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ABSTRACT 

As distributed generation penetrates the electric power grid at higher 

power levels, grid interface issues with distributed generation must be 

addressed. The current power system consists of central power generators, 

while the future power system will include many more distributed resources. 

The centralized power generation system is controlled by utility operators, 

but many distributed resources will not be controlled by utility operators. 

Distributed generation must use smart control techniques for high reliability 

and ideal grid interface.  

This thesis discusses the grid interface issue of anti-islanding. An electric 

island occurs when a circuit breaker in the electric power system trips. The 

distributed resource should disconnect from the electric grid for safety 

reasons. This thesis will give an overview of the possible methods. Each 
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method will be analyzed using the ability to detect under the non-detection 

zone and the economic feasibility of the method.  

This thesis proposes two addition cases for analysis that exist in the 

electric power system: the effect of multiple methods in parallel in the non-

detection zone and the possibility of a false trip caused by a load step. 

Multiple methods in parallel are possible because the islanding detection 

method is patentable, so each grid interface inverter company is likely to 

implement a different islanding detection method. The load step represents a 

load change when a load is switched on. 
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1 Introduction  

Distributed generation for renewable energy sources is penetrating the 

electric power system due to the rising cost of traditional energy sources and 

the environmentally friendly features of renewable energy. Over 60 

countries around the world have set targets for renewable energy supply [1]. 

The types of renewable energy include solar, wind, hydrogen, biomass, 

geothermal, hydropower, and biodiesel. Many of these renewable energy 

sources are designed to supply energy into the electric power system.  

For renewable energy, the interface between the energy source and the 

electric grid is power electronics. If the sources are DC sources, the power 

electronics may be a configuration of a DC/DC converter and a DC/AC 

inverter (Fig. 1) or a single DC/AC inverter (Fig. 2). If the source is an AC 

source, the power electronics can be a combination of an AC/DC rectifier, a 

DC/DC converter, and a DC/AC inverter (Fig. 3).  
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Fig. 1  DC/DC converter with DC/AC inverter cascaded 

 

 

 

Fig. 2  DC/AC inverter 

 

 

Fig. 3  AC/DC rectifier with DC/DC converter and a DC/AC inverter 

cascaded 



3 

 

 

Each power electronics interface should provide quality power to the 

electric grid for the loads. This means the harmonics should be low, the 

inverter should be turned off if the voltage or frequency goes out of range, 

and the inverter should be able to detect when the centralized generator is no 

longer connected; this case is called unintentional islanding. An island may 

occur for many reasons; such as, a disconnection for servicing, human error, 

an act of nature, or one of the circuit breakers in the power system trips as 

shown in Fig. 4 with distributed generation (DG). Under the island 

condition, the distributed resource (DR) is required to disconnect within 2 

seconds according to IEEE 1547[2]-[3]. A distributed resource should 

disconnect from the electric grid for many reasons: to prevent the electric 

power grid from reconnecting with the distributed resource out of phase 

causing a large spike in voltage damaging the loads, a line worker could get 

hurt, and the utility is liable for power lines even when distributed resources 

use them to transmit power. In the future, the distributed resource may 

switch operation to a properly controlled island mode or microgrid operation 

when an island is detected [4]-[9].  
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Fig. 4  Example power system with circuit breakers and DGs 

 

As the distributed generation penetration gets higher, many problems 

have been identified on how to effectively transition from the centrally 

controlled electric power system (EPS) to a distributed system with many 

electric sources controlled separately. The problem this paper discusses is 

the scenario where the EPS is lost and an electric power island is formed. 

There are many methods in literature to detect an island [10]-[32]. 

Change in frequency, change in voltage, change of impedance, harmonic 

injection, reactive power injection, phase shift, frequency jump, voltage 

shift, power line carrier communication, and supervisory control and data 

acquisition are a short list of possible methods. Passive methods detect a 
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change in the output to detect the connection of the grid. Active methods 

inject a disturbance to detect the connection of the grid. Hybrid methods are 

a combination of both. SCADA methods use communication to detect the 

loss of the grid.  

