
is a combination of SFS, reactive power versus
frequency (Q-f), reactive power deviation (RPD) as
active methods and OFP/UFP as passive method.
The major novelty of the proposed technique is firstly
compensating the deficiency of the SFS method which
is poor performance in islanding detection of inverter
controlled with constant power. Secondly, this hybrid
method is more efficient than its components, since
it is able to detect islanding for inverter- based DGs
in less duration of time for loads with high quality
factor. The proposed method also is capable of riding
through disturbances such as load switching. In
addition, the performance of the proposed islanding
detection technique is tested under different loading
conditions such as UL 1741 anti-islanding tests
configuration, IEEE 1547, load quality factor, load
switching and multiple-DG operation.

The paper is organised as follows. Section 2 presents
the system and DG interface model under study.
Section 3 presents the proposed islanding detection
technique. The NDZ of proposed method is presented
in section 4. Section 5 presents the performance of
the proposed islanding detection technique. Lastly,
conclusions are drawn in section 6.

2 DG SYSTEM AND INTERFACE MODEL

The performance of the proposed islanding detection
technique is tested on the system shown in tigure
2. This system consists of a distribution network
displayed by a source behind impedance, a load
displayed in terms of R-L-C and a 100 kW inverter-
based DG. The inverter, grid, load and DG controller
parameters are listed in table 1.

2 | DG interface controller models

The DG was implemented and designed to operate
as a constant power source by adjusting the

Network

Vo Vece CB E L, R, Gndi
I--'I'thi*r

A iy e Che Lty R o S B N T

S e e o

____________

____________

- "

Inverter-Based DG

Figure 2:  System under study.

Table 1: Inverter, system, load and

DG parameters.

Inverter parameters

Switching frequency 8000 Hz
Input DC voltage 900V

Filter inductance 2.1 mH
Voltage (line to line) 480 V

DG output active power 100 kW

Grid parameters

Frequency 60 Hz

Grid inductance 0.3056 mH
Grid resistance 0.012 O

Load parameters

Resistance 2.304 W
Inductance 0.00345 mH
Capacitance 2037 uF
Constant power controlled inverter parameters
Power regulator k.=0.025 | k=7
Current regulator k,=0.85 k=8

controller’s active and reactive reference values to
fixed prespecified values with no grid supporting
capability (Underwriters Laboratories, Inc., 2001).
The d-g synchronous reference frame is used to
control the DG interface control variables. Equations
(1) and (2) represent the instantaneous real and
reactive power in terms of the d-g axis components
as follows:

P:EU i (1)

" Ed
2

3 .
Q e Evtf;?!r; {2}

Thea-b-c three-phase DG output currents are measured
and transformed using Park’s transformation into its
d-q components (i, and i, ) and v, and v, represent
the d-g components of the PCC voltage.
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As can be seen in figure 3, to generate L e and EW
active and reactive powers reference values and
reactive power deviation (Q ) are compared with the
measured DG active and reactive powers output then
pass through a power regulator. Then,I', and I’ are
obtained by applying a phase angle transformation
defined in equation (3).

Lyt _ cosf; -—sind; || I,, 3)
L. sinf, cos6; |1,
Next, I', ,and I' are compared withi, and i which
are the inverter output currents. Then, pass through

current regulator to the outputs V, and ‘u’wr Given
equation (4), V, ~and V.;n-r transform to V_ and ‘u’m.

V.:.L;' = ll"l}.:!'r'f'_n" + Vhi‘ [ | LJ'R}I-'E (4)
V,=V +V, -Lol,

where V, and V, represents the d-qg components of
the PCC voltage and L, is the filter inductance. The
outputs of the current regulators V_ and V_ are the
inverter terminal voltages. These components are
used to calculate the modulation index amplitude
(M) and phase angle (¢) which are calculated
from equations (5) and (6). Sinusoidal pulse-width
modulation is implemented to determine the on
and off signals of the inverter switches. This type of
interface is capable of controlling the DG active and
reactive power output.

