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Impact of Load Frequency Dependence on
the NDZ and Performance of the SFS

Islanding Detection Method
H. H. Zeineldin, Member, IEEE, and M. M. A. Salama, Fellow, IEEE

Abstract—Sandia frequency shift (SFS) falls under the active
islanding detection methods that rely on frequency drift to detect
an islanding condition for inverter-based distributed generation.
Active islanding detection methods are commonly tested on con-
stant RLC loads where the load’s active power is directly propor-
tional to the square of voltage and is independent on the system
frequency. Since the SFS method relies primarily on frequency
to detect islanding, the load’s active power frequency dependence
could have an impact on its performance and the nondetection
zone (NDZ). In this paper, the impact of the load’s active power
frequency dependence on the performance of the SFS method,
during an islanding condition, is analyzed. A NDZ model that
takes into account the load’s frequency dependence parameter is
derived mathematically and validated through digital simulation.
The results show that the load’s frequency dependence has a
significant impact on the NDZ of the SFS method and thus is
an important factor to consider when designing and testing this
method.

Index Terms—Distributed generation (DG), inverter, islanding
detection, Sandia frequency shift (SFS).

I. INTRODUCTION

ANTIISLANDING protection is an essential component to
consider when integrating distributed generation (DG) to

distribution systems. The main role of an islanding detection
method is to detect accurately the moment of islanding and
then isolate the DG in a timely manner. Islanding detection
methods could be classified into three main groups which in-
clude passive, active and communication based [1]–[3]. Passive
methods rely on setting an upper and lower threshold on a
certain measured parameter, for example, frequency or voltage,
to detect an islanding condition [1]–[4]. In active methods,
the interface control design is modeled such that a certain
system parameter is forced to drift once an islanding condition
occurs and thus facilitating islanding detection [5], [6]. Re-
cently, new active methods, relying on injecting disturbances,
were proposed to detect an islanding condition [6], [7]. In [6],
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the proposed method relies on injecting a negative sequence
current and measuring the corresponding negative sequence
voltage variation to detect islanding. In [7], the current angle
signal is distorted by injecting a low amplitude sinusoidal
waveform and measuring the corresponding voltage deviation.
Communication-based methods rely on sending and receiving
signals between different protective devices to detect islanding.
Active methods are considered the most attractive option since
active methods are less expensive than communication based
and have smaller nondetection zone (NDZ) than passive meth-
ods. NDZ could be defined as the loading conditions for which
an islanding detection method would fail to detect islanding in
a timely manner [8]. Recently, hybrid passive-active islanding
detection methods combining advantages of both approaches
were proposed in [9]–[11].

Sandia frequency shift (SFS) falls under the frequency drift
active methods which also includes active frequency drift
(AFD) [12], automatic phase shift, and slip mode frequency
shift (SMS) [13]. The NDZ of active methods, relying on
frequency drift, was analyzed in [14] and [15]. The SFS method
was proven to be one of the most effective methods with a small
NDZ. Islanding detection methods, and their NDZ, were de-
veloped and tested on constant RLC loads [1]–[9], [11]–[18].
In [19], the effect of the load’s frequency dependence on the
operation of one of the passive methods, over/under voltage
protection and over/under frequency protection, was analyzed,
and it was concluded that the load’s frequency dependence has
an impact of the NDZ and islanding detection capability of this
method [19].

Commonly in power system transient analysis, the load
frequency dependence is taken into account and has a major
effect on the frequency deviation [20]–[23]. This has not been
taken into consideration in the design of active methods such
as the SFS method. The SFS method was tested on constant
RLC loads which were assumed to be the hardest loading
condition to detect [15]. Loads, on a distribution system, vary
in characteristic depending on the type (residential, commercial
or industrial) as well as season and weather [21]. In [21],
typical load frequency dependence parameters were given for
various types of loads. The majority of the loads operate close to
unity power factor with the active power frequency dependence
parameter varying from 0 to 3 [20].