Each method has its strengths and weaknesses. Typically methods are 

evaluated by three considerations: the non-detection zone, cost, and power 

quality [33]-[35]. This paper proposes two additional considerations: the 

anti-islanding method should not cause false trips caused by turning on or 

off local loads and the method should be able to detect even with multiple 

methods in parallel within the non-detection zone. Any method could 

possibly have issues with false trips and not detecting an island when there 

are multiple methods in parallel. This thesis suggests these conditions be 

considered in the islanding detection design.  

Three methods are simulated and tested on a prototype power conditioner 

with a DC-DC converter [36] connected to an inverter [37] shown in Fig. 5. 

The 120 Vrms outlet is used as the grid. 
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Fig. 5  Prototype circuits used for the experiments 

 

One method is executed on a commercial unit. The method is simulated 

and tested using the information available on the patent [32]. The first case 

that can cause a method to be undetectable is the non-detection zone. Under 

this condition, the load within the island matches the power generated which 

means the current from the EPS goes to zero. This condition is found to be 

probable in [38]-[39]. The next condition is the parallel inverter case within 

the nondetection zone where multiple methods are used in the same island. 
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This is possible since there are many different DRs in the market that have 

patented their anti-islanding method. Lastly, the anti-islanding method 

should not cause a false trip when there is a load step from local loads. 

When local loads turn on and off, there is a change in voltage at the point of 

common coupling. Also, there will be a phase shift in the current due to the 

inductance and capacitance of the load turning on or off, and the control 

loops of the distributed resource will have a step response. These factors 

should not cause an undesired turn off of the distributed resources. 

2 Phase Lock Loop 

Each islanding detection method in this thesis uses the phase lock loop as 

the foundation for detecting [40]-[45]. Each active method perturbs the 

phase lock loop in order to detect an island. While the perturbation is non-

ideal, it is necessary to detect the island. The phase lock loop is used to 

synchronize an oscillating waveform with a measured waveform. The 

measured waveform is from the point of common coupling of the inverter. 

The oscillating waveform is generated by the phase lock loop. The phase 

lock loop is comprised of a voltage controlled oscillator, an integrator, and a 

phase detector. A simplified phase lock loop structure is shown in Fig. 6. For 

the simplified phase lock loop to operate, the grid measurement must have a 

magnitude of one. The matrix equation shown in (1) is used to get the 
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magnitude of the grid voltage and multiply sin and cosine values for the 

phase lock loop to force the phase difference between the measured and 

oscillating waveforms. The signal at Ve is equivalent to the measured 

waveform (Vgrid) multiplied by the phase lock loop output (Vf) shown in (2). 

Where ɗ1 is the angle of Vgrid and ɗ2 is the angle of Vf. The purpose of the 

loop is to make the measured waveform equivalent to the reference 

waveform or ɗ1 equal to ɗ2. 

 

Fig. 6  Phase Lock Loop 
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The low pass filter (LPF) needs to be designed to significantly attenuate 

the 120 hertz signal so only sin(ה) is left which at small values of ה is 

equivalent to just ה . After the low pass filter, the 120 hertz term will be 

filtered. The phi term, which is the difference between the two theta terms, 

will have a gain (Kp) and added to the expected angular frequency (ɤc). The 

gain of Kp is chosen for the maximum bandwidth and a sufficient step 

response. The integral of the new angular frequency (ɤo) is equal to (4). The 

integral constant is not necessary for this application. 

ooO tdt                                                                                       (4) 

A simplified control loop of the phase lock loop is shown in Fig. 7. 

Sisotool in MATLAB is used to design the filter and compensator of the 

phase lock loop. The open loop Bode plot of the phase lock loop with the 

designed filter and compensator is given in Fig. 8. The cross over frequency 

is 27.8 hertz. 

 

Fig. 7  Simplified Phase Lock Loop 
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Fig. 8  Phase Lock Loop Bode Plot 

 

The phase lock loop is important to meet the requirement to synchronize 

with the grid voltage and it allows smooth transitions between frequency, 

phase, and magnitude transients. The fact that the phase lock loop does not 

set the frequency, phase, or magnitude but follows the measured waveform 

is necessary for electric grid connection. 