M=V +V2, (5)
V

=tan ™ 6

® > (6)

dref

3  PROPOSED ISLANDING
DETECTION TECHNIQUE

The proposed method in this paper is a novel hybrid
method for detect the islanding phenomena that is
based on drift the frequency of the voltage at the

Cosd, =Sing, |
Sind,  Cos@l,

Regulator ~ Transformation

Figure 3:
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PCC. The propose method to detect an islanding
situation needs to a simple passive islanding
detection scheme based on frequency relay such as
OFP /UFP. This proposed method is a combination
of Sandia frequency-shift (SFS), reactive power
versus frequency (Q-f), RPD, whichever are not for
efficiently and accurately detecting islanding for
loads with high quality factor. The suggested method
is combined with inverter control system as shown in
figure 3 and its components will explain as follows.

3.1 SFS model

The SFS scheme is a positive feedback anti-islanding
method that uses the deviation of frequency from
normal value as the feedback signal to influence the
operation of the inverter (Lopes & Sun, 2006). The
inverter output current using this method is given by:

i, =+/2Isin [Z“f{m nt +'9*;r5] (7)

The angle 6,  used in the transformation block is
determined from the SFS control block which is
shown in figure 3. For the SFS IDM, the feedback
signal (6, ) can be expressed as a function of the PCC
voltage frequency (f), grid frequency (f), positive
feedback gain (k) and initial chopping fraction (Cf))
which is obtained through equation (8) (Zeineldin
& Kennedy, 2009b).

Osrs =E[Cf FlF =, }] (8)

The interactions between the constant power
control of interface controls strategy of inverter-
based DG and the SFS IDM are compared through
electromagnetic transient simulations. In figure
4, the frequency of the voltage at the PCC before
and after occurrence of an islanding event for the
constant-power controlled inverter in four scenarios
are presented. In the simulations, IEEE 1547-2003
recommends the operation of the DG close to unity
power factor that is accomplished by setting Q . to
zero and AP is zero for both the types of controllers

Switch
signals

Current Regulator Vo

DG interface control for constant power controlled equipped with proposed methods.
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Figure 4: PLC vnltage frequency with the SFS

IDM for different k.

(IEEE, 2003). As a result, the load active power is only
supplied by the DG; the resonant frequency of the
R-L-C load is set as 60 Hz; the load quality factor is
1.77; Cf is adjusted in 0.03 so the THD of the inverter
current is less than 5% at the rated line frequency; and
the islanding occurs at the t = 2 s. In figure 4, when k
is adjusted in 0.001 and 0.005, it can be seen that for
these scenarios, the frequency of islanded DG system
converges to a steady-state operating point for both
values. The inverter steady-state frequencies after
the islanding are 60.05 Hz for both cases. The later
frequency is the steady-state frequency forecasted by
the positive feedback gain of the SFS scheme, but the
previous one is the resonant frequency of the R-L-C
load. In third case k is increased to 0.01. The inverter
frequency begins to fluctuate after the islanding.
These cases illustrate that the SFS anti-islanding
method does not work for the constant-power
controlled inverter when the positive feedback gain
(k) is small. The reason is that the power regulator
of the constant power controller counteracts the k. In
last scenario, k is further increased to 0.05, and the
DG system is destabilised. For the constant power-
controlled inverter, the strength of the power-control
state cannot hit that of the SFS scheme when the main
grid is disconnected. The inverter frequency begins
to oscillate after the islanding, and the DG will be
tripped by the frequency relay ultimately. However,
it is to note that the islanding detection takes longer
to be. It was found that the power regulator of the
constant power controlled inverter can degrade
the positive feedback control (Wang et al, 2007).
Therefore, one can conclude that the SFS IDM is not
suitable for constant power controlled inverter.

3.1.1 Non-detection zone of SFS method

Active and reactive power balances occur in the
steady-state for a system with both sources and
loads after it is disconnected from the grid. The
reactive power balance condition can be defined
using the load current angle (6,_ ) and the inverter
current angle (6 ). Thus, the steady-state value of the

— Akhlaghi, Meshginkelk, Akhlaghi & Ghadimi

frequency of an islanded system (f ) can be calculated
using the phase criteria 6, , = 6,

T

The current phase angle of a parallel R-L-C load as
a function of the frequency is defined as:

0= arg{R" +(joL)" + ij}_1

=tan1{R1_z£LC]=tan { [fT_fi]] )

where the quality factor (Q) is defined as 2n times
the ratio of the maximum stored energy to the energy

dissipated per cycle at a given frequency. For a
paralle]l R-L-C load:

212
Qf = T[;?if/j } =m[rRC=iL C
T mi] @y, }:;,Q}r =RJ; (10)
@ =2nf =—
o fu JE

The NDZ of the SFS IDM in the Q versus f space is
derived using the phase criteria 6, = 6. (Zeineldin
& Kennedy, 2009b):

—tan{ {f ;"HZE[Cﬁﬁk(ﬁfﬂﬂ (11)

Thus:

fa':i tan (3‘1 F5 )

12
0, (12)

f;_'_ f,-.,_f:f:

From equation (12), it can be seen that the NDZ
will depend on a great extent on the SFS method
parameter (k) and load parameters (f and Q} The
equilibrium point defined by the phase cntermn
in equation (13) must be an unstable equilibrium
in order to ensure islanding detection and to
eliminate the NDZ. In the latter case, the critical
point defined by the phase criteria corresponds to
an unstable equilibrium point. To eliminate the NDZ
it is necessary to ensure that for all possible loading
scenarios, the load and DG phase angle intersection
point is an unstable operating point. This condition
can be expressed as (Zeineldin & Kennedy, 2009b):

d&'md < Eﬂ;'irﬁr (13}

df — df

Using the slope criteria presented in equation
(13), the value of k in equation (8) can be chosen to
guarantee that the frequency will drift outside of
the NDZ.

d"garr - Ek

df 2 %)

The slope of the load voltage-current phase dependency
on frequency could be expressed as follows:
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_ f - (15)
sl K
: Qf[f,-s fg]

The proposed method slope 6'”] should be set greater
than the load phase angle slope expressed in equation
(16), leading to the following condition for instability:

2{@_{%1]
5 e

] 1+ B fn_fxlz
{1 Q-’[f f{,J

Here, particle swarm optimisation (PSO) algorithm
is used to determine the maximum value in equation
(16). The main objective to maximise is:

k, > max

Jo X
Z{Q”[F fJ

objective = max — =
il
n| 1+Q; [L i
A
The main constraints of the optimisation problem are:

D < Q.F < Q_anx
fmin {f{ﬁumx

where Q,  represents the highest expected load
quality factor or the IEEE standard testing value.
IEEE 929-2000 proposes the use of a Q, < 2.5. The
parameters f _and f__ represent the UFP/OFP
thresholds and are taken to be 59.3 and 60.5 Hz
in this paper, respectively (Zeineldin & Kennedy,
2009b). Table 2 shows the results obtained from the
PSO algorithm for different values of Q. . Thus, to
eliminate the NDZ for loads with Q, < Q... the SFS
method parameter (k) should follow the constraint
provided in table 2.

To calculate the NDZ of the SFS IDM, in equation
(12) the islanding frequency (f ) is first adjusted to a
threshold frequency (f =59.3 Hzorf_ _=60.5Hz).
Then the value of Q. is varied and finally a calculation

is made of the resonant frequency of the load at the
threshold of the NDZ (Zeineldin & Kennedy, 2009b).

The effect of k on the NDZ can be seen in the f -Q,
space as shown in figure 5(a). The set of curves for
different values of k define a shield, within which
islanding will not be detected. It can be seen that
for k set to 0.05, all loads with a quality factor that is
less than approximately 2.5 would be detected. This
result corresponds with the results presented in table
2. Figure 5(b) shows the NDZ for different values
of Cf . Increasing the value of Cf, distorts the shield
downward, which could either increase or decrease

(17)

(18)

(19)

167
Table 2: Thresholds on the SFS method
parameters for different Q.
4.0 Threshold on k
1.00 0.02138
1.80 0.03783
2.12 0.04547
3.00 0.06422
4.21 0.09005
5.00 0.10709
6.31 0.13473
7.00 0.15011
8.10 0.17318
9.00 0.19132
62
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Figure 5:  Dependence of NDZ of SFS method

on (a) k and (b) Cf .

the NDZ, depending on the value of the load’s
resonant frequency, f. An important conclusion is
that the NDZ can be effectively eliminated using
only a single SFS parameter. Since an increase in Cf,
would lead to higher harmonic distortion, using k as
the design parameter would be preferred (Zeineldin

& Kennedy, 2009b).
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3.2  Q-fdroop curve

It must be noticed that Q __ is also obtained from Q-f
droop curve. The DG Q-f characteristic is obtained
through equation (20).