In this paper, the performance of the SFS method is tested
taking into account the load’s frequency dependence. The NDZ
for the SFS method is derived mathematically to demonstrate
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TABLE I
TYPICAL LOAD FREQUENCY DEPENDENCE PARAMETER

the effect of load frequency dependence parameter on islanding
detection. The inverter-based DG as well as the islanding de-
tection method is modeled on PSCAD/EMTDC and simulation
results are presented to verify the mathematical analysis. This
paper is organized as follows: Section II derives the mathemat-
ical expression used to model the NDZ. Section III analyzes
the effect of load frequency dependence on the performance
of the SFS method. Section IV provides simulation results to
verify the mathematical analysis. Lastly, conclusions are drawn
in Section V.

II. NDZ WITH FREQUENCY DEPENDENT LOADS

The NDZ of an islanding detection method could be rep-
resented in the ΔP−ΔQ (active power mismatch–reactive
power mismatch), L−Cnorm (load inductance–load normalized
capacitance), or Qf−fr (load quality factor–load resonance
frequency) plane [8], [14], [15]. In this paper, the ΔP−ΔQ
is implemented and new equations are derived, for modeling
the NDZ that take into account the active power frequency
dependence. The load is represented by a parallel inductance
(L), capacitance (C), and a resistance (R) that is frequency
dependent to model active power frequency dependence. The
load characteristic can depend on the season, class (residential,
commercial, or industrial) and composition of the load (air
conditions, lighting, electric heating, and motor loads). For
example, the typical active power load frequency dependence
parameter for a residential electrical heating load during the
summer and winter are 0.7 and 1, respectively [21]. Typical load
frequency parameters could be found in [21].

Generally, in order to determine the load parameters, mea-
surement, and data acquisition devices are installed at the load
terminal. These devices measure voltage and frequency devia-
tions during a disturbance event. The corresponding variation in
load active and reactive power is measured, and the load model
is estimated by fitting the data to the assumed model. Table I
presents the active power load frequency dependence values for
various types of loads [20].

In general, the load’s active and reactive power can be
modeled in terms of R, L, and C as follows:

P = (Po + ΔP )
(

V

Vo

)NP

(1 + kpf(f − fo)) =
3V 2

R
(1)

QL = (Qo + ΔQ) =
3V 2

o

ωoL
(2)

QC = Qo = 3V 2
o ωoC (3)

where P , QL, and QC represent the load’s active, inductive
reactive, and capacitive reactive three phase power, respec-

tively, and ΔP and ΔQ represent the active and reactive
power mismatch, respectively. The term NP represents the
load’s voltage dependence parameter which will be set equal
to two while kpf represents the load’s frequency dependence
parameter. The parameters V , Vo, and ωo represent the system
operating voltage, system nominal voltage, and system nominal
frequency in radians per second, respectively. The parameters f
and fo represent the system frequency and nominal frequency,
respectively. To represent the NDZ in terms of ΔP , the load
and DG power are equated as follows:

PDG = PLoad. (4)

The DG is designed to operate as a constant current-
controlled source. For the SFS method, the DG phase angle is
expressed as follows:

φDG = −π

2
(cf + k(f − fo)) (5)

where cf and k represent the parameters of the SFS islanding
detection method. The SFS method relies on injecting a slightly
distorted current waveform in order to drift the frequency be-
yond the frequency relay threshold values presented in the IEEE
standards [17], [24], [25]. This is accomplished by chopping the
current waveform, through the parameter cf , and introducing
zero periods which will in turn affect the DG phase angle. In
addition to cf , the DG phase angle is designed to be dependent
on the system frequency by introducing another factor “k” [14],
[15]. By referring to (4), the active power balance equation
could be expressed as follows:

3V Irated cos φDG = (Po + ΔP )
(

V

Vo

)NP

(1 + kpf(f − fo))

(6)

where Irated is the DG rated output current. Equation (6) can
be further simplified as shown in

Po

cos φDG|rated
V cos φDG

= (Po + ΔP )
(

V

Vo

)NP

(1 + kpf(f − fo)) Vo (7)

ΔP

Po

=
cos φDG(

V
Vo

)NP−1

(1 + kpf(f − fo)) cos[φDG|rated]
− 1. (8)

Equation (8) represents the main equation for determining
the active power mismatch term for modeling the NDZ. It can
be seen that the NDZ will be dependent on kpf . The reactive
power mismatch can be found by equating the DG and load
reactive power as follows:

3V Irated sinφDG = QL − QC =
3V 2

ωL
− 3V 2ωC. (9)
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Fig. 1. System under study.