The inverter measures the grid voltage for the phase lock loop before an 

output filter inductor (Lg) in the LCL output filter as shown in Fig. 9. The 

grid line inductance is represented as Ls. The grid will naturally have noise 

due to electromagnetic interference, but an additional noise component will 
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be added because there is a difference between the actual grid voltage and 

the sensed grid voltage due to the output inductor filter. The experiments 

throughout this thesis will have noise in the grid current. 

 

Fig. 9 LCL filter and sensor locations 

3 Passive Method 

The passive method uses the over/under voltage and over/under 

frequency requirements of the IEEE 1547 (Fig. 10) as the way to detect the 

island. The operating voltage range of the inverter is between 88% and 

110% of the nominal voltage at the point of common coupling. The 

operating frequency range is 59.3 to 60.5 hertz. It is expected that in the 

future a low voltage ride through requirement will be added so the 

distributed generation will stay on to during a fault condition. Voltage ride 

through is used to prevent a blackout. The conditions outside the voltage and 

frequency range must disconnect within the clearing times shown. The 

reason for this requirement is that a low voltage condition could cause the 
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current draw on the loads to increase. A high current could damage the load. 

 

Fig. 10   IEEE 1547 voltage and frequency requirements 

The non detection zone of this islanding detection method is tested. The 

non detection zone is the condition where the current from the grid to the 

local loads goes is small and the generation from the distributed generators 

match the local loads. The test setup is shown in Fig. 11. The current, Igrid, 

will go to zero which means the real power from the inverter is equal to the 

real power of the resistive load.  
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Fig. 11  Test setup for islanding tests 

This method is tested in the non-detection zone in Fig. 12. Notice that the 

voltage, current, and frequency do not noticeably change when the island is 

formed. 

 

Fig. 12.  Passive method in the non-detection zone 
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This method cannot be used because it will not meet the islanding 

detection requirements of the IEEE 1547 standard. 

4 Anti -Islanding Standard Test Method 

The test setup of the islanding detection test used to verify the islanding 

detection method for IEEE 1547 standard compliance is shown in Fig. 13. 

The purpose of this test is to have the current from the grid go to zero. Both 

the real power current and the reactive power current must go to zero. The 

resistor is chosen to match the real power from the inverter. The inductor 

and capacitor is chosen so that the inductive or capacitive output filter of the 

inverter will combine with the additional inductor and capacitor to resonate 

at a 60 hertz frequency (5). 

Hz
LC

f 60
2

1
             (5) 

 

Fig. 13  IEEE 1547 Islanding detection test 
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Since the uncharged capacitor and inductor act as shorts before the grid is 

connected, the current will spike at turn on. This is shown in Fig. 14. 

Precautions should be made to prevent an excessive spike at turn on such as 

adding an addition resistor as shown in Fig. 13.  

 

Fig. 14  Anti-Islanding test turn on with L=25.13m, C=280u, R=360 with 

9/6 ohm resistor 

 

The test setup uses capacitors and inductors which will have a variation 

between the actual value in the experiment and the nominal value. Due to 

this difference there will be an effect on the actual resonant frequency of the 

test. A comparison is done where the capacitance is varied by 1 microfarad 

in Fig. 15 to Fig. 16. When the capacitance is increased by 1 microfarad, the 
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reactive current is increased 50 times. To properly set the capacitance, a 

variable capacitor should be used while measuring the grid current.  

 

Fig. 15  Anti-Islanding Test Turn on with L=25.13m, C=280u, R=360 
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Fig. 16  Anti-Islanding Test Turn on with L=25.13m, C=281u, R=360 

 

 

5 Active Frequency Jump Method 

The frequency jump method adds an additional frequency to the phase 

lock loop (Fig. 17). The additional frequency used in this paper is 10 Hz. 