QM: Kf+K,

where K, and K, represent the parameters of
the DG Q-f characteristic, Q . is the DG reactive
power reference, and f represents the PCC voltage
frequency (Zeineldin, 2009) as shown in figure 6.
From Zeineldin (2009), it can be seen that the values
of the parameters K, and K, must be chosen such
that the DG Q-f slope is higher in magnitude than
the slope of all possible load curves within the 59.3
and 60.5 Hz window.

(20)

Q-f droop curve forces the DG to lose its stable
operation once an islanding condition occurs.
Although, this method take a lot of time to detect
islanding for loads with high quality factor.

3.3 Reactive power deviation

As can be seen in figure 7, Q. is obtained through
equation (21), where f_is the grid frequency, f is the
PCC voltage frequency, and K. is the feedback gain.

Q,=K(f.-f) (21)

When DG is connected to the grid, system frequency
is stable around 60 Hz, which keeps Q as a small
deviation and the system’s normal operation is
unaffected. While after islanding, the island system
trequency depends on the output reactive power and
the frequency characteristic of local load. Theretore,
the variation of Q  breaks the balance between DG
system and local load, and forces the frequency to
shift continuously until the islanding is detected
(Salman et al, 2011).

3.4  Passive technique

One of the commonly used passive IDM is OFP /UFP
and OVP/UVP (Zeineldin & Kirtley, 2009a; 2009b).

Figure 6:  (-f characteristic.

Figure 7:

Reactive power deviation.

The OFP/UFP method uses frequency thresholds
that are usually set as 59.3 and 60.5 Hz while the
OVP/UVP method uses voltage thresholds that are
set at 88% and 110% of the nominal voltage value
(Zeineldin & Kirtley, 2009a). Upper and lower
thresholds are provided to avoid unwilled tripping of
the DG due to other system disturbances (Zeineldin
& Kirtley, 2009a). Unfortunately, for loads that closely
match the DG capacity, the amount of frequency or

voltage deviation will not be enough to trigger the
IDM (Zeineldin & Kirtley, 2009b). Thus, passive IDMs
suffer from large NDZs.

g NON-DETECTION ZONE
OF THE PROPOSED METHOD

The NDZ of the proposed IDM in the Q. versus f,
space is derived using the phase criteria (6, . =6 ):

+tan (klffs +k,)
Thus:

f. tan{g [Cf, +k(f, — )]+ kufie + kz}
Qs

L=E=0
(23)

e

To calculate the NDZ of the proposed IDM, in
equation (23) the islanding frequency is first adjusted
to a threshold frequency (f . =593 Hz or f =
60.5 Hz). Then the value of Q, is varied and finally a
calculation is made of the resonant frequency of the
load at the threshold of the NDZ. Figure 8 shows the
NDZ of proposed method for different values of k,
Cf, k, and k, for anormal frequency range 0f 59.3 < f <
60.5 Hz. Loads with values of Qfand f, lying between
the curves calculated withf =f andf =f arein
the NDZ of a given IDM. There one sees that the NDZ

| —  fi=0.05, K=0.05
E..I i —— ﬁ-:r=".?p Hf-_ﬂi-ﬂjj T H;"=J+I
K~0.05, K=0.035 , K;=2.1
< 605
T 60
:-l“ e
3 5
= e
S
g 59
g 585
]
58
57.5
oE 0 1 2
10 10 10
Cuality Factor ((y
Figure 8:  NDZ of proposed islanding

detection method.
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is null for loads with Q, <3 when Cf, =0.05, k=0.05, k,
=-0.035 and k, = 2.1. In addition, as k, increases, the
load quality factor for which islanding occurs also
increases. According to figure 8§, it is conspicuous
that when Cf =0.05, k=0.05, k, =-0.035, k, = 2.1 and
k.= 0.05, the NDZ is null for loads with Q < 6. The
proposed method is capable of to detect islanding for
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and 105% of the balanced condition (unity power
factor loading) in 1% steps (Zeineldin et al, 2006).
The islanding detection scheme is tested based on
the procedure offered by Zeineldin et al (2006), but
for brevity, samples of the simulation results in this
section are provided in table 4. The DG interface is
equipped with the proposed method and islanding

load with high quality factor. Actually, for k, =0 this  is occurred at { =2 s.