By substituting for the values of C and L from (2) and (3)
and after a sequence of simplifications, (9) can be rewritten as
follows:

ω

ωo

ΔP

Po
(1 + kpf(f − fo)) tan φDG − ΔQ

Po

=
Q0

Po

(
1 − ω2

ω2
o

)
− ω

ωo
(1 + kpf(f − fo)) tan φDG. (10)

Equation (10) represents the main equation for determining
the NDZ in terms of reactive power mismatch. Equations (8)
and (10) will be used in this paper to construct the NDZ of the
SFS islanding detection method in the ΔP−ΔQ space.

III. EFFECT OF LOAD FREQUENCY DEPENDENCE ON THE

NDZ OF THE SFS ISLANDING DETECTION METHOD

The system under study is shown in Fig. 1 which consists
of a distribution system represented by a source behind an
impedance, a 100-kW inverter-based DG and a load. The load
resistance is modeled as in (1) to simulate a frequency depen-
dent load. Islanding studies are commonly performed on DG
equipped with inverters that are designed to provide no voltage
regulation and operate close to unity power factor [16], [17],
[24], [26]. The same approach is adopted in this paper.

Voltage source inverters (VSI) have been widely used for
DG systems. Depending on the control strategy, VSI can be
classified into two types which include voltage-controlled VSI
and current-controlled VSI. Voltage-controlled inverters use
the output voltage and angle to control the amount of power
flow while current-controlled inverters use current feedback
to control the inverter’s output current. A detailed comparison
between the two types of VSI could be found in [27].

The control structure implemented for the grid connected DG
is the synchronous reference frame control approach [26]. The
DG abc output current is transformed into the d−q axis frame
to generate id and iq , as shown in Fig. 1, and are compared
with the reference values (i∗dref and i∗qref ) which are generated
using a phase matrix transformation. The three phase voltages
at the point of common coupling are inputted to a phase-locked
loop to measure the frequency. The inverters should be capable
of detecting an islanding situation and cease to operate during

such situations [28]. This is accomplished by incorporating
the SFS method with the inverter control strategy. The terms
i∗dref and i∗qref are calculated using the current reference values
(idref and iqref ) in addition to the SFS phase angle determined
by (5). This control structure is commonly associated with
proportional–integral controllers due to their satisfactory be-
havior for regulating dc parameters such as the dq components.
A detailed description of the interface control design can be
found in [16] and [18].

A. Analysis of Load Versus DG Characteristic

The frequency at which an islanded system will stabi-
lize depends to a great extent on the load and DG phase
angle–frequency characteristic. The two main factors that de-
termine the load characteristic are the load resonance frequency
(fr) and load quality factor (Qf ) [15]. By taking into account
the load’s active power frequency dependence, the load phase
angle–frequency characteristic could be expressed as follows:

φload = − tan−1

[
Qf

(1 + kpf(f − fo))

(
fr

f
− f

fr

)]
. (11)

It is noted that setting kpf = 0 will yield the load phase angle
characteristic presented in [15]. Fig. 2 shows the load and
DG phase angle–frequency characteristic for a DG equipped
with the SFS islanding detection method. The IEEE Std. 929
recommends testing islanding detection methods for loads with
Qf ≤ 2.5 [25]. The recent IEEE 1547.1 standard proposes
testing islanding with loads having a quality factor of one [17].
In Fig. 2, the load’s quality factor is varied between 0.5 and 5
while fr and kpf are set fixed at 60 Hz and 0.5, respectively.
Based on the phase angle criterion, in order to eliminate the
NDZ of the SFS method, the DG phase angle curve should
be steeper (higher absolute slope) than the load phase angle
curve [18]. For loads with Qf ≥ 2, the frequency will stabilize
within the IEEE threshold values (59.3 and 60.5 Hz) and thus
frequency relays will fail to detect islanding. For the case
where Qf ≥ 3, the frequency will stabilize at 60 Hz (Point X)
while for Qf = 2, the frequency will stabilize at approximately
59.7 Hz (Point Y ). For Qf = 0.5 and Qf = 1, the SFS curve
will intersect the load curve at X which is, for these loading
conditions, an unstable operating point as defined by the phase
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Fig. 2. Load and SFS phase angle–frequency characteristic for a load with
fr = 60 Hz.