 

Fig. 17  Frequency jump method diagram 

This method is simulated in PSim to verify detection ability. Fig. 18 
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shows the output voltage and grid current before and after an island is 

formed. The grid current is much smaller than the inverter current so the 

simulation is in the non-detection zone. 

 

Fig. 18  Grid current and output voltage before island forms 

After the island forms (Fig. 21), the frequency jumps to 67 Hz. Over time 

the frequency will go up to 70 Hz. This method is detectable in the non-

detection zone. 
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The experimental results in Figs. 19-21 match the simulation results. 

 

Fig. 19  Before and after islanding condition 
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Fig. 20  Before islanding condition 

 

Fig. 21  After islanding condition 
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6 Harmonic Injection Method 

The harmonic injection method perturbs the phase lock loop with a sine 

wave in addition to the original theta value [31]. The new phase lock loop 

output (Vf ) is now (6) when Vgridôs magnitude is unity.  

oooo

oof

KK

KV

sinsincossincossin

sinsin
               (6) 

If K is small, the cosine term will go to 1 and the sine term will go to K 

making this method similar to a second harmonic injection. The new phase 

lock loop is shown in Fig. 22.  

 

Fig. 22  Harmonic injection phase lock loop 

The simulation result is shown in Fig. 23. The inverter current 

continuously injects a harmonic which is poor power quality. The grid 

current is a 120 hertz sine wave because the load current must follow Ohmôs 
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law. When the inverter current and the grid current are added together, the 

load current is sixty hertz following Ohmôs law and the grid voltage.  

 

Fig. 23  Harmonic injection simulation 

The experimental results verify the harmonic is noticeable in the output 

voltage for the single inverter case (Figs. 24-26). The inverter anti-islanding 

disconnect time can be adjusted for anytime less than 2 seconds. In this case, 

the inverter stays connected longer than the plot shows. 
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Fig. 24  Harmonic injection before and after islanding condition 

 

Fig. 25  Before islanding condition 
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Fig. 26  After islanding condition 

7 Enphase Method 

A commercial inverter anti-islanding method is studied using its patent 

[32]. The Enphase micro-inverter uses a phase shift islanding detection 

method. The Enphase will phase shift every 0.5 seconds for a full cycle (Fig. 

27). Instead of relying on a voltage change to detect an island, this method 

uses the fact that the phase lock loop error will be different when there is an 

island compared to when there is not an island. The signal at sin(ה) is 

considered the error signal since it should be equal to 0 if the measured 

signal and the phase lock loop output are the same.  
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Fig. 27  Enphase method phase lock loop 

The Enphase method is simulated for the grid connected case (Fig. 28). 

The Enphase error will increase an equal amount once the phase shift starts 

as it decreases after the phase shift is over. Notice that the KpDeltaW error is 

in the range of 0.02. 

 

Fig. 28  Enphase method before islanding condition 
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After the islanding condition (Fig. 29), the error signal will decrease but 

will not increase above the steady state value. Which means the average 

value will not be 0 taken from the steady state offset value. The change the 

error makes is about 1 which is a very small value considering the gain Kp is 

300. 

 

Fig. 29  Enphase method after islanding condition 

Enphase will turn off at the zero crossing following the islanding 

condition. This is verified by repeating the experiment many times in the 

single inverter case Fig. 30. Switching at different times in the waveform 

still causes the inverter to detect at the next zero crossing. The islanding 

detection presented in the patent suggests that the islanding condition will 
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only be detected after the phase shift injection. Tests show this is not the 

case. It is noticed in Fig. 30 there is a phase shift after the island is formed 

causing the frequency between peaks to be 57.8Hz. Which means the 

Enphase method also detects a phase shift and switches off at the next zero 

crossing.  

The phase shift is caused by the output capacitor of the Enphase. The 

Enphase is controlled after the capacitor to provide a power factor of 1 at the 

output; but, the capacitive reactive power is noticeable in the EPS current 

when the power output matches the local load. These tests were conducted 

with an 80W load and the supply current is adjusted so the power out is 

equal to 80W.  