mEthUdPECDmEE the AFD, where. f::"' all value:*s of QO The firstsimulation result using the proposed method
there will be loads (mostly capacitive) that will lead is shown in figure 9. This figure represents the

to islanding. Finally, one sees that the performance of frequency of voltage at the PCC during an islanding
this active IDM, like the others, is equivalent to that - 5:600 for loads that presented in table 5. It can
of passive UFP/OFP for loads with high Q. be seen that, the operation of the DG unit is stable as

long as it is connected to the grid. The moment the DG

5 PERFORMANCE OF THE PROPOSED is islanded, the proposed method causes the DG lose

ISLANDING DETECTION TECHNIQUE

LEF

In this section, the system shown in figure 2 is (ol TR TRmeCTR
1

implemented and simulated on MATLAB/Simulink. e
The inverter, grid, load and DG controller parameters 6 &
are listed in table 1.

'?..

&
n

The DG interface control model is implemented and
designed to operate as a constant power controlled
inverter which is equipped with the proposed method
and the SFS, Q-f characteristic, RPD parameters are
listed in table 3. The IDM is tested for load with a
Q, = 1.77. The proposed IDM has been also tested =
with various loading conditions specified in IEEE 4 J\, o

resonant frequency=60.5 Hz

frequency (Hz)
#

L
o
LT

1547 and UL 1741 (Zeineldin et al, 2006). =t

resonant frequency=59.3 Hz

o8
0 0.5 1 1.5 2 2.5 3 39 4 4.5 3

Time (sec)

51 UL 1741 testing

Based on the UL 1741 standard, the active load power ~ Figure 9:  PCC frequency for load with different

is adjusted to set the inverter at 25%, 50%, 100% resonant frequency.

and 125% of the rated output power of the inverter. +

The reactive power has been adjusted between 95% Table 5: Load parameters for different

frequency.

Table 3: Proposed method parameters. RIQ] L [H] C [pF] Q, f
SFS method Cf =0.01 | k=0.04 2.304 0.003536 2037 1.74 59.3
Q-f droop curve k,=-0.035| k=21 2.304 0.003450 2037 1.77 60.0
Reactive power deviation kf =(0.015 2.304 0.003397 2037 1.78 60.5

Table4:  Load parameters for UL 1741 testing.

Cases %P %Q R [Q] L [H] C [pF] Qf f,
1 100 105 2.304 0.003278 2037 1.81 61.6
2 100 102 2.304 0.003381 2037 1.78 60.6
3 100 101 2.304 0.003419 2037 L7 60.3
- 100 100 2.304 0.003450 2037 1.77 60.0
5 100 93 2.304 0.003488 2037 1.76 59.7
6 100 98 2.304 0.003519 2037 1.76 59.7
7 100 95 2.304 0.003623 2037 1.73 58.6
8 50 100 4.603 0.003450 2037 3.54 60.0
9 125 100 1.841 0.003450 2037 1.41 60.0
Australian Journal of Electrical & Electronics Engineering Vol 11 No 2
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Figure 10: PCC frequency with the proposed

method for different active power.

its stable operation, and the PCC frequency deviate
and go beyond the over/under frequency (OUF)
threshold value for the presented cases.

Figure 10 shows the frequency of voltage at the PCC
during an islanding condition, with the proposed
technique, when the active load power is adjusted
to set the inverter at 50%, 100% and 125% of its rated
output. Also, the reactive power is adjusted at 100%
of the balanced condition. It can be seen from figure
10, the frequency measured at the PCC exceeds the
OUF thresholds in less than 100 ms (after the event
of islanding).

In the next sample of results, the frequency at the
PCC during an islanding condition, for the following
cases, is shown in figure 11 (Zeineldin, 2009):

¢ (Case 1. Load is adjusted to operate the inverter at
100% of its rated active power output and 105%
reactive power balanced.