Fig. 3. Load and SFS phase angle–frequency characteristic for a load with
fr = 60 Hz and Qf = 3 for various values of kpf .

criterion. Similar conclusions can be drawn for cases where cf
is nonzero.

The second parameter, that is of main focus in this pa-
per, which has an effect on the load phase angle–frequency
characteristic and in turn the islanding detection capability of
the SFS method is kpf . Fig. 3 shows the load and DG phase
angle–frequency characteristic for a DG equipped with the SFS
islanding detection method for various values of kpf . The load
Qf is set fixed at three and fr is set fixed at 60 Hz. For this case,
cf is set equal to zero as in [18]. From Fig. 3, it is shown that as
the value of kpf increases the load phase angle–frequency curve
becomes steeper which will in turn affect the islanding detec-
tion capability of the SFS method. For the cases under study, the
SFS method will fail to operate properly and frequency relays
will fail to detect islanding for values of kpf that are greater
or equal to one. The frequency will stabilize at points A, B,
C, and D which are within the frequency limits. The analysis
shows that the load’s active power frequency dependence is an

Fig. 4. NDZ for the SFS method with cf = 0 and k = 0.05 for different
values of kpf with Qf = 4.

Fig. 5. NDZ for the SFS method with cf = 0.001 and k = 0.005 for
different values of kpf with Qf = 1.

important factor to consider when designing islanding detection
methods.

B. Effect of Load Frequency Dependence on NDZ

The analysis in the previous section highlighted the impact
load frequency dependence can have on the islanding detection
capability of the SFS method. In order to quantify this effect,
the NDZ is calculated based on (8) and (10) for various values
of kpf . Figs. 4 and 5 show the NDZ of the SFS under two
different design cases for different values of kpf . For the two
presented cases, the NDZ of the SFS method changes with the
change in kpf . Without taking into account the load frequency
dependence, load point “G” which corresponds to an active
power mismatch of 40 kW would be considered detectable. The
same loading condition would be nondetectable for kpf = 0.7.
On the contrary, a load point “D,” which would be nonde-
tectable with no frequency dependence, would be detectable
for kpf = 0.4 and kpf = 0.7. Similar conclusions could be
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Fig. 6. Load and SFS characteristic with and without frequency dependence.

drawn for the case where cf = 0.001 and k = 0.005. The SFS
method could fail to operate correctly for large active power
mismatches as a result of the load’s active power frequency
dependence.

It is worthy to note that the presented NDZs do not take into
account the transient behavior of the DG during an islanding
condition. In general, islanding detection method are equipped
with time delays to avoid nuisance tripping which could result
from other system disturbances. Thus, the presented NDZ
shown in Figs. 4 and 5 correspond to the steady-state perfor-
mance. The steady-state NDZ is a conservative measure of
the NDZ but the actual NDZ (taking into account transient
behavior) could be smaller [8].

C. Effect of Load Frequency Dependence on the Effectiveness
of the Application of Phase Angle Criterion on SFS Method

One of the main strengths of the SFS islanding detection
method is the capability of eliminating the NDZ by properly
setting its parameters [18]. By setting the slope of the SFS
curve higher (in absolute value) than the slope of the load curve,
the NDZ could be eliminated for a certain range of Qf . This
approach is known as the phase criterion approach [15], [18].
In [18], a formula for calculating the maximum expected load
slope was formulated and the gain “k” of the SFS method was
set higher than that value to eliminate the NDZ. Fig. 6 shows the
load curves for various values of fr with and without frequency
dependence. It can be seen that for both points A and B, the
SFS curve has a higher (steeper) slope than the load curve and
thus both points are considered unstable operating points [18].
The slope of the load curve is almost constant within the 59.3-
and 60.5-Hz window. For loads with Qf = 3, the frequency is
forced to drift beyond the frequency relay thresholds with k set
to 0.1.