Another problem is that the EPS could come back within 2 seconds but 

the Enphase unit has already disconnected. If the inverter stayed connected 

for up to 2 seconds, the inverter could provide ride through support to the 

EPS. DRs that are more sensitive in disconnecting can cause problems to the 

EPS. This is a way this method could be improved.  
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Fig. 30  Enphase different islanding point with frequency measurement 

8 Multiple Methods In Parallel  

As more DRs are used, it is likely multiple methods will be in parallel in 

an island so it is necessary to study how multiple methods operate in parallel 

[46]-[48]. It is possible to patent the islanding detection method which 

means each company is likely to use a different method for islanding 

detection. Two different methods are tested in parallel at the same power 

level and different power levels. The frequency jump method and harmonic 

injection method are simulated and tested in parallel using the configuration 

shown in Fig. 31. 
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Fig. 31  Parallel inverters with different islanding detection methods 

8.1 Frequency Jump and Harmonic Injection in Parallel at Different 

Power Levels 

This case considers the scenario where the frequency jump method is at a 

much lower power level than the harmonic injection method. The frequency 

jump method has an 11 amp peak while the harmonic injection method has a 

34 amp peak (Fig. 32). In this case, the frequency stays close to 60 Hz. The 

frequency jump method does not affect the output voltage enough to detect 

an island. Under this condition, first the harmonic injection method will 

disconnect then the frequency jump method can detect. The effect of the 

inverter current on the output voltage during the island condition can be 

related by (7), where Z is the impedance of the local load. In the case where 

there are multiple units in parallel in the non-detection zone, the current 

from each inverter will be lower to get the same voltage as the single 

inverter test that is currently considered in the IEEE 1547 standard. 
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Islanding detection methods measure the effect on the voltage from a 

perturbation from the current. When the current is less, the effect on the 

voltage will be less in the non-detection zone with multiple units in parallel. 

IZV                (7) 

 

Fig. 32  Frequency jump and harmonic injection method at different 

power levels 

 

Figs. 33-35 show the experimental results for multiple methods in 

parallel. Notice that the frequency increases to only 63.5 hertz when the 

single frequency jump inverter caused the frequency to jump to 67.8 hertz. 

The frequency jump is 3.5 hertz as opposed to 7.8 hertz. The jump is 
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approximately half which is expected since the current of the frequency 

jump method is half. 

 

Fig. 33  Two methods in parallel at different power levels 
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Fig. 34  Two methods in parallel before islanding 

 

Fig. 35  Two methods in parallel after islanding 
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8.2 Frequency Jump and Harmonic Injection in Parallel at Equal 

Power Levels 

When the two methods are in parallel at equal power levels, the voltage 

output will also have a less noticeable variation when the island condition 

occurs (Fig. 36-39). When both inverters output equal power levels, one 

islanding method is no longer dominant. This means each method should 

have a low enough threshold to disconnect in this condition. Notice the 

output voltage in the islanding condition jumps to 64.2 hertz. This is a 

frequency jump of 4.2 hertz which is about half of the 7.8 hertz of the single 

inverter test. Each method should be sensitive enough to detect under this 

likely electric grid condition but should not be sensitive enough to cause a 

false detection. 
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Fig. 36  Two methods in parallel at equal power 

 

The experimental results in Figs. 37-39 show before and after an island is 

formed in the case with multiple methods in parallel. The frequency only 

increases to 63.6 hertz in this case. The islanding method is more difficult to 

detect when there are multiple methods in parallel. 
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Fig. 37  Two methods in parallel at equal power 

 

Fig. 38  Two methods in parallel before islanding 
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Fig. 39  Two methods in parallel after islanding 

8.3 Enphase Method in Parallel with Passive Method 

The Enphase method is simulated in parallel with the passive method 

(Fig. 40). Notice the KpDeltaW signal or error signal was oscillating until 

0.49. From above, this method requires accuracy to about 0.02. Using the 

error signal to detect an island, allows the power quality to be higher and the 

voltage is hardly affected. This method must require extremely accurate 

measurements. 



37 

 

 

Fig.  40  Enphase in parallel with passive method 

 

The Enphase will stay connected longer in the parallel condition (Fig. 