¢ (Case2. Load is adjusted to operate the inverter at
100% of its rated active power output and 102%
reactive power balanced.

¢ (Case 3. Load is adjusted to operate the inverter at
100% of its rated active power output and 101%
reactive power balanced.

* Case4. Load is adjusted to operate the inverter at
100% of its rated active power output and 100%
reactive power balanced.

¢ Case 5. Load is adjusted to operate the inverter
at 100% of its rated active power output and 99%
reactive power balanced.

* Case 6. Load is adjusted to operate the inverter
at 100% of its rated active power output and 98%
reactive power balance.

¢ C(Case 7. Load is adjusted to operate the inverter
at 100% of its rated active power output and 95%
reactive power balanced.

Similarly, once an islanding condition occurs att =2s,
the DG loses its stable operation, and the frequency
deviates and exceeds the OUF threshold values.
For the cases presented in figure 11, the frequency
exceeds the OUF threshold in less than 115 ms.

54
e
5 Case | Case 2
A

62 Case 3
-Iw 61 A
:l g akenl g i — -lt - - —
2 80
12
= Case 4
12 = —
& 9 - AN

'T-
o8-
Case 5 >
Case 6
2 Case 7

1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2

Time (sec)
Figure 11: PCC frequency with the proposed
method for three cases.
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07 . ‘
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Figure 12: PCC voltage under UL 1741

testing condition.

Voltages of the PCC during an islanding condition
for the UL1741 testing condition, with the proposed
method are shown in figure 12. According to this
figure, it is clear that the proposed method for cases
that load active power is adjusted to set the inverter
at 100% of its rated output, is not able to deviate the
voltage at the PCC beyond the voltage relays threshold
values such as UVP/OVP (cases 3, 4 and 5 in table 4).
For cases that the load active power is adjusted to set
the inverter at 50% and 125% of load output power
(cases 8 and 9 in table 4), the proposed method causes
the DG lose its stable operation, and the voltage at the
PCC deviate and go beyond the UVP /OVP threshold
values and islanding can be detected.

Figure 13 shows the frequency of the voltage at the
PCC during an islanding condition for the UL 1741
testing condition while the DG interface controller is
equipped with the SFS IDM. According to this figure, it
can be seen that the constant power controlled inverter
equipped with the SES IDM is not able to detect the
islanding phenomena for UL 1741 testing conditions.

5.2  Effect of load switching

The proposed IDM is tested for load switching in
the grid-connected operation mode. Similar to the

Australian Journal of Electrical & Electronics Engineering

Vol 11 No 2



“Anovel hybrid islanding detection method for ...” — Akhlaghi, Meshginkelk, Akhlaghi & Ghadimi 171

60.8 Case 5

60,6 f‘

60.4 |
) Case 4 Case 9

60,2

freguency (H
E +
uﬂw
——

Case 8

59 6 o .
Case 3 ”‘
50 4

59.2
0 0.3 1 1.5 2 2.9 3 3.5 4 4.5 2

time (sec)

PCC frequency for UL1741 testing
condition with the SFS method.

Figure 13:

old load, which has been presented in figure 2, the
new load is switched at t = 2 s and disconnected
at t = 3 s, which is shown in figure 14. Three cases
have been simulated in this test. In all cases, the load
real power is equal to 100 kVA but the power factor
is 0.8 lead, 1.0 and 0.8 lag. The simulation results
that include the PCC voltage, frequency, active and
reactive powers for three different loading conditions
are shown in figures 15 and 16. The voltage and
frequency variations can be seen when the load is
switched on and off. For simulated cases, the voltage
and frequency variations are within the standard
values. It is clear that the proposed method does not
interfere with the power system operation during
normal conditions.