On the contrary, the slope of the load curve changes dras-
tically within the 59.3- and 60.5-Hz frequency window with
frequency dependent loads, as shown in Fig. 6. For both points
A′ and B′, the slope of the load curve is higher (steeper) than
the SFS curve. Both points are considered stable operating

Fig. 7. Voltage and frequency deviations for the case where ΔP = 0 and
ΔQ = 0.005 (point D′ in Fig. 5).

points and are within the frequency relay threshold values. For
such loading conditions, to eliminate the NDZ using the phase
criterion, the gain k of the SFS method would need to be set
very high. It should be noted that the higher the gain k, the more
sensitive the phase angle becomes to frequency changes which
hinders the performance of the DG. This is due to the fact that
large changes in phase angle will in turn induce large changes
in DG reactive power output which will reduce the amount of
DG active power output.

IV. SIMULATION RESULTS HIGHLIGHTING THE INFLUENCE

OF kpf ON THE SFS ISLANDING DETECTION METHOD

The mathematical analysis and equations, provided in the
previous section, prove that the load’s active power fre-
quency dependence has an impact on the performance of the
SFS islanding detection method. In this section, we validate
the above by implementing the system shown in Fig. 1 on
PSCAD/EMTDC and testing the SFS method under various
loading conditions. The resistive part is modeled as in (1) to
include load frequency dependence.

A. Voltage and Frequency Deviations Under Various Active
and Reactive Power Mismatch Conditions

The load frequency dependence parameter “kpf” does not
only have an impact on the frequency deviation but also on the
amount of voltage deviation [refer to (8) and (10)]. Figs. 7 and 8
show the frequency and voltage waveforms during an islanding
condition for a DG equipped with the SFS islanding detection
method. The islanding condition is initiated at t = 2 s and the
load has a Qf = 1. The two loading points, shown in Fig. 7,
correspond to points D′ and G′ shown in Fig. 5. From Fig. 7,
islanding could be detected easily for all cases except for the
case where kpf = 0. This is in agreement with the analytical
results, shown in Fig. 5, where Point D′ lies within the NDZ
of the SFS method for kpf = 0. Although this case study shows
that loads with no frequency dependence are harder to detect,
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Fig. 8. Voltage and frequency deviations for the case where ΔP = 0.5 and
ΔQ = −0.01 (point G′ in Fig. 5).

this is not necessarily true for other loading conditions. By
referring to Fig. 8, it is shown that all loading conditions can
be detected except for the case where kpf = 1 (assuming steady
state). It is worthy to note that for the case where kpf = 1, the
voltage drops below the IEEE voltage threshold value due to the
large active power mismatch but within approximately 500 ms
the voltage stabilizes within the acceptable voltage range. As
stated earlier, islanding detection methods are equipped with
time delays to avoid nuisance tripping. The case where kpf = 1
would be considered detectable if the SFS method is designed
with a time delay that is less than 500 ms. This issue will be
highlighted in a latter section. The results obtained through
the simulation model confirm and validate the mathematical
analysis presented in Section III.

B. Effect of Qf and kpf on Islanding Detection

As highlighted earlier, the load quality factor is another
parameter that will have a major effect on islanding detection.
This is verified through simulation results by varying the load
quality factor and initiating an islanding condition at t = 2 s.
The load frequency dependence factor and load resonance
frequency are set to 0.5 and 60 Hz, respectively. The gain “k” of
the SFS method is set equal to 0.05 and the load resonance
frequency is 60 Hz. Fig. 9 shows the frequency deviation during
an islanding condition for a DG equipped with the SFS method.
For loads with Qf ≤ 1, the frequency will drift beyond the
threshold values. This could also be related to the analysis
shown in Fig. 2 where loads with Qf ≤ 1 have a less steeper
curve than the SFS curve. For a load with Qf = 2, the fre-
quency will stabilize at approximately 59.7 (coinciding with
analytical results shown in Fig. 2) and the frequency deviation
is not sufficient to trigger the frequency relay. The simulation
results highlight the effect of Qf on islanding with frequency
dependent loads. For loads with Qf ≥ 3, the frequency will
stabilize at approximately 60 Hz (corresponds to point X in
Fig. 2).