41). The parallel condition is much more difficult to detect and represents a 

likely grid condition. 
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Fig. 41  Enphase and passive method in parallel 

9 Load Step 

The load step is setup where the Enphase output is in parallel with a 300 

ɋ (160 W) load and the EPS. The EPS connection comes from a 208 Vrms 

outlet connected to a 208 Vrms to 240 Vrms transformer. There is a switch 

connected to a 6 ɋ (9.6 kW) resistor (Fig. 42). The loads have the 240 Vrms 

waveform across them. The load step represents an increase in the grid 

current while the inverter output current stays the same.  
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Fig. 42  Load step test setup 

The load step will cause more current to come from the EPS which will 

cause the voltage drop across the line impedance to be higher. This causes 

the voltage at the inverter to drop. The voltage drops from the nominal 

voltage to 91%-93% of nominal voltage. This is above the 88% lower rating 

of the voltage which means the inverter should stay on according to the 

IEEE 1547 standard. This test was repeated a few times and the result shown 

in Figs. 43-44 only happens if the switch occurs near the zero crossing. 

Since this has the potential of shutting off when the loads actually need more 

power demonstrates this could cause a significant problem. If the voltage 

continues to drop, circuit breakers on the electric grid may need to 

disconnect causing a blackout in the grid.  
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Fig. 43  Zoom in load step result 

 

Fig. 44  Load step results 

The load step effects the frequency measurement in the phase lock loop. 

Fig. 45 shows a 14 ohm resistor has a load step where an additional 29 ohm 
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resistor goes in parallel with it. The frequency changes less than 0.1 rad/s. 

Fig. 46 shows a 14 ohm load that goes in parallel with a 7 ohm load. This 

load step has a large change in the phase lock loop frequency. This shows 

that if the phase lock loop frequency is used to measure frequency for an 

anti-islanding method, the frequency measurement has the possibility of 

going out of range even though there is not an island.  

 

Fig. 45  Phase Lock Loop Load Step Simulation 
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Fig. 46  Phase Lock Loop High Power Load Step Simulation 

A load step will cause a phase shift and magnitude jump in the grid 

current. The load step is from 150 ohm to 15 ohm in parallel with a 500uF 

capacitor (Fig. 47). The voltage source is a 208rms volt source and the 

current source is a 15 amp source. The results shown in Fig. 48 illustrate the 

transient response. This condition is likely to occur on the power grid and 

should be considered in the design in islanding detection methods. 
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Fig. 47  Test setup of the load step test 

 

Fig. 48  Current phase change at load step 

10 Power Line Communications 

Power line communications are often discussed for islanding detection 

[49]. The problem with this method is that power lines act like an inductor 
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and capacitor to filter the communication signal. The transfer function of the 

filter is shown in (8) where Rl is the load resistance. 

ll

l

RLssCLR

R
T

2
                                                             (8) 

The capacitance and inductance of the line is usually characterized to be 

1 mH/km and 8 nF/km but can vary by temperature, wire size, distance 

between sending and receiving lines, and other variables. This transfer 

function does not take into account the many step up and step down 

transformers in the EPS. The Bode plot of 1 km and 10 km lines are shown 

in Fig. 49. This does not include transformer inductances which are likely to 

attenuate any power line communication signals even more. 
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Fig. 49  Transmission line Bode plot 

 

The transmission line is simulated at 56 kbits/sec to show that the 

communication signal will be attenuated significantly; as shown in Fig. 50, 

where Vout is the signal down the line. Repeaters may be used to extend the 

distance of the communication signal, but these are likely to be expensive. 
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Fig. 50  Power line communications before 1 km and after 1 km 

transmission line 

11 SCADA 

The future power system will include more monitoring and 

communication to provide better reliability and monitor DRs. The 

communication requires proper security and a large investment to deploy. 

The communications are still likely to fail sometimes. The islanding 

detection methods discussed in this paper will still be necessary in the 

condition where communication is lost between the DR and the EPS 

operator. 