5.3 Influence of load quality factor

The IEEE Standard 929 proposes the use of Q, < 2.5
as test condition. However, IEEE 1547.1 suggests
testing islanding with loads having a quality factor
of 1 (Woyte et al, 2003). The UL 1741 test specifies
that an IDM must succeed in detecting the islanding
phenomenon within 2 s for R-L-C loads with Q < 1.8
(Zeineldin, 2009). For the system shown in figure 2, Q.
has changed in the range of 0.5 to 8.1 by adjusting the
load inductance and capacitance according to table
6. The real load power is adjusted to put inverter at
100% of the inverter’s rated output for all cases. The
load inductance and capacitance were differed such
that the load reactive power was set at 100% of the
balanced condition. The PCC frequency measured for
different values of Q are shown in figure 17. For the
range of Q, under study, the frequency has exceeded
the OUF thlTEShDId.S in less than 100 ms for Q = 0.5
and 115 ms for Q, = 8.1. Also, proposed method can
be detect islanding in less than 75 ms for Q!. = T dF
and 135 ms for Q = 6.38.

Figure 18 shows the frequency of the voltage at the
PCC during an islanding condition for loads with
high quality factors while the DG interface controller is

equipped with the SFS IDM. According to this figure,
it can be seen that constant power controlled inverter

Figure 14:
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Table 6: Load parameters for different values
of Q.
R [Q] L [H] C [pF] Q, N P —
2.304 | 0.012200 575.4 0.50 60.07 %
2.504 0.006100 1150.0 1.00 60.10 e =
2.304 0.003450 2037.0 1.77 60.00 ; !L |
2304 | 0002030 | 34520 | 3.00 | 60.12 pounic | peuni |
2304 0001450 48500 421 6000 frverter-Based DGT Inverter-Based DG2
2 304 0.000957 7350.0 6.38 60.00 Figure 19: System under study for the multiple-
2304 | 0.000754 | 93300 | 810 | 60.00 DG operation mode.
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Figure 17:  PCC frequency with the proposed Figure 20: PCC frequency for the multiple-DG
DM for different values of Q. operation mode.
a4
100 kW rated output power, are connected at the PCC.
el h SFS,0f1 Figure 19 illustrates the operation of two DGs grid-
603 connected inverters. Each DG interface is equipped
s s with the proposed method shown in figure 3. The real
| SRl load power was adjusted to place the inverter at 100%
n 602 (200 kW) of the inverter’s rated output power for all
2 5015 cases. Islanding has been simulated at f = 2 s and the
é; SFS,0f=3 load has Q. of 0.885. The simulation result has been
Ll SFS,0f~4.21 presented in figure 20. It can be seen that DG loses
50.05| its stable operation mode, and an islanding condition

il

59,95 SFS,0f=6.38
SFS,0f=8.1
509 : I L . | |
i 1] i 1.5 2 4.5 3 13 4 4.5 Al
fime (sec)
Figure 18: PCC frequency with the SFS IDM for

different value of Q ’

equipped with the SFS IDM is not able to detect the
islanding phenomena for loads with high quality
factors that are shown in table 6. In contrast to, the
proposed method could able to detect the islanding
situation easily for loads with high quality factors.

5.4  Multiple-DG operation mode

The proposed IDM was further tested in a system
with multiple DGs. Two identical DGs, each with a

can be detected by using OUF/OUV methods in 70,
130 and 170 ms for load with resonant frequency 59.3,

60.0 and 60.5 Hz, respectively.

6 CONCLUSION

In this paper, a new hybrid IDM for inverter based
DGs is proposed. This method is relies on equipping
the DG interface with SFS, Q-f droop curve and RPD
as active methods. The proposed method is chosen
such that the DG maintains its stable operation
while grid-connected and loses its stability once an
islanding condition occurs. With a DG equipped with
the proposed method, the OFP/UFP is adequate
for efficiently and precisely to detect islanding. By
implementing the proposed method, the OFP/UFP
method will have a negligible NDZ.

The proposed hybrid islanding detection technique
is studied for the inverter-based DG unit under the
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IEEE 1547 and UL 1741 test conditions, multiple-
DG operation mode, load switching conditions and
various load quality factor. Based on simulation
results, it is found that the proposed method for
cases where the DG and load closely match in terms
of active and reactive powers and multiple DG
operation modes is capable of detecting an islanding
situation within the minimum standard time. For
loads with high quality factor and different loading
conditions also the proposed technique is capable of
detecting islanding within the standard allowable
detection times. In addition, a DG equipped
with the proposed technique will be capable of
maintaining stable operation when tested under load
switching condition.
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