To further validate the derived formulas, an islanding con-
dition is simulated and tested for different values of kpf . The

Fig. 9. Frequency deviation for a DG equipped with the SFS method under
different Qf values.

Fig. 10. Frequency deviation for a DG equipped with the SFS method
(k = 0.1) for different kpf values.

load quality factor and resonance frequency are set to 3 and
60 Hz, respectively. Similarly, an islanding condition is initiated
at t = 2 s. Fig. 10 shows the frequency deviation for a DG
equipped with the SFS method. It can be seen that, for the
cases where kpf = 0 and kpf = 0.5, the frequency deviation is
sufficient to operate the frequency relay. This corresponds to the
results shown in Fig. 3 where the load curves do not intersect
the SFS curve, at a stable operating point, within the 59.3- and
60.5-Hz window. For other loading cases, the magnitude of
frequency drift is not sufficient to trigger the frequency relay.
These loading conditions correspond to points A, B, C, and D
in Fig. 3 which are stable operating points.



ZEINELDIN AND SALAMA: IMPACT OF LOAD FREQUENCY DEPENDENCE ON THE NDZ 145

Fig. 11. Simulated (in circles) versus analytical NDZ with load frequency
dependence.

C. Simulated Versus Analytical NDZ

In Section III, an analytical model for the NDZ of the SFS
method was developed utilizing mathematical equations de-
rived specifically to include the load frequency dependence. In
this section, a simulated NDZ model is developed by repeated
dynamic simulation on PSCAD/EMTDC for various values of
kpf . The simulated NDZ versus the analytical NDZ is shown
in Fig. 11 for a load with Qf = 4. The results show a close
agreement between the simulated and analytical NDZ model.
Frequency dependent loads with large active power mismatches
could be undetectable. In [8], it was shown and proven that the
maximum active power mismatch is approximately 29.13% of
the DG rated power. The results show here that the maximum
active power mismatch could reach higher values depending on
the load frequency dependence parameter.

The simulated NDZ shown in Fig. 11 was developed without
taking into account the transient. For this reason, this NDZ will
be denoted as the simulated steady-state NDZ. To take into
account the transient response, repeated dynamic simulation is
conducted where the voltage and frequency are monitored and
the islanding detection delay time is set at 100 ms. Any voltage
or frequency deviation exceeding the standard limits and lasting
more than 100 ms is considered detectable. Fig. 12 shows the
comparison of the simulated steady-state NDZ to the simulated
100 ms NDZ for the case where cf = 0, k = 0.05, and Qf = 4.
For kpf = 4, large active power mismatches (≈35% of the
DG capacity) are outside the simulated 100-ms NDZ. As the
time delay increases, the maximum undetectable active power
mismatch will increase. For the case where kpf = 0, the ana-
lytical, steady-state, and 100-ms NDZ coincide. By comparing
the simulated 100-ms NDZ for kpf = 0 and kpf = 0.4, it can
be seen that the load frequency dependence has an effect on the
simulated 100-ms NDZ.

V. CONCLUSION

This paper analyzes the impact of the load’s active power
frequency dependence on the islanding detection capability of

Fig. 12. Simulated 100-ms NDZ (in blue circles) versus steady-state NDZ
with cf = 0 and k = 0.05.

the SFS islanding detection method. Through mathematical and
simulation analysis, it was proven that the load’s active power
frequency dependence has a significant impact on islanding
detection and the NDZ of the SFS method. The load phase angle
slope changes significantly within the IEEE threshold values
and thus the application and performance of the phase criterion
approach becomes limited. With load frequency dependence,
the SFS method could fail to detect islanding under larger
active power mismatches. The maximum undetectable active
power mismatch as well as the overall NDZ will depend on
the islanding detection method time delay. The simulation and
analytical results prove that the load’s frequency dependence is
an important factor to consider when designing frequency drift
islanding detection methods such as the SFS. It is envisaged
that other frequency drift islanding detection methods such as
the AFD and SMS methods will experience the same impacts
and limitations.
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